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Worldwide, the overdependence on conventional power plants for electricity generation has been one of the most
significant economic and environmental challenges. Renewable energy sources have become the most viable
option to overcoming this issue. Recently, a hybrid renewable energy system consisting of wind turbines and
photovoltaics combined with a pumped hydroelectric energy storage system has received considerable interest.
However, neglecting crucial parameters, such as head losses and evaporation rate, might reduce the accuracy of
the total simulation performance, resulting in an underestimation of the correct size of each component. This
study investigates this issue by proposing a robust approach with a strategy to establish the ideal pipe design
through an in-depth techno-economic assessment. A comparative analysis between two different scenarios in
which one considers head loss and the other does not is carried out. A wide range of proposed system config-
urations has been thoroughly investigated. The essential performance indicators employed for designing the
proposed system are the renewable energy fraction and the loss of renewable energy, and the results reveal that
these two indicators have improved by approximately 8.6% and 3%, respectively. The most significant annual
variation between the two scenarios regarding the total demand satisfied by the proposed system and the amount
of renewable energy loss is 218.23 GWh and 89.39 GWh, respectively. The pipe efficiency at the pumping and
generating modes, which is determined through a sensitivity analysis, ranges between 91-99% and 76-95%,
respectively. These findings could assist designers in making initial assumptions about such parameters with
reasonable confidence.

connected to a national grid or a stand-alone system. To deal with this
unpredictability, it has been widely recommended in the literature that
various sources of renewable energy should be combined as a hybrid
renewable energy system (HRES) or that they should be integrated with
an appropriate energy storage system (ESS) [3].

1. Introduction
1.1. Background and motivation

The energy sector plays an essential role in most communities by

providing the electricity and heat on which most world residents and
industries depend. However, conventional power plants, the primary
source of electricity, are responsible for meeting the high demand for
energy worldwide, resulting in extensive emissions of greenhouse gases
[1]. To reduce these harmful emissions, decrease the depletion of non-
renewable resources such as oil and natural gas, and address environ-
mental pollution, it is crucial to shift from dependence on conventional
fossil-fuel based power to renewable energy sources (RES) such as solar
and wind energy [2]. However, RES are still not trustworthy because of
fluctuations in natural sources (e.g., wind speed, sun radiation) which
can negatively impact grid stability and reduce reliability whether
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1.2. Literature review

The hybridisation of renewable energy sources, such as photovoltaic
(PV) systems and wind turbines, as well as EES, such as a battery or
pumped hydropower energy storage (PHES), has gained considerable
attention in recent years. Singh et al. [4] conducted a study to determine
the ideal size and configuration of HRES comprised of PV, wind turbines,
diesel generators, and batteries. The primary objectives of their devel-
oped optimisation model were based on technical, social and economic
perspectives. It has been established that an HRES consisting of 78.44
kW PV systems, 95 kW wind turbines, and a 2 kW battery is the ideal
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Nomenclature

Abbreviations
HRES Hybrid renewable energy system

PHES Pumped hydropower energy storage
ESS Energy storage system

REF Renewable energy fraction (%)
LORE Loss of renewable energy (%)
Symbols

Aves Surface area of the reservoir (m?)
Ay Wind turbine swept area (m?)

a Diode ideality factor

(o Power coefficient for wind turbine

Cpipe Total cost of pipe ($)

CE loss Total cost of energy loss ($)

d Pipe diameter (m)

ET Reference evapotranspiration (mm/hour)
Egi Energy supplied by the natural grid (MWh)
Ejost loss of renewable energy (MWh)

Eposer Total energy lost caused by head loss (MWh)
Egemand  Energy demand (MWh)

Esotar Solar energy (MWh)

Eyina Wind energy (MWh)

Electricity used to pump water (MWh)
Eurbine Electricity produced by PHES (MWh)

ERgs Energy produced wind + PV + PHES (MWh)

Epump

Excess Surplus renewable energy (MWh)

Eshortage  Energy demand needed to be met (MWh)
Ecost Cost of electricity ($/kWh)

Elv Height of the wind turbine hub (m)

Elvl Height as the reference (m)

e Saturation vapour pressure (kPa)

€q Actual vapour pressure (kPa)

f Friction factor inside pipe

G, Irradiation at module surface(W/m?)

g Gravity acceleration (m/s?)

Hy, Head loss in generating mode (m)

Hpyy, Head loss in pumping mode (m)

Hy; Static head (m)

Hiss Total head loss (m)

Hatio Ratio of head loss

H, Distance among upper & lower reservoir (m)
Hyy Water level in the upper reservoir (m)
Hyp Upper reservoir height (m)

I PV output current (A)

Ly Photocurrent (A)

Iy Diode saturation current (A)

I Short circuit current (A)

K; Temperature coefficient (A/°C)

K, Temperature coefficient (V/°C)

k Boltzmann constant (1.38064852 x 10723J/K)
Kpipe Pipe resistance coefficient

Kfinings  Fitting resistance coefficient

L Pipe length (m)

Npy Number of PV modules

Nyind Number of wind turbines

Np/r Number of reversible pump/turbines

N; Number of connected cells

Nuspines Number of PHES turbines

Npump Number of PHES pumps

Py, PV module power (W)

PR Performance ratio of PV (0.7)

Pmax7 Maximum power of PV module (W)
cal

Pyind Wind power (MW)

Pp Power needed to pump water (MW)

Py Power generated by turbine (MW)

q Electron charge (1.6021766208 x 10 °C)

Qp Flow rate in pumping mode (m3/s)

Qr Flow rate in generating mode (m%/s)

R, Parallel shunt resistance (Q)

Re Reynolds number

Sy Saturation slope vapour pressure (kPa/°C)

She Soil heat flux density (MJ/m?/hour)

T Actual cell temperature (°C)

T, Ambient temperature (°C)

t Interval time (hour)

U, Loss coefficient

u, Wind speed at reservoir (m/s)

\’A Thermal voltage of the module (V)

Voe Open circuit voltage (V)

Vpre Volume in previous interval time (m3)

v Average wind speed at the hub (m/s)

n Wind speed -elevation of 10 m (m/s)

Ve Volume of evaporated water (m®)

Vieservior  Availability of upper reservoir (m®)

\Z Flow velocity (m/s)

Vf max Maximum flow velocity (m/s)

Greek Symbols

Nwg Generator/rotor power efficiency of wind turbine

1. Solar module efficiency (%)

Ne Turbine efficiency (%)

MNpu Pump efficiency (%)

a Wind profile exponent equals to 1/7

Pwater Density of water (kg/m?)

ar Effective transmission-absorptance

€ Absolute roughness

Pair Air density (kg/m?)

y Psychrometric constant (kPa/°C)

Subscripts

T The turbine

P The pump

C,N Considered, Neglected scenario

configuration in terms of the proposed model’s objectives. In addition,
using identical HRES components, a comparative analysis of two opti-
misation techniques—conventional and swarm intelligence based—to
design each component was carried out in [5]. The final outcomes of
both approaches were nearly equivalent. Furthermore, Nasser et al. [6]
have conducted a techno-economic optimisation model utilising System
Advisory Model (SAM) software to design HRES comprised of PV, wind
turbines and PHES. It was then revealed that the implementation of such

a system is effective in terms of total cost and overall reliability. The
fluctuation of RES and electricity demand are crucial aspects for sizing
HRES; therefore, combining two methodologies—mixed integer
modelling and artificial neural networks—has been proposed [7] to
address this issue. This study applied a hybrid system comprised of PV,
wind and PHES, and it was observed that this strategy might reduce the
impact of RES variability when connected to the natural grid. Using two
distinct types of ESS, such as PHES and batteries, combined with PV and
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Fig. 1. (a) Proposed site of PHES, (b) Elevation between lower and upper reservoirs [Note: These figures are produced using the Google Earth program].

wind turbines, has been investigated previously in two studies [8,9].
According to these studies, the proposed HRES is a viable option from
both technical and economic viewpoints. Considering the similar RES
and ESS applied in the aforementioned studies, further research with
various purposes has been undertaken. For example, Tao Ma and
Muhammad Javed [10] conducted a techno-economic optimisation
model, with the main focus on increasing the saturation level of RES;
Portero et al. [11] considered seawater exploitation for sizing PHES;
Bahadur Pali and Shelly Vadhera [12] proposed a novel technique
aiming to maintain power generation with a constant voltage; and Ming
et al. [13] developed a robust optimisation model for energy manage-
ment improvement.

However, sizing the capacity of RES or ESS components requires an
accurate numerical model to simulate and study the actual performance
of HRES. Some ESS includes subcomponents that make the entire
simulation of the system more complicated, such as the PHES, which
consists mostly of pumps, turbines, two reservoirs, and a pipe. Moreover,
when PHES is connected to multiple sources of RES, the accuracy of the
PHES model’s simulation might affect the performance of the entire
HRES. A study was carried out [2] that considered some critical pa-
rameters (i.e., hydraulic losses of the turbine) to increase the accuracy of
the modelling of the PHES system. The developed PHES model was
based on experimental results and was compared with various other
models. Furthermore, the model was tested and analysed for a period of
10 days, eventually resulting in an increase in the simulation accuracy of
the PHES system. The critical parameters in the mathematical model, as
well as any factor that has a noticeable impact on system performance,
should be carefully addressed. As a result, not taking into account these
critical parameters or factors when designing such a system may result
in errors in the final stage of planning, which are the primary reasons for

the fluctuations in the accuracy of an HRES model’s outcomes. However,
the upper reservoir’s water volume during charging and discharging is
significantly influenced by the total head loss (Hy,s) and rate of evapo-
ration, and thus considering these factors, especially with a closed-loop
PHES (where there is no river or very little flow of natural water sources)
become more essential in a simulation model of PHES. These elements
are becoming increasingly essential for a location that has a very hot
climate during summer and has no rivers or continuous inflows of water,
such as Saudi Arabia. This country is located in the Middle East and is
one of the largest oil exporters worldwide. It has an area of 2.15 million
km?, a population of more than 33 million people and is one of the
largest Middle Eastern countries [14]. Because of the rapid growth in the
population, annual electricity demand has increased by 8-10% [15]. In
addition, because of the significant reliance on conventional power
plants to meet the demand with more than seventeen power plants,
renewable energy installation of more than 40 GW by 2030 is targeted
[16]. As such, this target corresponds to an enormous capacity, which
considerably requires appropriate energy storage to avoid the loss of
renewable energy. There is a clear possibility of utilising artificial dams
in the southern region and building an upper reservoir on top of the
surrounding mountains with high elevation [17,18]. These studies
looked into the possibility of installing PHES in some locations in Saudi
Arabia, and it was suggested that seasonal dams be used for closed-loop
storage, with upper reservoirs built in the surrounding mountains. The
southern region of Saudi Arabia, specifically Bisha city, has the largest
artificial reservoir, which is considered to be a suitable site to install a
closed-loop PHES, as illustrated in Fig. 1. The total storage capacity of an
artificial reservoir is 325 million cubic metres with a dam wall height of
103 m [17].. Based on the design performed in this study, depending on
the topographical information as shown in Fig. 1,(a-b), there is an
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Fig. 2. Systematic diagram

excellent potential to build an upper reservoir on the top of mountains
with an elevation of up to 350 m. In addition, the ideal elevation be-
tween two reservoirs is examined. Since the PHES is a large-scale power
system, a significant concern is whether a suitable energy storage ca-
pacity will be implemented to avoid losing a substantial amount of
renewable energy [19]. Because of that, a technical feasibility study that
investigates the behaviour of the proposed system, while taking into
account total Hj, and rate of evaporation, has been strongly
recommended.

2. Research gap and contribution to the knowledge

To the best of the authors’ knowledge, the performance of an HRES
with a large-scale PHES when connected to a national grid has not been
extensively investigated. Therefore, there is a relative lack of informa-
tion in the published studies in this context that focus exclusively on
improving the accuracy of a PHES simulation process. Thus, a significant
knowledge gap can be observed, which has been filled by the research
presented in the current paper. However, based on the literature review,
the Hj, and evaporation rate assigned in the PHES model were
neglected or considered constant parameters that were assumed in the
simulation process because their impact on the overall system perfor-
mance was reported to be either slight or for a study simplification.
Furthermore, determining Hj, as a variable in the mathematical model
of PHES requires comprehensive techno-economic analysis to accurately
size the PHES pipe where H),;; mainly occurs. Additionally, whether in a
pumping or generating mode, the real Hj,; changes depending on the
amount of available power to pump water and the amount of flow rate
required to produce a specific amount of energy. Some studies consid-
ered the Hy, factor by assuming the pipe diameter or determining it
based on empirical analysis. However, disregarding/miscalculating Hj,ss
and the evaporation rate may cause a decrease in the accuracy of the
overall PHES simulation performance, resulting in an underestimation
of the proper size of each HRES component. A novel HRES-PV and wind-
connected PHES is presented, and the present study aims to increase the
simulation accuracy of HRES by considering the two main study in-
dicators: renewable energy fraction (REF) and loss of renewable energy
(LORE), which are the essential technical indicators employed for
designing the HRES. To successfully accomplish the goal of the present

of the proposed HRES.
study, some objectives have been proposed, as follows:

e Determine the effective evaporation rate of large-scale closed-loop
storage based on hourly meteorological data and conduct critical
assessments for the summer and winter seasons.

Propose a novel technique and framework allowing for and facili-
tating the HRES project designers at the initial technical analysis to
select the optimal and suitable size of pipe used in PHES based on a
thorough techno-economic analysis and determine the precise Hjyss
for pumping and generating modes.

Conduct a comprehensive technical analysis of the impact of large-
scale PHES model accuracy with considering/neglecting head loss
parameters on the physical behaviour of an integrated RES and ac-
curacy of simulation performance by considering variations in the
main influential variables (e.g., the capacity of RES and PHES). This
analysis is performed for long- and short-term assessments.

. Methods

This section discusses the proposed HRES and its operating strategy
while also describing the problem. Additionally, a full techno-economic
evaluation of selecting a suitable pipe design, assessment procedures
and variations in the system design variables are presented.

3.1. The proposed hybrid renewable energy system

The HRES presented in Fig. 2 comprises PV, wind turbines and PHES
as the energy storage system. The PHES is mostly composed of two
reservoirs (upper and lower), pump, turbine, and pipe. Then, the HRES
is considered a grid-on utility-scale system which may cover most of the
electricity demand at a specific location, as explained in Section 1. The
hourly electricity demand (Egemang) is supposed to be met by the amount
of available renewable energy (Ep, wina) Or energy produced by PHES
turbine (Ey;pine); however, if the demand is not fulfilled, it is met by the
national grid (Egg). On the other hand, the excess renewable energy
(Eexcess) is exploited to pump water from a lower reservoir to an upper
reservoir. If the water level in the upper reservoir reaches its maximum
capacity, the remaining energy will be accounted for as a loss of
renewable energy (Ej,). The PHES is designed as a closed-loop system,
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Fig. 3. The proposed procedure for pipe design technical assessment.

which means there is no water waste since this case study has no
continuous water flow such as a river, but instead uses an existing large
dam which has a massive amount of water [18]. Each component con-
nected to the HRES is mathematically modelled to build a simulation
tool in Python for the entire system performance, and the hourly oper-
ation of the HRES is validated based on the energy balance approach on
the basis of one hour for 8760 h (further details are in Appendix A.). The
way the HRES is interfaced is based on the proposed energy dispatch
strategy, as explained in Section 2.3.

3.2. Problem formulation

The HRES is intended to play an essential role in reducing the reli-
ance on conventional power plants, but it requires more attention to
accurately size each component by considering the essential factors in
the simulation process. Then, for the closed-loop system of PHES (with
no continuous water source), as proposed in the present study, which is
located in dry or hot climates, the evaporation rate becomes an essential
parameter; thus, it has been predicted for the entire year on an hourly
basis. Another essential factor is Hj, occurring inside the pipe con-
nected between two reservoirs in PHES.The H;s, is mainly classified into
minor (because of valves, fitting, etc.) and major losses (because of
friction in the pipe) and is primarily influenced by certain essential
factors: the amount of flow rate inside the pipe, flow velocity and pipe
design. To determine the accurate H,, in the PHES simulation process,

the pipe is the most significant component. Therefore, the design of the
pipe (length and diameter) should be properly carried out. In the present
study, the length of the pipe is assumed constant because the elevation
between the two reservoirs remains fixed, based on the initial
geographical evaluation, here with a value of 3800 m, as shown in Fig. 1.
As a result, only the pipe diameter is assumed to be variable when
designing an appropriate pipe. To identify the most suitable pipe
diameter, a comprehensive techno-economic assessment is essential.
After conducting this analysis, the optimum pipe diameter is selected
based on the designer’s preferences. The present study proposes that the
optimum pipe diameter should meet the two technical constraints out-
lined in Section 2.2.1 and be economically viable according to the
approach stated in Section 2.2.2. In addition, because of the requirement
for study simplicity and emphasis on a technical rather than economic
analysis of Hs;, the current study has a limitation. Hj,; is solely affected
by the specific pipe design, any economic analysis associated with the
specific HRES or PHES components (except pipe) is disregarded, and
only an assessment of large-scale HRES and PHES is considered.

3.2.1. Technical analysis

Regarding the boundaries of the pipe design, an appropriate pipe
diameter to be used in the PHES should be selected based on the two
main proposed technical conditions. These conditions are that the fluid
velocity (Vy) inside the pipe should be lower than 10 m/s ([20,21]), and
the preferred head loss ratio (Hq,) is less than 15% ([22,23]) which is
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Fig. 4. A typical relationship between energy, pipe diameter and cost.

calculated using a fraction of the Hy,; for the specific pipe diameter
divided by the average static head.The reason behind setting the
maximum water velocity (Vfma) at 10 m/s is that increasing the V¢
above this limit might cause significant consequences, such as cavitation
[20]. To calculate the amount of flow rate for pumping (Qp)/generating
mode (Qr) and V inside the penstock, first, the diameter of the penstock
needs to be known (the mathematical model for that is explained in
Appendix A.3). Then, an acceptable range of the pipe diameter is
calculated based on an iterative method between all the suggested pipe
diameters, here beginning with an initial value that is a typical large
diameter; this value decreases slightly until the proposed Vipo is
reached. Also, Qp and Qr are calculated based on the design of the two
reservoirs of the PHES, the elevation-length between them, and the ca-
pacity of the pump/turbine based on the specific location and Egenang-
The minimum and maximum amount of Qp and Qr are then determined
based on the maximum and minimum power for the pumping mode
(Pp)/generating mode (Pr) for all the possible states of the charging
/discharging process, respectively. After all the potential pipe diameters
become known with the first condition satisfied, the actual Hy, for the
pumping mode (Hp,) and for the generating mode (Hy,) is determined,
and it varies with the specific pipe diameter based on the E,yss for the
pumping mode and the Egonqg for the generating mode. Therefore, a
correlation between Pp, Hp, and Hy, Qr for each suggested pipe diam-
eter is developed, and a polynomial regression method with high R-
squared results is used. Subsequently, Hyy;, for each pipe diameter is
determined to investigate which pipe diameter satisfies the second
technical condition. Importantly, considering H,, may reduce the total
of Ej, because of an increased usage of electricity and in contrast for the
generating mode, the E ;. may decrease. This however depends on the
HRES design in terms of the capacity of each component connected to
the system. Then, all these data are normalised and combined in order to
trade-off between all the variables of Hy,, Hy, and Epymp,Esbine for the
long-term assessment 8760 h. This relies on designer desires, and in this
study the intersection point between all these variables is considered as
a compromised design. Eventually, the entire proposed technique is
concisely presented in Fig. 3.

3.2.2. Economic analysis

It is known that the Hj, parameter is directly influenced by the pipe
design ([24,25]). Therefore, the essential variables in selecting the most
economical pipe diameter are the total annualised cost of the pipe (Cyie)

and the value of energy loss (Cg o), which are triggered by a specific
amount of Hy, Basically, when the pipe diameter increases, Hj,s de-
creases, while the C,y. and the profit of PHES increase simultaneously.
Thus, an economic optimisation between these two variables was con-
ducted. As a result, both Cyy and Cg s Were calculated for a particular
lifetime of the penstock ([26]). This study used the electricity cost (E¢ost)
per kWh for the pumping and generating modes. This specific cost was
multiplied by the total energy loss occurred by considering the head loss
(Eps. ;1) to calculate the total Cg . Fig. 4 shows a typical relationship
between all the variables related to Hj, (energy consumed(pump)/
produced(turbine), pipe diameter and cost). It also reveals that Epym,
(blue line) decreases and Eg;pine (brown line) increases by raising the
pipe’s diameter (green line). Fig. 4 also shows that by increasing the
pipe’s diameter, more energy would be gained in the generating mode
and less energy would be consumed in the pumping mode. Therefore,
C loss is calculated based on the sum values of Ejo, y multiplied by Ecos in
the pumping and generating modes. Next, the optimisation between
Cpipe and Cg o5 is conducted, and the optimal pipe diameter based on the
techno-economic analysis is designated.

3.3. Assessment procedure

Following the selection of an appropriate pipe diameter (based on
the techno-economic analysis) and the provision of the polynomial
regression equations to predict Hp, and Hy, the performance of HRES
has been comprehensively evaluated. Moreover, the REF and LORE have
been selected as the study performance indicators as they are considered
the most common technical indicators needed to design the HRES, as
expressed in Egs. (1)-(2). The simulation tool of the entire HRES is built
based on the proposed energy dispatch strategy on the basis of one hour,
as illustrated by the green font colour in Fig. 5. The comprehensive
assessment of how the Hj,; parameter is essential has been conducted
with two different scenarios in terms of considering (C) or neglecting (N)
this parameter. This assessment is accomplished by performing a
comparative analysis within these two scenarios for the short-term
(several days) and long-term (8760 h) assessments with given data for
all the variables. So, in this study, the design of HRES includes four
different variables: the number of PV panels (Np,), wind turbines (Nynq),
pumps /turbines Np,r and the capacity of upper reservoir of PHES (Vys).
Therefore, an iterative method between the diverse design configura-
tions with predefined variables values is proposed to evaluate the
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relationship between sizing the HRES components, applying the pro-
posed technique, considering Hj in the simulation process, and
investigating the most influential variables that impact the HRES per-
formance. The iterative method between all the variables and proposed
cases is summarised and demonstrated in Section 2.4.

lend

Edemand (t) - Egrid (l)

REF (%) = x 100 1
( U) ; Edem(md(t) ( )
Tend
_ Elo.rt(t)
LORE(%) = ;Ewlar(t) + Evina(t) x 100 @

Tend

Elosl (MWh) = ZEsolar(t) +Ewind (t) - Epump (Z) - Edemand(t) +Egn’d(t) +Eturbine (t)

=1

3

lend

Z Edemzmd (l) - Egrid (t)

t=1

Eres(MWh) = 4

3.4. Variations in system design configurations

A total of thirty-six different configurations of HRES design have
been investigated considering the ten various installed solar energy
capacities, ten different installed wind energy capacities, ten different
pump/turbine capacities, and ten different upper reservoir capacities, as
provided in Table 1. The reason behind dividing each variable into ten
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Table 1

Variation in installed renewable energy capacity.
All Ny Ep* Nyind Ewind®  Epvywina  Npjr Vires
cases Panels (MW) Wind (MW) (MW) turbines (m®)

) turbines

Case; 0.5 100 100 200 300 1 2M
Casey 1 200 150 300 500 2 3M
Cases 1.5 300 200 400 700 3 4 M
Casey 2 400 250 500 900 4 5M
Cases 2.5 500 300 600 1100 5 6M
Caseg 3 600 350 700 1300 6 7M
Case; 3.5 700 400 800 1500 7 8M
Caseg 4 800 450 900 1700 8 I9M
Caseg 4.5 900 500 1000 1900 9 10M
Caseg 5 1000 550 1100 2100 10 11M

" These values are ideal before considering the total efficiency and other
effective parameters (i.e., Meteorological data).
™ M refers to a Million.

prominent cases and the size of each component’s assumption is based
on the average actual electricity demand data for the adopted location
and its topography information. With regard to wind and solar energy,
the maximum and minimum electricity demand over the entire year is
determined, and thus all the case values are investigated. The minimum
capacity of wind and solar energy that has been set up is 200 and 100
MW, and they increase in steps of 100 MW, respectively, until they reach
Casej with values of 1.1 GW for the wind and 1 GW for solar, respec-
tively. On the other hand, the PHES capacity is estimated chiefly based
on the volume of the upper and lower reservoir, the capacity of the
pump/turbine, and the static height between the two reservoirs. The
variation in the upper reservoir capacity, which is arbitrarily considered
to be 2-11 Mm?® in the step of 1 Mm® and the capacity of pump/turbine
(1-10 pumps/turbines increase in the step of one at each case) with a
rated power of 75 MW, respectively, has been determined relying on the
performed design. As shown in Table 1, the maximum and minimum
values of each variable correspond to Case; and Case;q, respectively.
The way to show the total simulation results for proposed configurations
is to evaluate one variable for each case while the other variables were
constant with the maximum number as presented in Casejo. For
example, when the variable (N,,) is being evaluated gradually from
Case; (100 MW) to Caseg (900 MW), the other variables (Nying, Np1,
Vies) simultaneously remain constant with the values of maximum in
Caseg and so on.

4. Results and discussion
With regard to the meteorological data for the adopted location

(Saudi Arabia), the solar radiation, wind speed, and temperature for one
whole year on the basis of one hour for the specific city (Bisha) have
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been collected from the National Solar Radiation Database (NSRDB)
[27]. In addition, the actual electricity demand data of Bisha has been
collected from the Saudi electricity company for the entire year on an
hourly basis [28]. All of these data are presented as monthly-average
hourly for the entire year in Fig. 6. From the same figure, it can be
seen that the temperature increases during the summer season, reaching
38 °C and this may influence the PV system performance as well as the
water stored in reservoir in terms of the evaporation rate. The most
remarkable solar radiance appears to be in May, unlike December where
the lowest rate occurs. In addition, the wind speed seems to be high
during summer and stays at almost the same range for the other seasons.
The electricity demand almost has similar trends from January to April,
and then it starts increasing until September when it clearly goes down
to its original starting point. The total electricity consumption of Bisha
for 8760 h is approximately 2.497 TWh.

4.1. Evaporation rate

The evaporation rate has been adopted in this study to assess the
amount of evaporated water from the upper reservoir for 8760 h based
on Eq. (A.18); the evaporation rate of the lower reservoir (adopted dam)
has been neglected because of the fluctuation of inflow water which is
caused by an unknown precipitation amount adding to a massive area of
the adopted dam. Fig. 7-(a) shows evaporated water for four days in both
the winter and summer periods. It is evident that the increased rate
during daylight is because the summer season experiences more high
temperatures, reaching up to 1.2 mm, compared to 0.64 mm in the
winter season. The total monthly evaporated water is shown in Fig. 7-
(b), and it shows that the highest point, of up to 338 mm, occurs in July.
Conversely, the lowest point is in January, with 169 mm. The summa-
tion of all months, which is considered annually evaporated water, is
3042 mm. This amount is remarkable as the PHES is a closed system, and
there is no continuous inflow of water. Therefore, when the simulation is
performed for the long term (8760 h) and neglecting this amount of
actual evaporated water, the accuracy of the entire system performance
in terms of energy management might be reduced. In addition, when
installing a lower reservoir instead of using the adopted dam, this
particular point becomes an essential parameter for designing the HRES.

4.2. The pipe design assessment

Based on the proposed technique illustrated in Section 2.2, the pre-
cise, iterative step of discovering all the possible pipe diameters, the Vy
of each proposed pipe is determined. As the iterative step regarding V; in
the proposed technique is set decreasing by 0.2 m at each iteration, the
maximum and minimum proposed diameter of pipes are found to be 3.4
m and 1.6 m, respectively, with respect to the design boundaries. Fig. 8-
(a,b) shows the amount of V; inside each proposed pipe for the pumping
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Fig. 6. Meteorological data and electricity demand of the adopted site.
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Fig. 8. The water velocity inside penstock for each possible pipe diameter: (a) pumping mode (b) generating mode.

/generating modes and considering all the possible working states
(charging/discharging). Therefore, it should be highlighted that the x-
axis in the pumping mode in Fig. 8-(a) is different from the generating
mode in Fig. 8-(b) and because of that the Qp is calculated based on
Eexcess, unlike in the generating mode in which the Qr is calculated based
on Egoriage. Then, for the pumping mode, as shown in Fig. 8-(a), it is
evident that the V; for each proposed pipe is under 10 m/s respectively,
with the highest value of approximately 8 m/s occurring with a diameter
of 1.6 m. In contrast, the highest V; of 12 m/s occurs with a pipe
diameter of 1.6 m in the generating mode, as shown in Fig. 8-(b). This
exceeds the Vy,q (10 m/s) at the final iteration, and it is not even

considered as a proper choice, but it can be seen how a small diameter
causes a very high amount of V;. Significantly, from the pumping/gen-
eration modes results, it is shown that when the pipe diameter decreases,
the gap between the rate of V; of each pipe is relatively small until
reaching a diameter of 2.2 m where the gap starts rising until last
diameter, as illustrated in Fig. 8-(a,b) by a dashed circle. In addition, it is
clear that the gap between the four different pipe diameters of 1.6, 1.8,
2, and 2.2 m is almost equal to the difference between the six larger pipe
diameters 2.4, 2.6, 2.8, 3.0, 3.2, and 3.4 m, respectively.

Following the range of the pipe diameter, the amount of H,, for each
pipe is determined. As it can be seen in Fig. 9 that each pipe diameter
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Fig. 9. The polynomial regression results for pumping and generation modes for all the possible pipe diameters.

includes two regression equations based on the value of Hp, associated
with Pp (second x-axis) and Hy, correlated with Qr (main x-axis). The
reason behind conducting the regression approach for each proposed
pipe is that when the total of Ejymp and Eyypine are calculated using the
simulation tool, there should be equations to predict Hys based on the
available amount of Eeycess and Esportage- Fig. 9-(a, j) show all the possible
values of Hy, and Hy, for each pipe with the corresponding regression
equations for the pumping/generation mode. From Fig. 9-(a), it can be
seen that the maximum Hp, occurs with a pipe diameter of 1.6 m with a
value of 286 m in the generating mode. In contrast, the lowest Hy, occurs
with a value of 9 m respectively with a pipe diameter of 3.4 m, as shown
in Fig. 9-(j).

4.2.1. Technical evaluations

The most critical step in the proposed technique is how to select the
most appropriate pipe diameter satisfying the proposed technique con-
ditions and then inserting the regression equations of Hj, for pumping
and generating into the PHES mathematical model. To calculate the new
total of Eyymp and Epypine for 8760 h, all the input data in the simulation
tool should be known. Nj, and Nynq are specified as assumed in Case;o
(Table 1) to increase the usage rate of PHES. With regard to the PHES

10

capacity which relies on the two different variables (Vyeand Np7), the
maximum and minimum capacity of these variables, as proposed in
Case; and Caseyo, have been assessed. As Eyymp is determined based on
Eeycess, it is clear from Fig. 10-(a) that when the pipe diameter increases,
Epump and Hyqio (P) decrease while the Ej, slightly increases. On the other
hand, E;pin. increases while the pipe diameter and H,q,(T) decreases
because Hy, in the larger pipe diameter is lower than that in the smaller
diameter. Therefore, the correlation data between the two variables Ej,
and Epymp, and the two other variables, Hyqo(T) and Egypine should be
analysed. So, the data normalisation for all the variables together for the
pumping /generating modes helps to see the correlation between them.
(See Table 2)

4.2.2. Economic evaluations

With all the proposed technical conditions satisfied and all the
appropriate pipe diameters determined, an economic analysis was
conducted based on the method explained in Section 2.2.2. To avoid any
possible confusion, the cost of electricity used to charge PHES, whether
from the renewable energy sources or a natural grid, was neglected
because it was only necessary to calculate the energy loss variation
between the proposed specific pipe diameter and the large pipe diameter
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Table 2

Average monthly meteorological data.
Month Temperature Load Solar radiation Wind speed

(] (MW) (W/m?) (m/s)

January 16.4 2449 228.4 2.8
February 20.0 241.1 264.6 3.3
March 22.7 237.8 301.5 3.6
April 24.5 254.9 281.2 2.9
May 28.4 313.6 290.3 3.2
June 31.1 364.3 310.4 3.5
July 30.8 362.1 293.1 4.6
August 30.7 355.9 301.6 3.7
September  29.3 313.1 301.5 3.7
October 24.2 249.5 253.0 3.5
November 21.8 232.7 210.9 3.4
December 19.3 227.2 215.4 3.3

3.4 m. Next, Cpype and Cgyos for all the proposed pipe dimeters were
calculated for a lifetime of 10 years [26], and E.,s was assumed to be
0.08 $/kWh, which is approximately the minimum price at which
electricity might be sold, as proposed by [29]. Fig. 11 shows that Cpp.
increases while Cgos; decreases because the small pipe diameter is
associated with high Hj,;, leading to more energy being lost than would

11

H,qio for each possible pipe diameter and total energy: (a) actual data (b) data normalisation.

have been sold. The grey bar refers to variations in the two variables at
each proposed diameter, as Cpyp, is subtracted from Cg . It is shown
that pipe diameters between 1.6 and 2 m have positive total cost values.
After this point, the variation becomes negative because Gy, is larger
than Cg s at the corresponding pipe dimeter, which means that the
system would make a higher profit with less Hj,;s and would have to pay
extra for an increased pipe diameter.

4.2.3. Optimal pipe diameter

Significantly, the pipe diameter of 2 m satisfies the proposed study
conditions (two technical conditions proposed in 2.2.1) as presented by
the black dash line in Fig. 10-(a). Also, from Fig. 10-(b), it is evident that
this pipe diameter is a perfect selection as the intersection between all
the intended variables for the maximum and minimum capacity of PHES
occurring before this specific diameter. Furthermore, this pipe diameter
is economically optimal and close to the point where the two variables of
Cpipe and Cg o5 intersect, as presented in Fig. 11. It was concluded that
the 2 m pipe was the right choice from the technical and economic
perspectives.
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4.3. Performance characteristics of HRES

After a specific pipe diameter has been selected and its regression
equations to predict the actual Hy, are provided, the investigation of the
short- and long-term impacts on the HRES performance is conducted.
This investigation is performed by focusing on the comparison between
considering (C) and neglecting (N) Hj, factor in terms of the HRES
performance indicators REF,LORE, Eggs, and Ej,. It should be noted that
the variable Eggs includes Eg i for analysis simplification as the PHES
exploits Eeycess to pump water without considering the off-peak national

12

grid energy, and Ej,;; might be sold to the National Grid or abandoned,

and it needs to be as low as possible as it is supposed to be dumped as
considered in this study.

4.3.1. Short term analysis

Only one random configuration has been applied in this section, and
the specifications of the configuration variables (Noiar» Nyind> Np/15 Vres)
are 1 GW, 1.1 GW, 5 pumps/turbines, and 6 Mm3, respectively. Four
days in two different seasons (summer, winter) have been selected as a
sample of days in the hot and cold periods in which the amount of Egepgng
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and (c,d) average pipe efficiency for the pumping and generating modes.

Table Al Table A3a
Photovoltaic electrical characteristics of KC200GT [33]. PHES mathematical model equations [2,20].
Parameter Value Unit PHES Equations
Max Power 200 W] Pumping Py Npump B (A.11)
Max Power Voltage 26.3 [vi mode @ = pwﬂmgHmml’WhWEH“"“l = He + Hyu
Max Power Current 7.61 [A] Generating Pr = QrHpwaiP yarer8NevNeurbine Hotat = Hse —Hp (A.12)
Open Circuit Voltage 32.9 [v1 mode
Short Circuit Current 8.21 [A] Static and sz Q (A.13)
Max System Voltage 600 vl head loss HpuHu =K 2g° whereVy =500 B
Temperature Coefficient of Vi, ~1.23 x 10! [V/°C]
fL (A.14)
Temperature Coefficient of I, 3.18 x 10° [A/°C] K = Kpipe + Kiittings, whereKpipe = q
0.25 Prwater Vyd (A.15)
f=———"—"——— whereRe = Pwater 2
log(( e )+ 5.74 H
3.7d Re%9
Table A2 e — He e whereli — Veesmior (A.16)
Wind turbine technical specifications of Gamesa G114-2 MW/[35]. st = Hy + Huyp, whereHy, = X Hup
. U d ET A17
Parameter Value Unit ligj\;e:n Vieservior = (Qp —Qr —V,)*t,whereV, = 367106 OsAm Xt ¢ )
Rated power 2 [MW] reservior
Cut-in speed 2.5 [m/s] Evaporation (A.18)
Rated wind speed 10 [m/s] rate ET —
Cut-out speed 25 [m/s] -
Swept area 10,207 [mz] . 37 . 0
Hub height 120 [m] 0.4088,(Ge —S1e) + (7 (T;.r T573) ) (€ (Tw) —ea)

is entirely unequal (Fig. 6). So, Egq and Eggs are shown with Egemgng, as
presented in Fig. 12-(a) for summer and (b) for winter. Clearly, when
there is Ejo, there is no Egq, and then at the same time, there is no
difference shown between the two scenarios (C and N). Since the vari-
ation between the two scenarios is only shown when the PHES operates,
it shows that having more Eg4 increases the variation between the two
scenarios; because of that Egmang Starts to be covered by the National
Grid once all the water volume stored in the upper reservoir has been
released. Then, it is noted that there is a remarkable difference between
Egigcand Egigy in the hourly simulation results. Particularly, Egigc is

14

Sy +7(1 +0.34u,)

higher than in the other scenario for all days due to Hj,;, which is more
accurate than Egy;g . Also, the gap between the two scenarios in Summer
is less than that in Winter because there are more Eggs in the Summer
while the PHES is more frequently used in periods of electrical shortage.
From the same figure, it also shows that Eggr v is greater than Ergr ¢ for
the two different periods, clearly having impacts of considering Hj,ss. In
addition, it could be realised that during the daytime in the winter
period, Eggs increases, as well as Egemang increasing and then when it gets
darker, Eggs starts to decrease with the fact that the variation between
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Table A3b
PHES components information.
Parameters Value Unit
Static head 350 [m]
Pump efficiency 80 [%]
Generator efficiency 80 [%]
Length of penstock 3800 [m]
Fitting resistance coefficient 10 [-1
Upper reservoir height 20 [m]
Maximum amount of Pr, Pp 75 [MW]
Minimum amount of Pp,Pr 40 [MW]
Maximum flow velocity Vfmax 10 [m/s]
Maximum head loss ratio Hyqio 15 [%]

the two scenarios becomes more obvious due to PHES being operated to
satisfy the demand.

Fig. 13-(a,b) presents the volume of the upper reservoir (Vyeservior) and
Euubine in two different seasons. It can be seen that when there is a
variation between Vieseriorc aNd Vreserviorn, Eiost becomes clearer, but
when the upper reservoir is full, there is no gap between the two sce-
narios. In addition, the difference of each day is different from any other
because of the variation in Ep,,,inq as well as the availability of Vieseryior
every day. It is concluded that the variation among the two scenarios
shows up in the entire system performance when PHES starts operating
because of the direct relationship between the two intended parameters
with the components of PHES.

4.3.2. Long term analysis

With regard to the long-term assessment, the simulation perfor-
mance of HRES for all the proposed configurations has been accom-
plished by taking the sum of Eggs, Ejs:, LORE, and REF over 8760 h.
Fig. 14 presents the amount of Ej,;, and LORE for both the scenarios (C
and N) for thirty-six proposed configurations. It should be noted that, in
both the scenarios, Ej, and for the two variables Nj,, and Ny,q start
increasing by different amounts until they reach Casey with the value of
271.423 GWh and 236.821 GWh for the neglected scenario (N) and
189.770 GWh and 154.703 GWh for the considered scenarios (C),
respectively. This is because of the fact that increasing capacity of the
main power source (PV + wind turbine) covers more electricity demand
during the peak period but in the case of low demand, the generated
energy would be lost. In contrast, for both the scenarios, Ejg for Vs and
Np,r decreases slightly from Case; until Casey with the value of 339.393
GWh and 356.371 GWh for the neglected scenarios and 250.002 GWh
and 271.693 GWh for the considered scenario, respectively. This is
because of the fact that increasing capacity of V;s and Np,r decreases the
amount of Ej,. It can also be seen that the variation between all the
variables becomes more apparent with an increase in the case number,
and the total Ej, y for all the thirty-six configurations is greater than for
Ejost.c- This is because, in the case of neglected scenarios, in the charging
period, the water volume of the upper reservoir is determined as full
earlier than the considered scenarios as a result of neglecting Hy,s;. The
highest point of LOREy and LORE occurs with Np/; with the value of
46% and therefore, no variation between the two scenarios occurs
because of the small pump/turbine capacity at Case;. In addition, Ny,q
starts increasing from Cases for both the scenarios, and because of that
most of the wind energy is utilised whether for direct demand or pump
water depending on the variations in the strength of the wind
throughout the day.

With regard to the second study performance REF and Eggr for the
thirty-six configurations, the most significant values of Ergr ¢ and Ergrn
occurs with Vi at (1.997, 2.215) TWh, and their REF: and REFy are
80%, and 88.6%, respectively, as presented in Fig. 15. However, in the
same figure, it can be seen that the lowest points of Eggrc and REF¢
happen with N, in Case; with the value of 1.309 TWh and 52%,
respectively. It can also be seen that all the variables increase gradually
from Case; to Caseg except Vs which remains mostly at the same level
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from Cases until reaching Casey. This is because increasing V,.s leads to
the storing of more potential energy based on the availability of Eexcess
and more unused space is provided. Eventually, regarding the variation
between the two scenarios in terms of Ergr and Ej, , the most influential
variable is V,s, with a value of 218.23 GWh and 89.39 GWh,
respectively.

4.3.3. Variation between the two scenarios

Fig. 16 summarises the actual variation in percentage between the
two scenarios for all the variables in all the cases studied. It can be seen
that the total variation with the variable of N, varies significantly
from Case; to Cases and then starts raising gradually until Case;o. This is
because when N,;,4 capacity increases, the electricity demand is mainly
met by direct wind power, then there is less variation after this point
because of lower use of the PHES system. In addition, from the same
figure, it is clear that the most significant variation occurs at 8.6 %
regarding REF, occurring with three variables of Nyng, Np/1 , Vres. With
regard to LORE it can be seen that the variable V. increases from Case;
with a value of 2 % to Cases, and then remains with the same variation
until Cases with a value of 3 %. In addition, the variables of
Npy, Nying and Np, 7 start increasing with values of 1 %, 0 %, and 0 % until
they reach Casey with values of 3 %, respectively. Significantly, these
results emphasise that the REF and LORE indicators are influenced more
by varying the large capacity of renewable sources and increasing the
PHES capacity to the entire system. It is worth considering that this
study increases the prediction accuracy by 11.6 % which is the sum
amount of large error for REF and LORE.

4.4. Sensitivity analysis

Ecose is the most significant parameter for selecting the most
economical pipe diameter, and it varies based on the factors such as the
specific location and type of energy sources utilised. Therefore, this
section comprehensively assesses the different economic pipe diameters
based on the variations in Eg. The reason behind conducting this
sensitivity analysis was to determine the pipe efficiency (r,,.) without
conducting the entire analysis by relying only on E, under the pro-
posed study boundaries. The Ey of 0.08 $/kWh was already assessed,
and a pipe diameter of 2 m was chosen as the most economical design, as
already described in Fig. 11. This is considered as a small E,,; thus, both
the average and high E. globally were proposed to be 0.2 and 0.5
$/kWh, respectively [30]. Fig. 17-(a) shows the optimal pipe diameter
for the E.s of 0.20 and 0.50 $/kWh, which are 2.6 m and 3 m,
respectively. This is because increasing Cpp. with a high Ecos led to an
increase in the total Cg 5. As each pipe diameter was selected by relying
on a different E.., only the total variation between the two proposed
scenarios (C/N Hgs) for Epymp and Egmpine Was assessed to calculate an
accurate 7, for each proposed Ecos:. Due to simplification, the average
results of all the 10 proposed cases for each variable of Npy, Nying, Vres
and Np,7 were determined, as explained in section 2.3 . Fig. 17-(b) shows
the total variation between the mentioned scenarios of pipe diameters of
2 m, 2.6 m and 3 m, respectively. The largest variation occurred with
variables Vs and Np for Epymp and Egrine, With the values of 12 % and
27 %, respectively. The reason behind this was that a large reservoir
would increase the number of pumping cycles, and increasing Np/r
raises the use of Egpine, resulting in increased Hj,;. Based on all the
variations’ values, total 7, was calculated for the pumping and
generating modes for the three different pipe diameters for all the 10
cases, relying on the three different E,. Fig. 17(c—d) further shows that
the average ,;,, in the pumping mode resulted in 91 %, 98 % and 99 %
for the pipe diameters of 2 m, 2.6 m and 3 m, respectively. For the
generating mode, however, the average 1,;,. was 76 %, 91 % and 95 %
for the pipe diameters of 2 m, 2.6 m and 3 m, respectively. Eventually,
any value within the range of the average efficiency might initially be
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assumed when calculating the power required to pump a specific
quantity of water or cover a certain amount of energy with a turbine.
This implies that, during the early stage of design, real implementation
of PHES with the same specifications used in this study, and these
numbers could be added to the overall efficiency with a reasonable
certainty and without the need to undertake the entire analysis con-
ducted already. The average efficiency values suggested in this section,
whether for the pumping or generation modes, are based on a detailed
technical and economic analysis that takes into account the diversity in
the pipe design and cost of energy.

5. Conclusions

To precisely design the proposed HRES, the mathematical model of
each subsystem (PV, wind and PHES) requires the consideration of many
critical indexed parameters. In contrast, neglecting or misestimating
these essential parameters in the simulation performance process leads
to over- or underdetermining each subsystem’s accurate size. Thus, the
Hj,s occurring inside the pipe and evaporation rate from the upper
reservoir of PHES are the essential factors, particularly when related to
the areas with dry climates and no continuous inflows of water, such as
Saudi Arabia. The present work has considered these two factors in the
simulation performance of the entire HRES operation. In addition, an
efficient approach and strategy for identifying the optimal pipe design
through a comprehensive techno-economic analysis were developed
with the intent of boosting the precision of the overall system design
results. The comparative model was applied between the two scenarios,
one of which considered the Hj,; and one that did not. Up to 36 design
configurations involving variations of Npy, Nying , Vres and Np,r were
assessed. The REF and LORE were applied as the main performance in-
dicators for designing the proposed HRES. The results further revealed
that the total variation of REF and LORE was 8.6% and 3%, respectively.
Furthermore, the most significant annual variation between the two
scenarios regarding Eggr and Ej,s, appears with the design variable of Vs
reaching 218.23 GWh and 89.39 GWh, respectively. A sensitive analysis
based on the different energy costs worldwide showed variations of 7,
for the pumping and generating modes, ranging between 91 and 99%
and 76-95%, respectively. Regarding the monthly evaporated water, the
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highest and lowest points were found to occur in the months of July and
August, with the values of 338 mm and 169 mm, respectively. In addi-
tion, the total amount of evaporated water in one year was 3042 mm,
which is a remarkable value for a closed-loop PHES. Therefore, the re-
sults have shown that the Hy,;; and evaporation rate should be consid-
ered in the PHES mathematical model to avoid uncertainty in the
simulation outcomes. This uncertainty may result in undesired effects
with the consequences of over- or undersizing renewable energy sources
and the PHES, or a mismatch between the energy supplied and derived
in the operation strategy process. Eventually, further investigation
outside the scope of this research could be conducted. This includes the
impact of weather data uncertainty on the design of a particular pipe and
the investigation of the downsizing of HRES and PHES.
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In this section, a mathematical model of each component linked to the proposed hybrid system is presented, along with any assumptions made.

A.1 Photovoltaic model

All equations on which the method relies to calculate electricity produced from PV are expressed below [31,32]:

P,, = (I X V)X PRXN,,

V+RI V4R,
I=Iy—I|E | YR
P 0 { xP( Via ) } R,
G
Ly = (Iwn + K/AT) % (E)
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Vinp (Vmp + Ly X RS)
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KT
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* oc) (G) ( U, ) ( ar) (a.8)
(See Table A1)
A.2 Wind turbine model
The wind turbine power production is calculated as follows [34]:
1
Pyina(v) = EﬂairAblch3'7WgNwind (A.9)
The wind speed at hub elevation is calculated on the basis of the wind speed measured at the ground level, as expressed below:
v = v (Elv/EW1)” (A.10)

(See Table A2.)

A.3 Pumped hydropower energy storage model

The mathematical model of PHES is presented in Table A3a., and all technical specification assumption for PHES is shown in Table A3b..

A.4 Integrated system energy balance

The HRES includes various energy sources as well as primary energy storage. First, each sub-system is individually modelled, and then they are all
interfaced using the proposed operating strategy that consists of connected steps starting with desired inputs and then following the orders with
constraints, as explained earlier. Then, the dynamic behaviour of the proposed system based on the flow chart in Fig. 5 is conducted to further validate
the results, and energy balance has been performed as presented below:

lend Lend

Z E/)L'+Ewind + Egrid + Elurhine = Z Edemand + Epump + E[rm (A~19)

=1 =1
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