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Abstract: Many developing countries suffer from high energy-import dependency and inadequate
electrification of rural areas, which aggravates the poverty problem. In this work, Al-Tafilah in
Jordan was considered as a case study, where the technical, economic, and environmental benefits
of a decentralized hybrid renewable energy system that can match 100% of the city demand
were investigated. A tri-hybrid system of wind, solar, and hydropower was integrated with an
energy storage system and optimized to maximize the match between the energy demand and
production profiles. The optimization aimed at maximizing the renewable energy system (RES)
fraction while keeping the levelized cost of electricity (LCOE) equal to the electricity purchase tariff.
The techno-economic analysis showed that the optimal system in Al-Tafilah comprises a 28 MW wind
system, 75.4 MW PV, and 1 MW hydropower, with a 259 MWh energy storage system, for which
a RES fraction of 99% can be achieved, and 47,160 MtCO, are avoided. This study can be easily
extended to other rural cities in Jordan, as they have higher renewable energy system (RES) potential.
The presented findings are essential not only for Jordan’s planning and economy-boosting but also
for contributing to the ongoing force against climate change.

Keywords: Energy hybridization; hydropower; wind energy; solar energy; rural areas; 100%
Renewable grid

1. Introduction

Energy is the most important ingredient in both developing and developed countries that
contributes to the overall economic and social development [1-3]. There is a strong relationship
between energy sources availability and economic growth and hence social development. Studies
revealed that energy demand is rapidly increasing globally. It is expected to increase by about 65% in
the developing countries and approximately about 34% on the global scale by 2040 [4]. This is due
to several factors, including fast-paced prosperity, economic expansion, and continuous population
growth. However, during the last 25 years, the reality and impact of environmental degradation
have become visible as a result of a combination of factors such as increased energy demand and
industrialization, which both imposed stress on energy production. Nowadays, conventional energy
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production systems—Namely fossil fuel-based systems—aAre considered to be the primary cause of
the increased environmental degradation due to their carbon dioxide (CO;) emissions [5]. According
to Timmerberg et al. [6], the estimated rate of CO, emissions in the Middle East region is 0.396-0.682
kg CO, kWh~!, which means a considerable amount of CO, is released into the atmosphere. However,
as they indicated, if the target for 2030 of the renewable energy share is met, the electricity-production
CO, emissions are expected to drop to 0.341-0.514 kg CO, kWh~!. Attaining solutions to such
environmental problems that we face today, long-term planning and actions become vital for sustainable
development [1]. Also, a large portion of the industry’s research is heavily focused on advancements
that reduce operational [7,8] or mending energy [9,10]. Besides, more importantly, renewable energy
sources play a significant role in mitigating environment-related problems as they are environmentally
friendly with affordable and competitive costs relative to conventional energy systems [11-13].

Jordan is one of the developing countries in the Middle East, with more than 97% of its energy
being imported. This has a significant impact on the country’s economy [14]. Moreover, the energy
security of the country is threatened by the fluctuations of fossil fuel prices as well as the disruption
of fossil fuel supplies, which happened in 2011 [15]. The most affected zones are usually rural areas,
where infrastructure is not quite robust, and the electrical service coverage is weak. According to
the economic research service of the United States Department of Agriculture [16], the delineation
introduced in 2000 defines countryside with 500 people per square miles or less as rural areas.
Developing countries” poverty problem is aggravated by inadequate electrification of these remote
sites. In Malaysia, for example, around 809 schools do not have a 24-hour electricity supply [17].
Modern energy forms are considered an economic good that can lift up the life of billions worldwide,
predominantly in developing countries that lack service availability [18,19]. That said, from an economic
standpoint, grid transmission through the impenetrable terrains and dense forests to supply a small
village is not viable. Therefore, because of the high distribution cost and accompanying transmission
losses, serving rural areas become unfeasible [17]. To avoid these high costs accompanying transmission
via national grids, decentralized energy systems can be used [18]. Small-scale hydropower, wind,
photovoltaic (PV), and diesel-engine generator are amongst the common off-grid electrification systems
used in the developing regions; for instance in, Africa, the Caribbean, Latin America, and Asia [18];
nonetheless, most of the population in rural areas (>2.4 billion individuals worldwide), still rely on
traditional fuels for cooking.

As discussed in [18], consideration of renewable energy systems (RES) as part of the remedy for
rural electrification is of particular importance. This is because most of the previous attempts for
conventional electrification of remote areas in developing countries were not successful. If the right
policy is adopted, sustainable-development technology comprises an effective means for reducing
energy poverty [17]. Solar, wind, and hydro technology are feasible and reliable energy sources.
They can be used to generate off-grid electricity and assist in the rural-electrification capacity-expansion;
nevertheless, the technical-, installation-, and social issues should be accounted for to ensure the
project success [17]. Additionally, the importance of utilizing the Internet of Things (IoT) paradigm
when integrating renewable energy sources into smart grids was discussed in the literature [20,21].
This provides a powerful tool for simultaneous monitoring and control of the resources. For instance, [22]
provides a novel framework for state estimation in wind-turbine integrated grids.

Along with conventional Supervisory Control and Data Acquisition (SCADA) measurement
methods, the IoT provides information about the resources in very short time frames, which can be
utilized for control or monitoring purposes. Other literature investigated the use of IoT in energy-aware
residential buildings [23]. Here, the IoT paradigm helps not only in appliance automation but also in
monitoring household energy demand and remote control of appliances during peak and off-peak
hours, which has tremendous economic value on the monthly rates of the household.

The shortcoming of remote areas being far from the capital cities can be utilized for our advantage,
as it offers a large area of uninhabited land that can be used to build renewable systems. The government
in Jordan should focus on maximizing the utilization of the available resources to decrease the
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dependency on fossil fuel. Jordan has a great potential of RES that can cover the country’s energy needs
if implemented wisely, especially wind and solar resources [14,15,24-26]. However, solar and wind
energies fluctuate with time. They do not match the demand profile, which forms a challenging issue
related to energy security, power grid quality, and reliability of such systems [27]. The hybridization
of solar and wind resources increases the reliability of the system and enhances the matching
between demand and supply. Few studies investigated the potential of RES in Jordan. For instance,
Essalaimeh et al. [28] found that the electricity generated by a combination of solar and wind energy
grid-connected systems can be utilized for various types of applications, including space heating and
cooling. Halasa and Asumadu [29] demonstrated the feasibility of having large scale wind and solar
hybrid power systems in Jordan, where wind energy was placed in the mountains of Northern Jordan
and Solar energy in the Eastern Desert. The installation costs were approximated to be US$290 million
for the 100 — 150 MW wind farm and US$560 million for the 100 MW solar. Another study [30] proposed
an off-grid hybrid solar PV and wind energy systems in two locations in Jordan, Alhasan industrial
estate, and Alayn Albayda, taking economic, reliability, and sustainability measures into consideration.

Furthermore, a grid-connected hybrid system consisting of solar PV and wind turbines was
proposed in [31]. The system was investigated at four different locations in Jordan, and results
showed that it could power a small village in Jordan. However, in the latter study, no-optimization of
the system’s size or economic feasibility was performed. Also, the mismatch between the demand
and supply was not considered. The kingdom is rich in solar and wind resources, and also has a
considerable potential of hydropower in some regions that can be utilized to supply a significant part
of the baseload demand [32]. As such, a tri-hybridization of solar PV, wind, and hydropower forms an
effective and environmentally friendly solution that ensures energy security and, at the same time,
contributes to the mitigation of greenhouse gases (GHGs) [33,34].

Al-Tafilah governorate, located about 112 miles to the southwest of Amman, the capital of Jordan,
spans an area of 853 mi2. The population of the governorate is estimated to 106,000 people, which is
about 1% of Jordan’s population. This means a population density of 125 people/mi? compared to
6827 people/mi? in the capital city, Amman [35,36], with a total annual electricity demand of 137 GWh.
As presented in Kiwan et al. [37], the transition towards a 100% renewable energy grid in Jordan shall
be gradual, and about 1/3 of the 2050 total capacity should be installed by 2030. This transition will help
Jordan overcome its 94% energy-import dependency. Since Jordan is amongst the signatories to the
Paris agreement, it will also help the country adhere to the set emissions limit by reducing its carbon
dioxide production associated with electricity generation. In this work, the techno-economic feasibility
of installing PV/wind-hydropower systems to supply and match 100% of the electrical demand in
Al-Tafilah forecasted for the year 2030 was investigated. Multiple scenarios were considered, including
the integration of an energy storage system. Sensitivity analysis was conducted to examine the effect
of resources and demand variation, RES costs, and annual discount rate on the techno/economic
performance of the system. It’s also worth noting that the expansion of this work to other similar
areas in Jordan is possible, as Kiwan et al. [37] showed other rural cities, like AIMafraq and Maan,
represent sites of highest hybrid RES potential. Hence, Al-Tafilah signifies the more challenging case
towards a 100% renewable energy grid and is therefore considered here. As such, the presented
study will not only set forth a decentralized system that will suffice the city of its energy needs
while mitigating the issues mentioned above of centralized grids. It will also open the doors for
consideration of rural renewable decentralized systems as part of the 2030 projection for the 100%
renewable transition presented by Kiwan et al.
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2. System Description and Methodology
2.1. RES Description

2.1.1. Solar Energy System

The ambient conditions of the location where the PV plant is installed affect the efficiency of the
PV module and hence the energy production. As the module temperature increase, the PV efficiency
decreases, and so does the amount of produced energy. By neglecting the effects of relative humidity
and wind speeds and considering the effect of the ambient temperature, the efficiency of the PV module
can be estimated using Equation (A1) shown in Appendix A.

The specifications of the PV modules are vital for the estimation of the energy output from the PV
system. In this study, a Canadian Solar company type CS6K-285M modules were used. Obtaining the
global insolation on the PV module in addition to the module efficiency is necessary for the estimation
of the energy produced. The estimation of the global insolation was achieved using the methodology
presented by Duffie and Beckman [38], which was not included here for brevity. The hourly energy
generated from the PV power plant, E,, can be calculated, as shown in A.2. The hourly solar resources,
as well as the hourly ambient temperature for Al-Tafilah, were obtained using Meteonorm software,
which provides the data based on Typical Metrological Year (TMY).

2.1.2. Wind Energy System

The wind speed at hub height varies depending on several factors, such as the wind speed at
ground level, the hub height, time (hour, day, season), the nature of the terrain, and the ambient
temperature. These variables can be represented by one factor known as the wind profile exponent or
wind shear coefficient (). In the absence of the site-specific data, can be taken as 1/7 [39,40]. The wind
speed at hub height (uz) can be extrapolated using equation A.3. By assuming that the energy generated
is constant during the hour and each turbine generates the same amount in the case of having multiple
turbines, the total hourly electrical energy generated by a wind turbine(s), E,,, can be estimated by
A4 in App. An under wind energy model section. The Weibull distribution shape parameter of the
available wind speed, K can be calculated based on Justus theory using Equation (A5). A wind turbine
with 2 MW of rated power from GAMESA company (G114-2.0) was used in this study. It should be
noted the hourly TMY wind speeds at ground level were obtained from Meteonorm software.

2.1.3. Hydropower System

Al-Tafilah has the potential to construct two small hydropower systems with a total capacity (Py,)
of 1 MW, as reported in [32]. In this study, a 1 MW hydropower system with capacity factor (CFy,) of
80% [41] is designed to provide continuous energy generation as part of the baseload of Al-Tafilah,
where the annual energy production from the hydropower system, Ep,, can be estimated as shown
in A.6.

2.2. System Modelling and Energy Flow: With and Without an Energy Storage System

Energy Storage System is introduced into the power system as a solution for the intermittent
behavior of renewable energy resources. This way, is it possible to reach a match between supply and
demand. In this work, two scenarios consisting of and without an Energy Storage System (ESS) are
adopted and discussed for the fitness of a hybrid off-grid system to supply the electricity demand
of Al-Tafilah. Flow chart for with and without ESS are introduced in Figure 1. In comparison with
other batteries for the ESS, this study considered Zinc-Bromine batteries (ZBB) as they show better
performance and lower cost. In this study, the round-trip efficiency of the ZBB was taken as 72% and
the depth of discharge was considered as 80% as reported in [42,43].
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Figure 1. Energy flowchart of the photovoltaic (PV)/wind/hydro hybrid system: (a) Without an energy
storage system (ESS) and (b) with ESS.

To inspect the matching between the energy production from the hybrid system and the demand,
the RES Fraction (Fy), which represents the annual fraction of demand met by the RES, was used.
Fpy can be calculated by A.7. The forecasted demand of 2030 was used in this study, where the average
hourly demand of Al-Tafilah in 2010 obtained from [44] was used for estimating the 2030 demand.
The population of 2030 was forecasted using the Piecewise Cubic Hermite Interpolating Polynomial
method, where 1994, 2004, 2015, and 2019 populations were used for this forecast [35,36].
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2.3. Optimization Procedure

As the hybrid system operating variables have a nonlinear relation, it is required to find a nonlinear
solving algorithm to catch the optimal design. Therefore, the Generalized Reduced Gradient (GRG)
algorithm was used. This algorithm can figure out the capacities of the hybrid systems. The adoption
of the optimization procedure is depicted in Figure 2. Moreover, the optimization objective, constraints,
and decision variables are given in Table 1.

The capacities of renewable
energy system components

y

The hydropower system

size is | MW
Yes No
GRG algorithm found the optimal PV, GRG algorithm found the optimal PV
wind, and ZBB capacities and wind capacities

Figure 2. The optimization procedure of the hybrid system components.

Table 1. The components of the optimization problem.

Decision Variables

Without ESS With ZBB Objective Functions Constraints

PV and wind capacities PV, wind and ZBB capacities Maximizing Fg LCOE <£0.12

2.4. Economic Assessment and System’s Feasibility

The economic feasibility of the energy system is vital as the technical feasibility wherein most of
the cases, the choice of decision-makers is based on the economic feasibility of the project. The levelized
cost of electricity (LCOE) is one of the economic parameters that is used to determine the economic
feasibility of the energy systems. LCOE for the hybrid system can be calculated using Equation (A8) to
incorporate the effect of the mismatching between the energy generation and the demand, the demand
met by the hybrid system was used instead of the energy generation [45,46]. Table 2 shows all the
economic parameters used in this study.
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Table 2. The economic parameters of the PV, the wind, and the hydropower systems in addition to the
electricity purchase tariff and the annual discount rate for Al-Tafilah, Jordan.

Parameter Value Reference
PV system capital cost ($/kW) 1533 [47]
Wind system capital cost ($/kW) 1516 [47]
Hydropower capital cost ($/kW) 3000 [41]
Zinc-Bromine capital cost ($/kW) 195 [48]
PV system maintenance cost ($/kW) 24.68 [49]
Wind system maintenance cost ($/kW) 39.53 [50]
Hydro power maintenance cost ($/kW) 75 [41]

System expected lifetime (Years) 25 [41,48,51]
Electricity purchase tariff ($/MWh) 120 [52]
Annual discount rate (%) 5 [371]

3. Results and Discussion

Al-Tafilah has a hydropower potential of 1 MW and a high potential of solar and wind resources
that can achieve both economic and technical feasibilities. The RES sizing in this study was made
based on maximizing the RES fraction and constraining the LCOE to the electricity purchase tariff
in Al-Tafilah. This will maximize the environmental benefits of the system by meeting the highest
demand possible, at the same time guaranteeing the economic feasibility of the system. The technical
and economic parameters of the optimal sized PV/wind-hydro without ESS are shown in Table 3.
Without an energy storage system, the tri-hybrid system comprises a 29.4 MW PV system and a 56 MW
wind system. This system can supply the demand with a RES fraction equal to 71.5%, as seen in Table 3.
In the case where no constraints were forced on the LCOE, the RES fraction reached a value of 87.9%;
however, the system was very large and not feasible, hence, unrealistic for consideration.

Table 3. Technical and economic performance parameters of the PV/wind-hydro system without ESS.

Parameter Value
PV Capacity (MW) 29.37
Wind Capacity (MW) 56
Hydropower Capacity (MW) 1
Capacity Factor (%) 26
RES Fraction (%) 715
LCOE ($/kWh) 0.12
NPV (M$) 167.53
PBP (Years) 6.235

Figure 3 shows the demand-met energy profile of the hybrid system components and how their
summation compares with the demand profile. It is clearly seen from the superposition of the demand
met by the system components that these RES can work synergistically as a hybrid system, as the
hybridization mode could achieve higher RES fractions. However, although the amount of energy
generated is enough, the profiles of the energy generation and energy demand do not match; a result
of the fluctuation of the solar and wind resources and the limited hydropower capacity of the system.
Consequently, the system is not capable of meeting the demand at 100%. This is seen in Figure 4,
where the mismatch is represented by the deficit portion of the bar chart. Figure 4 shows that although
the quantity of energy can be more than enough, the mismatch between the supply and demand
profiles could still cause energy deficiency. Therefore, when a RES is to be assessed, not only energy
quantity should be taken into account, but rather the time it is needed in as well. Since 100% could not
be reached solely by the RES, an ESS must be integrated into the system to supply the deficit.
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Figure 4. Monthly energy generation by the RES components without ESS.

To ensure Al-Tafilah could base its decentralized grid on the hybrid RES proposed, 100% of
their demand must be met and matched. Therefore, an ESS that can supply the deficit must be
integrated. The technical and economic parameters of the optimal sized PV/wind-hydro with ESS are
shown in Table 4. The table examines two scenarios for the ESS-integrated system; a constrained and
unconstrained LCOE. In the first scenario, the LCCOE was again fixed to the electricity purchase tariff
at Al-Tafilah. Results showed that the system would comprise of 75.4 MW PV system and 28 MW
wind system. It worth noting that the size of the PV system is larger than in the case where no ESS
was integrated, while the size of the wind system decreased. The size increase could be attributed to
the utilization of more energy to supply the storage system as well as the demand in the time when
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solar energy is available. The result is a larger system, but with the great advantage of meeting the
demand at 98.8%, RES fraction compared to only 71.5% previous value. If RES size was optimized
to maximize the RES without any constraints on the LCOE, the system could meet 99.9% of the
demand, with an acceptable LCOE of 0.165 $/kWh compared with the current value of 0.12 $/kWh. It is
worth mentioning that the presented calculation of the LCOE was based on current prices of the RES
technologies, which means these values will be less in the future as the prices of these technologies
are expected to drop significantly in the next decades [53]. Figure 5 shows the demand-met energy
profile of the hybrid system components when integrated with an ESS, and how their summation
compares with the demand profile. The difference between this and Figure 3 resembles the power of
the integration of the ESS in solving the mismatch problem. It is apparent in the figure that the demand-
met and the actual demand curves coincide almost all the time. This is further clarified by Figure 6,
with a significant reduction in the deficit portion when compared to Figure 4 that had no ESS backup.
As explained earlier, there is still a 1% deficit due to the constraint forced on the LCOE. However,
as this constraint is removed, Figure 7 shows that the demand and demand-met profiles coincide at all
times, and no deficit portion is seen, which is further confirmed in Figure 8; i.e., the demand was met
at 100%, but with a slightly higher LCOE compared to the current value.

20 T T T T T T T
I Hy dro
18 [ Y
I Wind
6l B 7BB
Demand
=14

—
NS}

Electrical Energy [MWh
S

0 1000 2000 3000 4000 5000 6000 7000 8000
Hour

Figure 5. Demand met by the RES components with ESS (LCOE of 0.12 $/kWh).
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Figure 6. Monthly energy generation by the RES components with ESS (LCOE of 0.12 $/kWh).
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Figure 7. Demand met by the RES components with ESS (LCOE of 0.165 $/kWh).

Table 4. Technical and economic performance parameters of the PV/wind-hydro system with ESS.

Value

Parameter Constrained Unconstrained

PV Capacity (MW) 754 116.39
Wind Capacity (MW) 28 26
Hydropower Capacity (MW) 1 1

ZBB (GWh) 0.259 0.415
Capacity Factor (%) 2248 21.55
RES Fraction (%) 98.79 99.93
LCOE ($/kWh) 0.12 0.165
NPV (M$) 119.55 140.45

PBP (Years) 9 9.62
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Figure 8. Monthly energy generation by the RES components with ESS (LCOE of 0.165 $/kWh).

The RES system with an ESS not only supply Al-Tafilah with decentralized electricity and help
Jordan take a step further towards reducing energy-import dependency, but it also comes with
economic and environmental benefits. In Jordan, power plants operated on combined cycles and fired
with natural gas are used to supply part of the demand. When the proposed system provides the
energy demand, the annual saving of fuel from a typical Jordanian plant, for example, the Al-Qatrana
power plant, is equal to 20,365 tons-saved, which is equivalent to a reduction of 47,160 MtCO; [3,54].
The fuel-saving and reduction in CO; calculations were based on a previously developed code for
the simulation of the power plant presented in those latter references, where detailed analysis of fuel
consumption and CO, emission calculations for the power plant can be found. Based on estimations
by the United States Environmental Protection Agency, this CO, reduction is equivalent to the carbon
sequestered annually by US forest spreading an area of 61,589 acres. Therefore, the presented system
also progresses Jordan’s adherence to the greenhouse gas limit set by the Paris agreement. For a
developing country like Jordan, a transition towards 100% is crucial, as a study by Mathiesen et al. [55]
associated such transition with large earnings on export potential, creating jobs, and economic growth.
So, this work, which demonstrated a step further towards a 100% renewable energy grid, will support
a more robust economy, at the same time, a greener Jordan.

The fluctuations in the renewable energy resources (solar and wind resources), as well as the
variation in the electrical demand, significantly affect the performance of RESs where the amount of
variations depends on the RES configurations and the existence of ESS, as shown in Figure 9. It can
be depicted from Figure 9 that the RES fraction of the hybrid PV/wind/hydro system without ESS is
the most sensitive one to the variation in the resources and the electrical demand, which is expected
because the ESS acts as a backup system to cover the deficit caused by the drop in the resources or the
increase in the demand. Moreover, it can be seen that the increase in the resources and the decrease
in the demand do not change the RES fraction of the hybrid system with ESS (specifically for the
unconstraint scenario) since they reached almost 100% RES fraction.
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Figure 9. The sensitivity of the RES fraction to the variations in the: (a) Solar and wind resources and
(b) demand.

RES fraction Likewise, the LCOE of the system is sensitive to the variations in the renewable
energy resources and the demand and also to the variations in the RES’s costs (capital and maintain
ace costs) as well as the annual discount rate where the largest variations in the LCOE is caused by the
change in the resources and demand as shown in Figure 10 since the amount of energy met by the RES
is controlling the LCOE which is in return affected by the change in the resources and the demand.
It can be depicted from Figure 10c that all the LCOE of the hybrid system configurations have almost
the same sensitivity to the variation in the RES costs. At the same time, it can be seen in Figure 10d that
the LCOE of the system without ESS is less sensitive to the variation in the annual discount rate, unlike
the systems with ESS.
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Figure 10. The sensitivity of the LCOE to the variations in the: (a) Solar and wind resources, (b) demand,
(c) RES costs, and (d) annual discount rate.

4. Conclusions

Many developing countries across the globe rely heavily on imported sources to cover their energy
needs. As such, the development of a reliable yet cost-efficient means of energy production is vital
for advancing the movement toward sustainable societies and fastening the economic growth in the
desired country. Jordan, with no exception, relies on imported oil from neighboring countries to cover
their domestic demand. Additionally, the lack of services and poor electrification of rural areas in the
kingdom worsens the poverty problem. In this work, Al-Tafilah of Jordan was presented as a case
study, and the technical, economic, and environmental benefits of a decentralized renewable energy
system that can supply and match 100% of the city energy demand were investigated. Other rural cities
in Jordan have higher RES potential; therefore, this study can be expanded to other parts of Jordan.
A tri-hybrid system of wind, solar, and hydropower, and an energy storage system were modeled and
optimized to maximize the matching between the energy demand and production profiles. Three main
scenarios were considered, first a tri-hybrid RES without an energy storage system, with a constraint
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on LCOE (a maximum of LCOE equal to the electricity purchase tariff was set). The second and third
scenarios were investigations of the RES system integrated with an ESS, with and without constraints
on the LCOE. Results showed that without an ESS, the hybrid system could only reach up to 71.5%
RES fraction. However, the techno-economic analysis of the PV/wind-hydropower system with an ESS
showed that the optimal system in Al-Tafilah comprising a 28 MW wind turbine, 75.4 MW PV, 1 MW
hydropower, and a 259 MWh energy storage facility could achieve a 99% RES fraction. It offers an
attractive LCOE of 0.12 $/kWh (equal to the purchase tariff) and a payback period of 9 years. Results
also indicated that with the installation of this system, an equivalent of 47,160 MtCO, emissions
could be avoided, which demonstrates the environmental benefits of the proposed work. Therefore,
these finding are essential not only for future renewable energy planning in the country and improving
its economy but also for contributing to the ongoing force against climate change. When the constraint
on the LCOE was removed, the RES fraction achieved was equal to 100%, with a slightly higher LCOE
of 0.165 $/kWh. Since the prices of RES technologies are expected to drop dramatically in the next
decades, the last scenario can also be adopted as the LCOE drops significantly with the RES price
reduction. Finally, sensitivity analysis showed that the RES fraction of the hybrid PV/wind/hydro
system without ESS is the most sensitive configuration to the variation in the resources and electrical
demand. In contrast, the LCOE of the three configurations showed the largest sensitivity to the
variation in the resources and demand compared to its sensitivity to the RES costs and annual discount
rate variations.
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Nomenclature

Ey Annual energy production from the hydropower system, kWh
Ep Hourly energy generated from the PV power plant, kWh
Ew generated by a wind turbine(s), kWh

Average wind speed at ground level, m/s
Rated wind speed, m/s
Wind speed at hub height, m/s

N el § 58

EL, Energy stored at time t, kWh Mean wind speed at hub height, m/s
EJ"™  Battery capacity, kWh Hub height, m
Fy RES Fraction, % Zg  Height of the ground level, m
Ir Reference insolation at nominal conditions, Wh/m? Acronyms and Abbreviations
It Global insolation on a tilted surface, Wh/m? ESS  Energy storage system
K Shape parameter of the Weibull distribution GHGs Greenhouse gases
L Lifetime of the system, years GRG  Generalized reduced gradient
LCOE  Levelized Cost of Electricity, USD/kWh LCOE Levelized cost of electricity
M Yearly fixed maintenance cost of the RES, USD NPV  Net present value
Nm  Number of modules in the PV power plant PBP  Payback period
NOCT Nominal operating cell temperature, °C PV Photovoltaic
Py Hydropower capacity, kW RES Renewable energy system
Pr Rated electrical power of the wind turbine, kW ZBB  Zinc-Bromine battery
r Annual discount rate, % Greek letters
T, Ambient temperature, °C o Wind shear coefficient
TrNocT Reference module temperature at nominal conditions, °C Br  Temperature coefficient, 1/°C
Tretstc  Reference module temperature at standard conditions, °C mn System losses, %
uc Cut-in wind speed of the wind turbine, m/s npy, R Reference efficiency of the PV module, %
ug Cut-out wind speed, m/s npy PV module efficiency

o Standard deviation of the wind speeds
sample, m/s
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Appendix A

Table A1l. System Modelling Equations.

15 of 18

Quantity

Equation

Key Points

Equation Number

PV Energy model

Neglecting the effects of relative humidity and

The PV module efficiency npv = Mpy, R X [1 - Pr X (Ta + (NOCT - TR,NOCT) X {T: - TRef,STC):I wind speeds, while considering the effect of the (A1)
ambient temperature [56,57].
The hourly energy generated from the . -

PV power plant Ep = npy XIT X A X N X1y 1; was taken 0.85 based on [58,59] (A2)

Wind Energy model

o o can be taken as 1/7 [39], Zg is the height of the
The wind speed at hub height uz = ug X (Z;) ground level [m] at which speed is measured (A3)
¢ and it is equal 10 m.
0 ,uz <ucoruz > Ug
total hourly electrical energy generated _ (uc) = (uz)*
by a wind turbine(s) Ew = {NXPg X (wo)f ()< " te Sz S UR By [39] (A4)
N xPgr ,UR < Uz < up

Shape Parameter K= {(6/ u )7086 1< K<10 (A5)

Hydropower Model

Annual energy production from the . o
hydropower system Ep, = Pp, X CFy, X 24 X 365 (CFy,) of 80% [41] (A6)
Performance assessment of RES
. Dres D is the hourly demand of Al-Tafilah [kWh]
RES Fraction Fu="p which was obtained from [44] (A7)
Economic Assessment of the RES
The Levelized i+ <1hitr>'

Cost of electricity LCOE = Y- Dres (A8)
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