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Abstract:This studypresents a detailed feasibility analysis
of technical and financial assessment for grid-connected
Hybrid Renewable Energy System (HRES) configurations
by including grid-only, HRES-only and grid-HRES at four
different provinces in the Kingdom of Saudi Arabia (KSA),
namely; (Al Baha University, University of Jeddah, Prince
Sattam Bin Abdulaziz University, and Tabuk University).
The objective of this paper is to search the possibility of
supplying the load demand with the optimum system that
has the lowest net present cost (NPC) and greenhouse
emission CO2. The simulation results show that NPC of
a proposed grid/PV system, at the current grid’s tariff, is
more sufficient than other configurations with a result in
a renewable fraction of more than 50%, a payback time
of 17 years, and 54.3% reduction in CO2. The results also
show that the integration of 62 kW PV array with the main
grid is the best configuration that leads to the minimum
cost of energy (COE) of 0.0688 $/kWh and the sell back
energy of 9.16% of total energy consumption at Al Baha
University. Besides, optimizationmodeling addresses that
HRES-only system can supply the full load demand with-
out power shortage (<0.1%)with amajor contribution from
solar PV by 78.5%, wind energy shares 11.3% of load de-
mand, and 10.2% from battery banks. The developed anal-
ysis concludes that the objective function is feasible for the
selected locations. The study has three novelties. Firstly,
the required load at different locations of the university’s
buildings at KSA is supplied by minimizing COE. The ob-
jective function is achieved by considering a combination
ofHRES. Then, it applies the sensitivity analysis for several
cases suchaspayback time, gird’s tariff variation, and load
demand change. Finally, the current analyses are applica-
ble to any university at KSA and around the world.
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1 Introduction
Fossil fuels such as heavy fuel oil, natural gas, diesel oil,
and crude oil are the main sources of energy in the King-
dom of Saudi Arabia (KSA). It is one of the top countries
in the production and exploration of fossil fuels in the
world. In 2012, KSA was ranked as the world’s largest oil
producer and the second largest oil reserves by 266,455mil-
lion barrels of proven oil reserves [1]. Accordingly, more
than 75% of KSA’s economy depends on fossil fuels. How-
ever, KSA is rated as the largest energy consumer of its
own fuel’s production. In 2016, KSA was recorded as the
world’s 10th largest consumer of its total energy from fossil
fuels which accounted as 63% of crude oil and petroleum
liquids-based and 37% of natural gas [2]. In 2018, the King
Abdullah Petroleum Studies and Research Center (KAP-
SARC) reported that more than 70% of electricity is con-
sumed in residential and commercial sectors as presented
in Figure 1 [3]. The increasing demand for energy consump-
tion, according to the population and industry growth,

Figure 1: A sectoral energy consumption in KSA [3].
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puts more pressure on the economic and environmental
sectors of KSA.

British Petroleum (BP) reported that KSA generated
571 Million tons of Carbon dioxide (CO2) in 2018 as one
of the top producers of greenhouse emissions [4]. Relying
on renewable resources instead of fossil fuels has received
interesting attention to the government of KSA. On April
25, 2016, the KSA’s government announced "Vision 2030"
to improve Saudi’s economy by depending on renewable
resources. The target of producing energy from renewable
resources was set to 9.5 GW by the end of 2030. Even re-
newable resources are available in the Arabian Peninsula,
solar andwind energies showedapromising source of non-
hydrocarbon energy in the kingdom. A study in [5] indi-
cated that the average daily solar radiation at KSAwas var-
ied between 4 to 7.5 kWh/m2. According to SOLARGIS, the

Figure 2: The average global horizontal solar radiance at KSA [6].

Figure 3:Map of wind speed data at 100 m in KSA [7].

average annual sum of global horizontal radiation in the
Arabian Peninsula is about 2200 kWh/m2/year as shown
in Figure 2 [6]. KSA’s wind speed map is shown in Figure
3. It can be clearly seen that KSA has enough wind en-
ergy potential with average wind speed 4-8 m/s [7]. As can
be seen in Figures 2 and 3, the southern region of KSA
provides higher solar radiation and wind speed compar-
ing with other provinces. Since, Saudi’s electricity gener-
ation is governed by fossil fuels, generating energy from
renewable resources at commercial and residential build-
ingswill not only reduce the greenhouse emissions in KSA,
but will also improve the industrial and economic sectors
[8, 9].

Several literature studies to explore the performance
of solar irradiation and wind speed at KSA have been
published recently. Zell et al., summarized one-year so-
lar resource measurements from a monitoring network in
KSA[10]. The paper focused on only analyzing the collec-
tion of solar resource data without considering other re-
newable resources at the Arabian Peninsula. The analysis
of current and future performance of solar and wind re-
sources was evaluated in [11]. The study concluded that
the southern region of KSA has higher daily solar irradi-
ation and wind speed among other regions. The study did
not mention the potential for power availability from re-
newable resources. The potential power generation from
solar and wind resources in KSA was analyzed in [12]. The
research concludes that wind and solar resources in KSA
could generate 50 GW by the end of 2040. The study by
Razmjoo et al. investigated the energy sustainability using
off-grid renewable resources for selected cities in Iranuntil
the year 2030 [13]. The study claimed that the investments
on renewable energy resources such as solar and wind en-
ergy will be economically justified in the Gulf Area. The
optimal size of a stand-alone hybrid energy system that en-
ables the minimizing of the cost was implemented by Hos-
sain et al., using renewable resources instead of diesel en-
ergy [14]. According to their results, it was verified that re-
newable resources such as PV, wind, and battery can min-
imize the cost of energy and reduce greenhouse emission.
More optimal and analytical studies need to be explored
at different locations at KSA to assess the performance of
solar and wind data at KSA.

The techno-economic analysis for grid-connected and
off-grid systems at different cities at the Arabian Peninsula
andKSAusing a combinationofHRES suchasPV,wind tur-
bine, fuel-cells, and battery were provided in [15–22]. The
authors in [15] reviewed the recent control strategies for en-
ergymanagement in hybrid renewable energy system. The
paper focused on the energy management strategies used
in smart grids for both standalone and grid-connected hy-
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brid renewable energy systems. Razmojoo et al. investi-
gated the energy sustainability of renewable energy at two
selected cities at Iran until 2030 [16]. The study concluded
that the off-grid system could generate more than 19 kWh
annually from solar and wind energies in both cities.
Olatomiwa et al. evaluated the economic analysis of six
different geo-political villages in [17]. Their simulation re-
sults concentrated on the net present costs, cost of energy,
and renewable fraction of the PV/Wind/diesel/battery sys-
tems. The paper concluded that the PV/diesel/battery hy-
brid configuration is found as optimum configurationwith
better performance in fuel consumption and a reduction
in CO2 emissions. Another study in [18] implemented eco-
nomic and technical analysis of solar-wind and diesel sys-
tem. The study concludes that the optimum hybrid system
could generated a required energy and reduce greenhouse
emission by integrating 15 kW PV array, 2 wind turbines, 1
kW diesel generator, 13,603 kW of battery, and 1 kW con-
verter. The potential of supplying the load demand from
renewable resources by considering a comparison of var-
ious locations at KSA was presented in [19]. The simula-
tion results concluded that the off-grid system at Yanbu
city has the minimum COE (0.609 $/kWh) by integrating
2 kW of PV array, 3 kW of wind turbine, 2 kW of converter,
and 7 battery storage banks with a nominal capacity of 253
Ah. Another study on the west coast of KSA investigated
the potential of PV/Wind energy system using HOMER and
Matlab [20]. The research concluded that PV energy had
more economic features than solar energy with COE of
0.0637 $/kWh and 0.149 $/kWh, respectively. Krishna and
Al-Talhi investigated the potential of renewable resources
at the north region of KSA as comparing with other cities
[21]. The paper concluded that Tabuk city in the north re-
gion of KSA can generate 110,250 kWh annually from so-
lar energy. The optimization model for an off-grid HRES at
the southern region of KSA was analyzed in [22]. The opti-
mization results showed that the lowest COE of the system
was 0.289$/kWhwhichwas based on PV/Wind/FC/battery
with 176 kW of PV array, 20 kW of wind turbines, 98 kW of
fuel cell, and 11 batteries. As in previous studies, they ex-
amined the feasibility analysis of residential load without
considering the consumed load by commercial and educa-
tional buildings at the universities.

The study by Filho et al., highlighted that universi-
ties around the world play a significant role in improve-
ment of renewable resources with emphasis on solar en-
ergy [23]. The huge engagement of universities to renew-
able resources has a great potential to reduce energy con-
sumption and carbon emissions. A study in [24] proved
that harvesting solar and wind energies instead of fossil
fuel can providemore realistic, competitive, andprofitable

to the kingdom for the next 50 years. The authors in [25]
stated that an effective transition from fossil fuels to re-
newable energy could achieve 70% of the electricity sup-
ply by the year 2032. The economic and technical analy-
sis in [26] in the Gulf area showed the high solar radiation
could generate enough energy by integrating the PV array
with other resources.However, investment in renewable re-
sources to generate electricity are essential to achieve de-
velopment in energy sustainability. KSA has more than 38
public and private higher education institutions that are
primarily connected to the Saudi Electricity Company of a
national grid. Even with the high potential of wind and so-
lar energies in KSA, few projects for renewable resources
research have implemented at local universities [27]. Con-
tributing of commercial and educational buildings in con-
suming energy from renewable resources can achieve the
KSA’s Vision 2030.

The literature studies for feasibility analysis of imple-
mentation of renewable resources at university’s buildings
are few in KSA or Gulf area. Optimized design and per-
formance of an off-grid for educational building at Uni-
versity of Sharjah, UAE was presented in [28]. The simu-
lation results showed that the developed off-grid renew-
able energy system could meet the load demand with the
best optimization results by sharing 73% of solar energy,
24% from the fuel cell, and 3% from the Diesel genera-
tor. Another study in the same area to optimize the size
of a grid-connected renewable energy system was exam-
ined in [29]. The study concluded that connecting 500 kW
of solar PV capacity of and 100 kW of fuel cell capacity
with the grid lead to lower the cost of energy of 71 $/MWh,
and carbon dioxide emissions of 133 kg CO2/MWh. The
developed system has 40.4 % of renewable fraction and
5% of the sell back energy to the grid. In [30], a differ-
ent configuration of renewable resources was investigated
using HOMER software at the Engineering Department
of Islamic Azad University, Iran. The optimization results
showed that themost economical hybrid systemwasbased
on wind/diesel/battery hybrid system with nine wind tur-
bines (20 kW), one diesel generator (300 kW), 50 batter-
ies, and 50 kW power converters. The developed system
could satisfy 1,174,935 kWh of an annual load demand of
the university with net present cost of 4,281,800$ and cost
of energy of 0.285 $/kWh. As per the author’s knowledge,
none of the existing work explored the feasibility analysis
of educational buildings at KSA’s universities. Moreover,
there are no articles that compare and analyze the feasi-
bility analysis of different sits of the university’s buildings
model at KSA. So this lack in the literature about HRES
at big public universities for Saudi Arabia motivated the
present work.
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This study addresses the following research shortage
with regards to grid-connected HRES for an educational
building. The study addresses the following issues:

– Can the developed grid-connected HRES be reli-
able to supply the required load power at university
buildings?

– What is the most economically viable of grid-
connected HRES systems?

– Can the implementation of HRES reduce the depen-
dence on fossil fuel and greenhouse emissions at
KSA by considering the net present cost (NPC) as the
foundation of comparison?

– What are the payback time and sensitivity analysis
for the optimal HRES configurations?

To answer these questions, the hourly load consump-
tion and weather data are collected for desired locations.
The load profile is collected from an educational build-
ing at Al Baha University, KSA with a maximum consump-
tion of 20 kWh/day. Then, the meteorological data were
collected from KAPSARC and NASA during the years from
2003 to 2018 for the selected universities. The four de-
fined data which include meteorological data, equipment
profile, optimization constrains and search space, and
load profile are implemented to National Renewable En-
ergy Laboratory’s (NERL) Hybrid Optimization of Multiple
Electric Renewable (HOMER) as the primary software. The
practical cost of each equipment as well as the search
space and constrains are defined to find the optimal config-
uration of the system. The technical andfinancial analyses
are then compared to find optimal system among the de-
sired locations for the project lifetime. The environmental
features are then analyzed by comparing different cases.
The sensitivity analysis which includes payback time, load
variation, grid’s tariff is examinedusing the optimal config-
uration.

The rest of the paper is organized as follows. Section
2 provides the resources analysis and meteorological data
of the selected locations. Section 3 addresses the mathe-
matical models of the developed system. It also indicates
the economic equations and detailed specification data
of each system’s component. Section 4 examines the de-

veloped system by applying optimizations and sensitivity
analysis. The conclusion and remarks are provided in Sec-
tion 5.

2 Resource Analysis
Analysis of the available resource at the selected universi-
ties of KSA includes solar radiation, wind speed, and tem-
perature data. Four public universities are selected to in-
vestigate thepractical data availability asmarked inFigure
4. The weather data are an important factor that impacts
the size of the system’s component. The meteorological
data for the selected universities are obtained from NASA
website and King Abdullah City for Atomic and Renewable
Energy KACARE [7, 31]. Table 1 summarized the weather
data and location of each considered university. It also
shows the daily average solar radiation and wind speed.
The average annual temperature of each considered loca-
tion is also provided in Table 1. The detailed monthly me-
teorological data for the selected universities are given in
the following subsections.

Figure 4:Map of the four considered universities at KSA.

Table 1:Meteorological data of the selected universities.

Univ./province Latitude Longitude Solar Wind Temp.
AlBaha/southern 20∘11′N 41∘38′E 6.13 5.01 25.16
Jeddah/western 21∘53′N 39∘18′E 6.04 4.66 26.97
Sattam/easthern 24∘15′N 47∘27′E 5.72 4.88 26.59
Tabuk/northern 28∘39′N 36∘47′E 5.86 5.25 21.38
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2.1 Solar Radiation Data

The variation of monthly average solar energy of the four
different locations is given in Figure 5. It indicates the
peak solar radiation during the summer seasonwhile it de-
creases in winter months. It can be clearly seen that Tabuk
University has a monthly peak solar radiation with almost
8.27 kWh/m2. Sattam University shows the lowest solar ir-
radiation with almost 3.47 kWh/m2 as presented in Figure
5. Al Baha University has the highest average solar radi-
ation per year with 6.13 kWh/m2 while Sattam University
has the lowest average solar radiationby 5.72 kWh/m2. The
average monthly solar radiation plays a key rule in sizing
the PV array.

Figure 5:Monthly solar irradiation at the selected universities.

2.2 Wind Speed Data

The variation of monthly average wind speed of the four
different locations is given in Figure 6. It is also recog-
nized that thewind speed ishighat thedesireduniversities

Figure 6:Monthly average wind speed at the selected universities.

from June to August. University of Jeddah shows approxi-
mately the minimum monthly average wind speed while
Al Baha University has the highest wind speed among the
other universities. Tabuk University has the highest aver-
agemonthlywind speedwhileUniversity of Jeddahhas the
lowest wind speed over the tested year.

2.3 Temperature Data

Temperature recording is important in monitoring the per-
formance of the installed system. It affects the output
energy from PV array and wind turbine. Figure 7 shows
the average monthly temperature of the four universities.
University of Jeddah is warmer than other universities
while Tabuk University is the coldest one. The variation of
weather data across the selected locations affects the opti-
mal size of the system’s components which leads to differ-
ent combinations of the system resources. It also impacts
the cost analysis of each system.

Figure 7:Monthly average temperature at the selected universities.

3 System Configuration and Model

3.1 System Structure

The grid-connected HRES system consists of a PV array,
DC/AC converter, wind turbine (WT), and battery bank.
The HRES is designed based on the schematic diagram as
shown in Figure 8. Each component of the system is op-
timized based on the different meteorological data at the
considered locations. The WT and PV array generate the
available energy tomeet the load demandwhile the excess
energy is used for charging the energy storage or injected
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Figure 8: Schematic diagram of the grid-connected HRES system.

back to themain grid. Thedetailed analysis andmathemat-
ical model of each component are presented in this study.

3.2 Mathematical Model

This section provides themathematicalmodel of theHRES
includes the technical model of PV, WT, DC/AC converter,
and battery bank. It also provides the economic model of
different configurations of the grid-connected HRES sys-
tem. The developed system in Figure 8 is used for inves-
tigating the mathematical models.

3.2.1 Photovoltaic Model

The main objective of solar panels is into convert solar
energy to electrical ones. Two types of solar energy have
been commercially implemented which are categorized
into the photovoltaic solar panel (PV) and concentrated so-
lar power (CSP). PV technology is used in this paper be-
cause of its possibility to be installed at the university’s
campus. The PV panel absorbs energy from the sun’s pho-
ton using a photodiode and converts it to electric energy. A
typical PV system consists of PV array, power electronics,
and battery storage. Since the PV system is connected to
the main grid, energy storage may be neglected. The rea-
son is that energy storage is costly, and its lifetime is lim-
ited by comparing it with other components of the system.

The PV consists of several diodes which form a single
cell. The mathematical equation of a single diode can be
obtained from the Shockley equation as follow [32]:

IPV = Iph − Isat
[︂
e
VPV +Rs IPV

Vt
−1
]︂
− VPV + Rs IPVRp

(1)

where; IPV , Iph, and Isat are the rated currents of cell, pho-
ton, anddiode reverse saturation currents (A); respectively.
The voltages VPV and Vt are the rated cell and thermal volt-

ages (V); respectively. The series and parallel resistance
are Rs and RP (Ω). The thermal voltage, photon current,
and reverse saturation current of a single diode are given
as [33]:

Vt =
nkT
q (2)

Iph = Iph(T1)(1 + Ko(T − T1)) (3)

Iph(T1) =
GIsc(T1,norm)
Gnorm

(4)

Ko =
Isc(T2) − Isc(T1)
T2 − T1

(5)

Isat = Isat(T1)(
T
T1

)
3
n e−

[︁
qVg
nk ( 1T −

1
T1
)
]︁

(6)

Isat(T1) =
Isc(T1)

(e
qVOC (T1)
nkT1 ) − 1

(7)

Rs = −
dv

dIVOC
− 1
Xv

(8)

Xv = Isat(T1)
q

nkT1
e
qVOCT1
nkT1 (9)

where; T is a temperature in Kelvin (T = C∘ + 273.16); k
is Boltzmann constant (1.38 × 10−23) (J/k); n is ideality
coefficient (value between 1 to 2); q is charge of electron
(1.6 × 10−19) (C); G is solar irradiation (kWh/m2); Isc is
short circuit current (A); VOC open circuit voltage (V); Ko is
a rated constant of Isc at T; T1 and T2 are different temper-
atures, Rs is the series resistance (Ω). All constants can be
calculated from the datasheet of PV array’s manufacture.
The output power of PV system can be calculated using the
solar radiation for the number of PV panelsNPV as follows:

PPV = NPV IPVVPV (10)

3.2.2 Wind Turbine Model

The WT converts the kinetic energy into electrical energy.
Wind energy has a high energy conversion comparingwith
other renewable resources. However, the initial cost and
weather restriction limits the harvesting of wind energy.
The output power fromWT is measured as [34, 35]:

PWT = NWµWPW (11)
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PWT = NW
(︂
1
2Cp(λ, β)ρAνr

3
)︂

(12)

where; NW is the number of WT; ρ is the air density
(kg/m3); µW is theWT’s efficiency; Cp(λ, β) is the power co-
efficient at the tip speed ratio of the rotor and blade pitch
angle; A is the WT area (m2); νr is the rated wind speed
(m/s).

The mechanical output power depends on the opera-
tional wind speed. The WT can be operated in a range be-
tween lower cut-in wind speed and higher cut-out wind
speed. The rated output power ofWT (PrWT) is fixed at rated
wind speed. On the other hand, when the wind speed is
varied between the rated speed and cut-in speed, the WT
is operated as variable rotor speed. So, the different sce-
narios of the average wind power can be expressed as a
function of wind speed as follows:

PavWT =

⎧⎪⎪⎨⎪⎪⎩
1
2Cp(λ, β)ρAνr

3 if vcut−in ≤ vr
(PrWT) if vr ≤ vcut−out
0 otherwise

3.2.3 Battery Bank Model

Storage devices are the key to operating a hybrid system.
Different storage devices have been used in researches
and industries such as batteries, fuel cells, and freewheel.
Since energy storage represents a big share in the total cost
of the system, many grid-connected systems ignore the en-
ergy storage devices for economical purposes. Considering
the cost of the system, battery among other energy storage
is used in the hybrid system for its economic advantages.
The operational energy of battery storage requires careful
attention in order to increase the battery’s lifetime and effi-
ciency. The charging and discharging of the battery should
be limitedwithin themaximumandminimumenergy level
requirements. The battery’s energy capacity during charg-
ing period when the output generated power of the system
is greater than the load demand as [36]:

EB(t) = EB(t − 1)(1 − σ) +
(︂
Psys(t) −

PL(t)
µconv

)︂
µB (13)

The battery’s energy capacity during discharging mode
when the load demand is higher than the output generated
power of the system, can be expressed as:

EB(t) = EB(t − 1)(1 − σ) +
(︂
PL(t)
µconv

− Psys(t)
)︂

(14)

where; EB(t) is the battery’s energy capacity as a function
of time (kWh); Psys(t) is the total generated power from the
HRES (kW); PL(t) is the load’s power demand (kW); σ is

the self-discharge rate of the battery bank per hour; µB is
battery’s efficiency; µconv is DC/AC converter’s efficiency
which can be calculated from Equation (15).

3.2.4 DC/AC converter Model

A power electronic converter is an important device to
achieve the load’s requirement. Since the HREs generates
DC energy to the grid, the output energy is converted into
AC using power electronic devices. The DC/AC converter is
required for the PV system, WT, and battery. The conver-
sion efficiency of the DC/AC converter is calculated using
quadratic interpolation of an experimental curve as [37]:

µconv = 1 − 1
N (0.0094 + 0.043 × N + 0.04 × N2) (15)

where; N is the normalized power of DC/AC converter (W).

3.2.5 Electric Grid

The electric grid is the main source of energy to the univer-
sity’s campuses. Asmentionedbefore, the commercial and
residential buildings consume more than 70% of the total
electric generation in KSA. This huge energy consumption
puts more pressure on the main grid. The grid-connected
HRES system can provide advantages such as reliability
and efficiency as well as selling excess energy to the main
grid. So, the load can be partially supplied from the grid
while the energy from HRES provides the required load.
The current tariff of electricity from the main grid is 0.085
$/kWh which makes fossil fuel cheaper than other renew-
able resources. However, the tariff is expected to increase
regarding to unexpected price of fossil fuel fluctuation.
The flat-rate tariff of the grid’s energy for commercial and
governmental buildings is 0.085 $/kWhwhile the sell back
rate is 0.05 $/kWh [38, 39]. Since the system partially de-
pends on the energy from themain grid, the energy depen-
dency on the grid can be minimized as well as the cost of
energy can be reduced.

3.2.6 Load Profile

A load of desired universities depends on the main grid.
The same load profile is assumed to be used for the se-
lected locations. The purpose of this approach is to apply
a feasibility analysis based on weather data and available
resources for different locations. The average daily energy
of the loads is shown in Figure 9. The building of three lev-
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els in the faculty of electrical engineering at Al Baha Uni-
versity is selected to exam the feasibility of grid-connected
HRES. The building consists of ten laboratories, six lecture
rooms, and ten faculty offices. The energy consumption of
electricity is mainly shared by air-conditioning, lighting,
and laboratory equipment. The average energy demand is
about 480 kWh/day while the daily average load is 20 KW.
Figure 9 shows that the daily peak load occurs from 8 to
4 during the regular education session which determines
the size of the system. The monthly load profile is given in
Figure 10 with a peak load is about 60 KW.

Figure 9: Energy load demand for 24-hour period, educational
building, Al Baha University.

Figure 10: yearly load demand at the selected location.

3.3 Economic Model

3.3.1 Economic Equations

The economic model is used for assessing the total cost
of the developed systems. The NPC is the difference be-
tween the total cost of installation and operation of the sys-
tem and the total earned revenues over the project lifetime.

NPC and capital recovery are calculated based on the fol-
lowing equations [41, 43]:

NPC($) = TAC
CRF(i, Rprj)

(16)

CRF($) = i × (1 + i)N
(1 + i)N − 1 (17)

i = i
′ − f
1 + f (18)

where; TAC is the total annualized cost ($); CRF is the cap-
ital recovery factor; Rprj is the annual project lifetime; N is
the number of years; i is the annual real interest rate (%);
i,is the nominal interest rate which equals 6% in the pro-
posed system; f is the annual inflation rate which equals
3%. The COE is the average cost of used generated energy
from HRES in $/kWh. It can be expressed as:

COE($) = TAC
Etotal

(19)

where, Etotal is total energy consumption in kWh/year. The
energy contribution from renewable energy resources of
grid-connected HRES is called renewable fraction (RF). It
measures the percentage of energy contribution from re-
newable resources comparing to the total energy of the sys-
tem. Each energy resources of grid-connected HRES gen-
erates a fraction of energy based on its capacity and cost
manners. The RF can be expressed as:

RFHRES(%) = EHRESEtotal
(20)

Etotal = Egrid + EHRES (21)

3.3.2 Components Prices

The PV array consists of a combination of series and paral-
lel panels. The PV installation and replacement cost may
vary between 1000 $/kW to 3000 $/kW. So, the installa-
tion and operation & maintenance are 1700 $/kW and 10
$/year; respectively. The detailed data of the PV is given in
Table A10.

The three-phase WT with an ac induction generator is
used in simulation results. The installation fees are 3,000
$/kW while the replacement cost is 2500 $/kW. The life-
timeofWT is 20years. Theoperation&maintenance cost is
assumed to be 100 $/yearwhich includes themaintenance
and cleaning of WT. Table A11 shows the data and charac-
teristics of the selected WT.
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Table 2: economical cost of the grid-connected HRES system.

System Installation($) Replacement($) O&M ($/year) Lifetime (year) Fuel ($/kWh)
PV 1700 1700 10 25 0
WT 3000 3000 100 20 0
Battery 325 325 50 8 0
Converter 300 275 0 12 0
Grid 0 0 0 ∞ 0.085

The lead-acid battery is selected instead of lithium-
ion because of the economical cost. The capital cost of
the battery is 325 $/unit and the replacement cost is esti-
mated to be 325 $/unit. The O&M costs are estimated to be
50$/unit/year for watering and cleaning the battery banks.
The data of battery banks are given in Table A12.

The price of DC/AC converters is low compared with
other components of the system. The current efficiency of
the DC/AC converter is about 98% with a lifetime to be 12
years. The installation and replacement costs are 300$/kW
and 275 $/kW, respectively. The cost of operation andmain-
tenance is 10 $/year which includes regulating and clean-
ing of the device. The converter’s data is provided in Table
A13. The cost summary of the system is given in Table 2.
It also shows the economic cost of each component of the
HRES system as well as the main grid. The detailed eco-
nomic and technical data of each component are given in
the Appendix section.

4 Simulation and Results
The HRES system is connected to the main grid to sup-
ply the required load demand. Five different combinations
of developed systems are simulated for four selected lo-
cations. At each selected location, the system’s configura-
tions are examined to find theminimumNPC that includes
grid-connectedHRES includes grid-only,HRES-only, anda
combinationof grid-connectedRES. The loadprofile,mete-
orological restriction, optimization constraints, and mon-
etary data are used to computer-aided renewable energy
simulation tool (HOMER) to analyze feasibility and sen-
sitivity study of the systems. The simulation results have
been separated into two categories which include opti-
mization results and sensitivity analysis results.

The goal of the simulation procedure is to find the op-
timal configuration of the system that satisfies the load de-
mand with minimum NPC. It also investigates the renew-
able energy potential at each selected location for compar-

ison purposes. The search space and constraints of the ob-
jective function are selected based on the following steps:

– The range of the PV array is varied from 0 to 260 kW.
– The size of the battery bank is varied from 0 to 500

units of batteries.
– The DC/AC converter is selected from 1 to 100 KW.
– The size of WT is varied from 0 to 180 kW.
– Thepenetration of renewable resources ismore than

30%.
– The load demand is identical for all desired loca-

tions.
– The project’s life time is set to 25 years.

A flowchart of the optimization process for different
universities using HOMER software is given in Figure 11.
The four input data are used at each selected location
which contain daily load demand, meteorological condi-
tions, economic and sizing of components, and project
constraints. The HOMER software finds the optimal config-
urations based on minimizing the objective function and
subject to defined constraints by minimizing the objective
function using GrahamAlgorithm [42]. The optimal config-
urations are achieved when the system meet the load de-
mand. The sensitivity analysis is also applied for each de-
veloped system to assess the impact of uncertain param-
eters on the optimal results. The previous methodology is
repeated for each location to compare the final results. The
assessment and optimization for sizing of the feasibility of
the grid-connected HRES are carried out via the following
steps:

1. Gather the required weather data and load profile
of the selected universities by including solar radi-
ation, wind speed, temperature, and daily load de-
mand.

2. Define optimization constrains the objective func-
tion.

3. Set economic feature and search number of each
component.

4. Solve the objective function using HOMER software
by minimizing NPC.
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Figure 11: A flowchart of the optimization technique using HOMER simulation.

5. Present the output optimal system that meets the
load demand.

6. Apply sensitivity analysis for the developed system
by performing payback period, load variation, and
tariff variation.

7. Repeat the previous process for different university
buildings.

4.1 Optimization Results

4.1.1 Grid-only System

The main grid covers the full load demand where RF is al-
most 0%. The total NPC is accounted from the main grid
which is calculated as 234,585$over the 25-project lifetime.
A total purchased energy from the main grid is 175,200
kWh/year at the assigned electricity’s tariffwhich includes
the operational cost and fossil fuel prices. The harmful
emission of CO2 is 110,748 kg/year for all selected loca-
tions based on the assigned load. The harmful emission
is set as 632 g/kWh of Carbon Dioxide, 1.79 g/kWh of Car-
bonMonoxide, 0.2 g/kWhofUnbornedHydrocarbons, 0.14
g/kWh of Particular Matter, 1.47 g/kWh of Sulfur Dioxide,
and 1.60 g/kWh of Nitrogen Oxides [43].

4.1.2 Grid-connected HRES System

The search space of the HRES system is varied based on
the assigned constraints in previous sections. The techni-
cal and economic optimization for all cases and locations
are given in Tables 3, 4, 5, and 6. The total energy produc-
tion from theHRES system is varied from 181,712 kWh/year

to 255,285 kWh/year while the RF is more than 30% in all
cases. The CO2 emission is varied from 43,627 kg/year to
80,055 kg/year in all cases. Since the simulation results of
theGrid-only system show that theCO2 emission is 110,748
kg/year, the integration of HRES provides a significant re-
duction of greenhouse gas emission comparing with grid
only system. It can be recognized that Grid/PV/WT system
can provides a high RF value and low CO2 emission.

The best configuration of the simulation process is se-
lected based on the one that has minimum COE and NPC
while the annual load demand shortage is less than 0.1%.
It can be recognized from the optimization results that
the combination Grid/PV has the minimum COE for all se-
lected universities. The summarized results at Tables 4 to
7 indicate that the integration of the PV system to themain
grid can achieve the lower NPC and COE as well as reduce
CO2 emission.

The results show that for Al Baha University (Table 4),
Grid/PV system has the minimum COE of 0.0688 $/kWh
with 62 kW PV array and 47 kW AC/DC converter. The pro-
posed system can minimize 54.3% of CO2 comparing with
the grid-only system. The renewable fraction (RF) of the
selected system is 59.1% which indicates less CO2 emis-
sion and energy from the grid. The proposed system at Al
Baha University can produce 197,315 kWh/year while the
sell back energy is 17,665 kWh/yearwhich represents 9.16%
of total energy consumption. Theproposed systemcanpro-
duce 117,271 kWh/year from PV system while the purchase
energy from the grid is 80,044 kWh/year. The exceeded en-
ergy from the system is 2,147 kWh/yearwhich accounted as
1.09 % of the total produced energy.

In University of Jeddah, the Grid/PV system results
in the lower COE comparing with other cases with 0.0702
$/kWh and the combination was 60 kW PV array and
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Table 3: Brief comparison of related studies.

Investigators-year Location System Technique COE RF CO2
studied ($/kWh) (%) (kg/y)

Ref. [24]-2019 Uni. of Sharjah, UAE PV/FC/Battery/Diesel/Grid Techno-economic 0.092 66.1 24,000
Ref. [25]-2019 Uni. of Sharjah, UAE PV/FC/Grid Economic-environment 0.071 40.4 133,000
Ref. [26]-2017 Islamic Azad Uni., Iran PV/WT/Battery/Diesel Techno-economic 0.319 100 1,034
Current-2020 Al Baha Uni., KSA Grid/PV Feasibility-Sensitivity 0.069 59.1 50,588

Table 4: Optimization results of grid-connected HRES systems for Al Baha University.

System PV(kW) WT(kW) AC/DC(kW) COE($/kWh) NPC($) RF(%) Prod.(kWh/y) Cons.(kWh/y) CO2(kg/y)
Grid/PV 62 0 47 0.0688 260,812 59.1 197,315 192,865 50,588
Grid/WT 0 96 60 0.107 406,997 30.2 199,027 194,559 80,055
Grid/PV/WT 65 21 54 0.0707 280,935 66.2 206,421 202,101 43,627

Table 5: Optimization results of grid-connected HRES systems for University of Jeddah.

System PV(kW) WT(kW) AC/DC(kW) COE($/kWh) NPC($) RF(%) Prod.(kWh/y) Cons.(kWh/y) CO2(kg/y)
Grid/PV 60 0 45 0.0702 262,927 56.7 194,994 190,575 52,183
Grid/WT 0 144 60 0.124 487,863 37.7 210,832 199,747 78,597
Grid/PV/WT 62 12 43 0.0735 276,775 59.9 199,450 191,646 48,534

Table 6: Optimization results of grid-connected HRES systems for Sattam University.

System PV(kW) WT(kW) AC/DC(kW) COE($/kWh) NPC($) RF(%) Prod.(kWh/y) Cons.(kWh/y) CO2(kg/y)
Grid/PV 55 0 40 0.0753 272,352 50.1 187,713 183,988 58,060
Grid/WT 0 162 60 0.120 496,158 45.1 230,660 209,874 72,820
Grid/PV/WT 43 9 32 0.0806 282,062 43.7 181,712 177,919 63,321

45 kW AC/DC converter. The developed system produces
52,183 kg/year of CO2 with RF of 56.7% as represented in
Table 4. The total load of the Grid/PV configuration at Uni-
versity of Jeddah consumes 190,575 kWh/year which di-
vided into 175,200 kWh/year for ac load (91.9%) and 15,375
kWh/year (8.07%) as injected energy back to the grid. The
purchased energy from the grid is 82,568 kWh/year while
the excess electricity is 2,215 kWh/year.

The developed Grid/PV in Table 6 presents the lowest
COE at Sattam University comparing with other configura-
tions. The COE of the system is 0.0753 $/kWh with the siz-
ing of 55 kW PV array and 40 kW AC/DC converter. The PV
array shares 50.1% of the load and the system generates
58,060 kg/year of CO2. The system can generate 187,713
kWh and the grid purchase is 91,868 kWh per year. The
total energy consumption is 183,988 kWh/year while the
annual sell back energy is 8,788 kWh/year (4.78%).

In Tabuk University the north region of KSA, the simu-
lation results show that Grid/PV configuration represents
a low COE with 0.0714 $/kWh with sizing of 58 kW PV ar-
ray and 44 kWAC/DC converter. The renewable fraction of
the selected system is 54.8% with 53,981 of CO2. The pro-

posed system at Al Tabuk University can produce 192,943
kWh/year and purchases 85,413 kWh/year from the grid.
The consumed load is 175,200 kWh while the sell back
power to the grid is 13,784 kWh/year (7.29%).

4.1.3 HRES-only System

The HRES covers the load demand where the grid is dis-
connected. The optimal size and NPC of the system with
the lowest COE are given in Table 7. The total energy pro-
duction from HRES systems are varied from 706,958 kWh
to 474,761 kWh while the energy consumption is almost
equal. It can be seen from Table 7 that the NPC is signifi-
cantly increased to cover the load demand comparingwith
other combinations of the grid-connected-HRES systems.
The NPC of developed HRES-only system at Al Baha Uni-
versity is lower than other locations because of high solar
radiation and wind speed in this area. The proposed con-
figurations can meet the load demand with no load short-
age. So, the proposed system can be implemented for an
off-grid situation with high economic consideration.
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Table 7: Optimization results of grid-connected HRES systems for Tabuk University.

System PV(kW) WT(kW) AC/DC(kW) COE($/kWh) NPC($) RF(%) Prod.(kWh/y) Cons.(kWh/y) CO2(kg/y)
Grid/PV 58 0 44 0.0714 265,273 54.8 192,943 188,984 53,981
Grid/WT 0 162 90 0.0989 466,136 56.1 255,285 239,773 66,573
Grid/PV/WT 62 12 43 0.0726 274,310 60.6 200,772 192,143 47,795

4.1.4 Discussion Results

It is clear from the previous results that the integration of
PV array to the main grid has the lowest cost of produc-
tion for all four locations comparing with other configu-
rations. In Tables 4 to 7, a solar array can generate more
than 50% of total energy while the main grid shares the
rest of the load demand. The main grid substitutes energy
storage which canminimize the cost of production and im-
prove the reliability of the system. The simulation results
show that the developed Grid/PV configuration Al Baha
Universities has the lowest COE and CO2 emission among
other universities due to high solar radiation availability.
The simulation results validate the results from collected
meteorological data in section 2 in this study. Moreover,
the modeling results prove that Al Baha University in the
southern region of KSA has the highest solar radiation and
lower COEwhich confirms the involved results in the afore-
mentioned literature review. In general, the cost of energy
of Grid/PV configuration is considered as lower than Grid-
only systems. It is worth to mention that the developed
HRES-only systems in Table 8 can cover the load demand
ina case of stand-alonemodeof the grid.Amongall consid-
ered locations, Al Baha University has the renewable en-
ergy potential to meet the load demand for HRES-only sys-

temswith theminimumCOEof 0.433 $/kWh. The high COE
of the stand-alone systems comparing with the grid’s cost
is due to expensive energy storage components as shown
in Table 8.

4.1.5 Environmental Results

The detailed pollutant emissions of most of the possible
configurations are listed in Table 9. The grid-only system
shows high emissions comparing with other configura-
tions. For example, carbonmonoxide for the grid-only sys-
tem is higher than Grid/PV and Grid/WT systems for all se-
lected locations. The factor of RF plays a significant role in
reducing harmful emissions. Taking sulphur dioxide emis-
sion as an example, the developed Grid/PV system at Al
Baha University (59.1% of RF) has the lowest value com-
paredwith other systems. Besides, the developed Grid/WT
system at Tabuk University shows lower nitrogen oxide
emissions comparingwith other Grid/WT systems because
of high wind speed in the northern region of KSA. The pro-
posed Grid/PV configuration can reduce carbon dioxide
(CO2) emission for Al Baha University, University of Jed-
dah, Sattam University, and Tabuk University by 54.3%,

Table 8: Optimization results of HRES-only systems for selected Universities.

University PV(kW) WT(kW) AC/DC(kW) Batt.(kW) COE($/kWh) NPC($) Prod.(kWh/y) Cons.(kWh/y)
Al Baha 223 82 66 478 0.433 1,489,393 474,761 175,134
Jeddah 260 96 60 455 0.459 1,580,394 542,393 175,176
Sattam 409 162 70 438 0.560 1,928,734 829,621 175,168
Tabuk 339 90 69 466 0.497 1,711,927 706,958 175,192

Table 9: Detailed environmental results for selected universities.

Emissions (kg/year)
Al Baha Jeddah Sattam Tabuk

Grid-only Grid/PV Grid/WT Grid/PV Grid/WT Grid/PV Grid/WT Grid/PV Grid/WT
Carbon dioxide 110,726 50,588 80,975 52,183 78,597 58,060 72,820 53,981 66,573
Carbon monoxide 314 143 229 148 223 164 206 153 189

Unburned hydrocarbon 35 16 25.6 16.5 24.9 18.4 23 17.1 21.1
Particulate matter 23.7 10.8 18.3 11.3 17.4 12.9 16.1 12 14.7
Sulphur dioxide 258 118 188 121 183 135 169 126 155
Nitrogen oxides 2,803 1,281 2,050 1,321 1,990 1,470 1,844 1,367 1,685
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52.9%, 47.6%, and 51.3%, respectively comparing with the
grid-only system.

4.1.6 Comparison Results

It is essential to compare the current results with previ-
ously reviewed studies from other Arabian Gulf countries.
Table 3 lists a major study for university buildings using
different studied systems. These include a range of sys-
tems such as off-grid and grid-connected models, PV, WT,
battery banks, fuel cells, and diesel generator. In this re-
gard, Al Baha University provides lower COE comparing
with other universities because of higher solar radiation.
Besides, University of Sharjah and Islamic AzadUniversity
show a better percentage of RF with 66.1% and 100%, re-
spectively. The greenhouse emissions (CO2) depend on the
integration of energy from renewable resources as can be
seen fromTable 3. It isworthmentioning that the proposed
procedure can be used at any university around the world.

4.2 Sensitivity Analysis

Sensitivity analysis is important to validate the proposed
system. A Grid/PV system is used since it provides a mini-
mumCOEandNPC comparingwith other case studies. The
proposed system is applied for sensitivity analysis for the
selected universities based on the following categories:

1. Effect of tariff variation.
2. Payback period.
3. Effect of load demand variation.

4.2.1 Effect of Tariff Variation

Since the electricity tariff is varied based on the changing
on the fossil fuel price, the tariff is expected to be changed.
The current tariff of electricity price from the main grid is
0.085 $/kWh. The comparison of NPC for the Grid-only sys-
tem with the Grid/PV model for all selected universities is
addressed in Figure 12. It is assumed that the current tariff
is changed from 0.085 $/kWh to 0.2 $/kWh. It can be seen
from Figure 12 that the variation of electricity tariff has a
major impact on the NPC with the Grid-only system. The
reason is that the proposed configurations of Grid/PV for
all selected universities offer more than 50% of RF. For ex-
ample, the tariff’s variation has a lower impact on the pro-
posedGrid/PV system (56.7%ofRF) atUniversity of Jeddah
comparing with the grid-only system. Figure 12 addresses

that NPC of grid-only at tariff of 0.2 $/kWh equals 688,803
$ while NPC of Grid/PV system is 419,187 $. The tariff’s
variation has a small impact on NPC when RF is increased.
Hence, the proposed Grid/PV configurations provide bet-
ter NPC with tariff variation comparing with grid-only sys-
tems.

Figure 12: Comparison of tariff variation effect on total NPC.

4.2.2 Payback Period

The consideredGrid/PV system is used to calculate thepay-
back period comparingwith theGrid-only system. The eco-
nomic analysis is implemented to Al Baha University to in-
vestigate the payback period. It is assumed that electric-
ity tariff is varied in order to address different situations.
The simulation results compare the Grid/PV system with
grid-only system to estimate the payback year. Figure 13
shows the payback period of Grid/PV system for Al Baha
University. The payback point occurs after 17 years at the

Figure 13: Payback period of grid’s tariff for Al Baha University.
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current tariffwhile it decreaseswhen the tariff is increased.
Moreover, the proposed Grid/PV system shows superior
revenue when the tariff is increased. The reason is that the
economic cost of a PV array is fixed while the cost of the
grid depends on the tariff variation.

4.2.3 Effect of Load Demand Variation

The selected universities are emerging universities. So, the
load demand is expected to increase due to labs and class-
rooms increment. The average daily load demand is var-
ied from 10 kWh/day to 40 kWh/day. So, the annual load
demand will increase from 87,471 kWh/year to 350,400
kWh/year. The impact of annual load demand increasing
on NPC is provided in Figure 14. The NPC is changed with
the changing of load demand. Also, NPC of the proposed
Grid/PV systems for all selected universities has a direct
correlation with the load demand variations. So, the pro-
posed Grid/PV system can meet the load demand with the
variation of load demand.

Figure 14: Load demand changing for selected universities.

5 Conclusions
The potential of power generation from renewable energy
and the conventional grid is investigated at different uni-
versities in the Kingdom of Saudi Arabia. The meteoro-
logical data are analyzed by considering solar radiation,
wind speed, and temperature in various regions in Saudi
Arabia. Themathematical and economic equations for the
proposed system are also presented in this study. Five dif-
ferent configurations have been examined at autonomous
and grid-connected modes using computer-aided HOMER

Software. The studied systems include conventional grid,
PV array, wind turbines, battery storage, or a combination
of hybrid configurations.

Five examined systems are simulated for each selected
university to cover most of the solar and wind renewable
energy potentials in Saudi Arabia. The desired universities
are Al Baha University (southern province), Sattam Uni-
versity (eastern province), University of Jeddah (western
province), and Tabuk University (northern province). The
simulation results present that the proposed Grid/PV con-
figurations generate a lower cost of energy (COE) for all se-
lected locations comparing with other configurations. It is
addressed in this study that the southern region of Saudi
Arabia has higher renewable resources potential which is
reflected in the COE at Al Baha University with 0.0688
$/kWh. In the simulation results, the Grid/PV configura-
tion provides more than 50% from renewable resources at
all selected locations which leads to lower CO2. The en-
vironmental analysis shows that the percentage of RF im-
pact on the harmful emissions from fossil fuels.

Sensitivity analysis showed that Grid/PV systems will
become more competitive with increasing electricity tar-
iff and cost. At the present 2020 tariff of electricity, the
proposed Grid/PV configuration has a lower COE than the
Grid-only system for all selected universities. For a 25-
year project period, Grid/PV system at Al Baha University
provides a payback time of 16 years at the current tariff
while it decreases dramatically when the cost of electric-
ity is increased. The proposed Grid/PV system can achieve
the load demand at different load variation. Overall, the
findings reveal that harvesting energy from renewable re-
sources become competitive with fossil fuel’s energy due
to financial and environmental advantages. The solar en-
ergy provides a promising potential for educational build-
ings, or even residential sectors, at current and future en-
ergy consumption of KSA. The developed approach can
be used for other university buildings in Saudi Arabia or
around the world where meteorological and load data ex-
ist.
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A Appendix

A.1 Photovoltaic Data

The model of PV cell is obtained from Mitsubishi Electric
company. The series of the PV is MLE260HD. The cell type
isMono-Si. The output power from each cell is 260W. Each
designed PV array could provide 10 kW at the appropriate
operation condition. Table A10 shows the data of the se-
lected PV array [44].

Table A10: PV data and characteristics.

Cell No. Pmp (W) Vmp (V) Imp (A) NOCT(C)
120 260 31.4 8.29 45.7

A.2 Wind Turbine Data

The model of WT is obtained from THY WindPwer com-
pany. The type of WT is TWP-40-10KW. The rated output
power is 10 kW while the peak power is 11 kW. The opera-
tional mode the selectedWT is grid-connected application
where the installed generator is asynchronous induction.
The datasheet of the horizontal WT is given in Table A11
[45].

Table A11:WT data and characteristics.

Pr (kW) V (A) Windcutin (m/s) Windcutout (m/s)
10 230 3.5 25

A.3 Battery Data

A lead acid battery is used as a storage of the system. SIND
06-920 (trojan) model battery with 12 lifetime years is se-
lected in this paper. The detailed characteristics of the bat-
tery storage are given in Table A12 [46].

Table A12: Battery data and characteristics.

Type Capacity (Ah) V (v) Energy (kWh)
Advanced lead acid 920 @ 100 hr 6 5.52

A.4 DC/AC Converter Data

The three-phase converter is selected from Solaredge man-
ufacture. The converter has a high-performance warranty
with approximately 12 years. The datasheet and character-
istics of the considered DC/AC converter are given in Table
A13 [47].

Table A13: DC/AC converter data and characteristics.

Type Pout (kW) Vout (v) F (Hz) Vmax (v) Eff.(%)
SE3K 3 230 50/60 750 98
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