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This paper analyzes the electricity production potential and economic viability of
grid-connected wind/photovoltaic (PV) energy systems at two coastal cities, Yanbu
and Dhahran in Saudi Arabia. First, wind energy is assessed based on the hourly
wind speed observation data recorded over the entire year 2013 in the selected loca-
tions. Electricity generation potential is estimated using two wind turbines: Vestas
V82 and V90 models. The results indicate that both locations have sufficient wind
resources for wind turbine operation. Strong wind resources are more common at
Dhahran than at Yanbu with wind speeds above 3.5 m/s, accounting for 60.12% of
the wind data at Dhahran, which is higher than 51.2% of Yanbu. Grid-connected
hybrid systems using Vestas V90 wind turbines had the highest net present cost
(NPC) compared with other configurations. The inclusion of battery storage units
slightly increases the NPC. Surprisingly, systems with the highest NPC produced the
least electricity. In contrast, cheaper V82-based systems had the lowest NPC and lev-
elized cost of energy and produced the most electricity. Hence, a grid-connected
wind/PV system using V82 turbines is most economically viable. Incorporating a
small battery storage unit in the systems minimizes capacity shortages and improves
reliability at minimal extra cost. Using different wind turbines with a lower cut-in
speed of 3 m/s could increase the electricity production, as 9.1% and 10.3% of wind
observations at Yanbu and Dhahran, respectively, had a wind speed of 3 m/s.
Published by AIP Publishing. https://doi.org/10.1063/1.5005597

I. INTRODUCTION

Interest in clean energy technology and sustainable development has increased worldwide
over the last decade, mainly due to the challenges of climate change. However, the world’s
energy resources are unevenly distributed, and energy consumption is increasing at a greater
rate than the human population.' Globally, some 1.3 billion people have no access to electric-
ity.? In recent years, increasing rates of air pollution and uncertainty of future oil prices have
stimulated global interest in the use of hybrid power stations.” Saudi Arabia has the highest
electrical energy consumption among the Gulf Cooperation Council (GCC) countries. The peak
electricity demand is predicted to reach 60 GW by 2023, which will stimulate energy invest-
ment.* Therefore, there is a pressing need for sustainable energy development in the country.
Numerous efforts have been made to utilize renewable energy resources such as solar and wind
to complement the fossil fuel based generated power.’

Since Saudi Arabia mainly uses fossil fuels for electricity production, it emits high amounts
of carbon dioxide to the atmosphere, which contributes to global warming. The increasing rate
of carbon emissions in Saudi Arabia is mainly attributed to rapid development and industrializa-
tion, especially electricity generation for the increasing numbers of people.® Global warming
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1941-7012/2017/9(6)/065910/24/$30.00 9, 065910-1 Published by AIP Publishing.


https://doi.org/10.1063/1.5005597
https://doi.org/10.1063/1.5005597
https://doi.org/10.1063/1.5005597
mailto:mramli@kau.edu.sa
mailto:ssennogatwaha2007@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5005597&domain=pdf&date_stamp=2017-12-27

065910-2 Ramli, Twaha, and Alghamdi J. Renewable Sustainable Energy 9, 065910 (2017)

concerns have increased the need for technologies that have a relatively low environmental
impact.”® Carbon capture technology, carbon emission-constrained dispatch, and renewable
energy generation systems are among the three most-suggested methods for reducing CO, pro-
duction. The best solution is to generate energy from renewable resources such as wind, solar,
hydro, and geothermal, instead of exhausting fossil fuels. Renewable resources are attractive to
many energy-based economics due to the need to reduce greenhouse gas emissions and increase
electric energy security and because of the high cost of ever diminishing fossil fuels.”
Therefore, future renewable energy power plants need to be developed in order to reduce the
environmental impacts of limited fossil fuel resources.'”

As a result of continuous improvement in utility restructuring and power deregulation,
interest in distributed generation (DG) applications has increased significantly.!' The DG con-
cept is to locate small-scale power generators close to electricity customers.'? It generally uses
a combination of renewable and conventional energy resources to achieve combined heat and
power (CHP) generation. In power generation applications, DG can be arranged as standalone
or grid-connected systems. However, because of the disadvantages of standalone systems (e.g.,
the stochastic nature of wind energy and solar energy'”), hybrid systems are preferable. Energy
from one source, such as wind, can compensate for shortages of energy from other sources
such as solar. However, for comprehensive system evaluation, it is necessary to accurately
assess the energy resources in terms of potential, technical requirements, and economic viability
before systems are implemented. For example, it is necessary to evaluate the wind speed and
direction, solar irradiation, and the expected electricity output from different types of wind tur-
bines. The scale of surpluses and shortages may also be evaluated.'*

Various studies have been carried out to design and analyze hybrid DG systems by
employing a range of modeling tools. A review of recent trends in optimization techniques for
solar photovoltaic/wind hybrid energy systems was carried out in which various techniques
used for the optimization of renewable based hybrid energy systems were analyzed including
PV/wind hybrid system sizing methods.'> The need for improving the reliability of the
photovoltaic-based hybrid power system with battery storage in low wind locations is studied
using Hybrid Optimization of Multiple Energy Resources (HOMER) software.'® Qolipour et al.
conducted a techno—economic analysis of small wind turbines in Iran. Six areas within Ardabil
province were ranked by a hybrid approach composed of Game Theory, Balanced Scorecard,
and Data Envelopment Analysis.'” The authors in Ref. 18 carried out a technical and economic
evaluation of hybrid PV/wind systems in onshore, remote areas of Indonesia. It has been dem-
onstrated that batteries and wind turbines are the most important components of hybrid systems.
Although expensive, these systems can provide energy during the night. It is, therefore, sug-
gested that system size is carefully considered in order to minimize cost while ensuring that
load demands are met. A techno-economic analysis was done for a standalone PV/wind/diesel/
battery hybrid system in Abu Dhabi.'” It was designed to produce loads of 500kW, 1 MW, and
SMW to fulfill the primary load for 250, 500, and 2500 households, respectively. The CO,
emitted by the 500kW optimal hybrid system was 37% lower than a conventional diesel
generator-only system. The feasibility study was carried out by analyzing wind speed data for
the period 2008-2014 using HOMER software. A feasibility study of small hydro/PV/wind
hybrid electric generators was conducted at six sites with small-scale hydropower potential.*’
Another study investigated the potential to integrate renewable energy resources for tri-
generation applications for a remote island community.'*

In 2010, Hafez and Bhattacharya designed hybrid microgrid systems for various configura-
tions.”! They considered fully renewable, diesel-only, hybrid renewable/diesel, and external
grid-connected systems and estimated their environmental emissions, operational performance,
and economics. In addition, a comparison of different hybrid generation systems in terms of net
present cost (NPC), levelized cost of energy (LCOE), and renewable energy penetration (REP)
was made. A feasibility study was conducted on a standalone hybrid solar/wind energy system
in Ethiopia, in which the influences of wind speed, PV cost, and diesel prices were analyzed
with sensitivity diagrams to find optimal solutions.”* Another study investigated the perfor-
mance of a hybrid PV/wind/diesel/battery configuration based on hourly measurements of solar
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radiation, ambient temperature, and wind speed over a one year period in Southern Algeria,*
while a study of a wind/diesel hybrid system was presented in Ref. 24. The proposed hybrid
system was optimized using HOMER, taking into account renewable resource potential and
energy demands while maximizing renewable electricity use and fuel savings. Similarly, a wind
power potential assessment was performed for five locations in Algeria using nine types of
small and medium wind turbines from five manufacturers. It concluded that most of these tur-
bines produced approximately 1000-10000 MWh of electricity per year at 60 m of altitude and
could easily satisfy electricity requirements for irrigation and households in rural and arid
regions. In our previous research, we designed a grid-connected PV system. Our analysis indi-
cated that it could serve as a viable alternative to the diesel generators which had been used to
supplement a hydro-power system.? Electricity could be sold back to the grid through a net
metering system when the PV system generated surplus energy. This could help to fully utilize
the abundant renewable energy resources available in the country.”®

Of particular interest are the several studies that have been carried out on the implementa-
tion of renewable resources in Saudi Arabia. The performance evaluation of small wind turbines
for off-grid applications in Saudi Arabia was done, whereby the energy output and plant capac-
ity factor (PCF) of small wind turbines rated powers in the range of 1-3kW, 5-10kW,
15-20kW, and 50-80kW were studied.”’ Suitable hub heights for different load requirements
and applications were recommended. The wind data used were obtained from the Juaymah
meteorological station for the year 2006. Other researchers have presented the wind characteris-
tics and resource assessment of the Jubail industrial city using measured hourly mean wind
speed data at 10, 50, and 90 m above the ground level from 2008 to 2012.*® The comparison of
energy output from the selected wind turbines with power ratings ranging from 1.8 to 3.3 MW
showed that the most efficient wind turbine was one with a rated power of 3 MW. Another
study evaluated the use of wind power for pumping water to areas located far from the national
grid. Micro-turbines with a power capacity in the range of 1 to 10kW with Goulds 457 type
water pumps were selected to generate wind energy and pump water in the Rawdat Ben
Habbas, Arar, and Juaymah areas.”” Wind speed data and available energy in the Rafha area
were analyzed using wind machines of 600, 1000, and 1500kW sizes, where long-term annual
mean values of wind speed were found to vary between a minimum of 2.5 m/s and a maximum
of 4.9m/s.*

A comparison was made among hybrid renewable energy systems in Saudi Arabia whereby
three hybrid systems were compared with respect to their cost per unit energy.’’ The connec-
tion of the system to the grid reduced the system cost because the cost of energy storage
decreased. A previous study’ discussed a hybrid PV/diesel/battery system for a remote village
in the northeastern region of the country. It concluded that the hybrid system was more cost-
effective than a standalone diesel system. Several studies on global solar radiation have been
carried out for different regions in Saudi Arabia, including the most suitable locations for solar
energy applications.>** Some 35 solar resource monitoring stations have been installed
throughout the country for the collection of high-quality data on solar resources.>

The development of wind- and solar-based power systems requires high quality wind and
solar data. These aid energy exploration projects to conduct feasibility studies. To allow effi-
cient collection of renewable resources that are widely dispersed (wind, sun, etc.), the optimal
sizing of hybrid renewable power generation systems is essential.>® In this paper, the energy
production potential and economic viability of grid-connected wind/PV hybrid energy systems
are assessed. Comparative analysis is carried out for two Saudi Arabian coastal areas: Yanbu
and Dhahran. The study is based on wind and solar data from the year 2013. First, the energy
potential of wind is assessed in terms of wind speed using wind rose plots generated with
WindRose Pro software. Electrical energy generation potential from wind and solar resources is
evaluated, and economic analyses are then carried out using HOMER software. The rest of the
paper is organized as follows: Sec. II summarizes wind and solar characteristics for the selected
locations. Section III discusses methods and tools used. Section IV details the component speci-
fications and model inputs. In Sec. V, results are presented and discussed, while concluding
remarks are made in Sec. VL.
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1. WIND AND SOLAR RESOURCES AT THE STUDY SITES
A. Background of Yanbu and Dhahran

In this study, two coastal cities, Yanbu and Dhahran, were selected as the study sites.
Wind and solar data obtained from GIS®” were used to characterize the wind and solar resour-
ces of Yanbu and Dhahran. Yanbu is located in Al Madinah province, western Saudi Arabia
(24.0232° N, 38.1900° E), while Dhahran is located in Eastern Province, near Bahrain
(26.2361° N, 50.0393° E; Fig. 1).

A total of 8761 hourly wind and solar observations were used. The wind data consisted of
wind speed, direction, and temperature, recorded hourly throughout 2013.

B. Wind data characteristics
1. Wind data statistical features

Table I summarizes the wind data for Yanbu and Dhahran. Wind speeds ranged from O to
11m/s in Yanbu and O to 13m/s in Dhahran, with means of 3.8 and 4.3m/s, respectively.
Standard deviations were similar (2.035 and 2.025m/s, respectively). Figures 2(a) and 2(b)
show the hourly wind speed distributions for Yanbu and Dhahran, respectively. It is clear from
these figures that wind speed is variable in both locations—sometimes, they are very low, while
other times, they are high.

2. Comparison of average seasonal and diurnal wind speeds

Figure 3 shows the seasonal variation in wind speed at Yanbu and Dhahran. Wind speeds
between January and June were higher in Dhahran than in Yanbu. Dhahran’s maximum speed
of 5.77m/s occurred in June. From July to September, there were higher wind speeds in Yanbu
than in Dhahran. Yanbu’s maximum wind speed of 4.82m/s occurred in July. From October
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FIG. 1. Location of Yanbu and Dhahran, Saudi Arabia.



065910-5 Ramli, Twaha, and Alghamdi J. Renewable Sustainable Energy 9, 065910 (2017)

TABLE I. Summary of annual wind data at the study sites (m/s).

Yanbu Dhahran
Min 0 0
Max 10 13
Average 3.8 4.2
Standard deviation 2.035 2.025
Variance 4.143 4.099
Mode 3.7 33

through December, wind speeds were again higher in Dhahran. Both locations experienced their
lowest wind speeds in November, at 3.06 m/s and 3.55m/s for Yanbu and Dhahran, respec-
tively. These values are similar to the estimates reported for Dhahran®® and the measured values
for Jubail, which is situated near Dhahran.”® Figure 4 shows the diurnal hourly average wind
speed variation at both locations. The maximum average wind speeds occurred near midday—
at 11:30 am and 12:30 pm for Yanbu and Dhahran, respectively. This is convenient as the elec-
trical demand in Saudi Arabia peaks over the middle of the day. Morning wind speeds were
higher in Dhahran than in Yanbu, with the lowest values occurring at approximately 9:30 am in
Yanbu. In general, wind speeds in Dhahran were stronger than in Yanbu for most times of the

Wind speed (m/s)
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FIG. 2. (a) Hourly wind speed distribution over 2013 (Yanbu). (b) Hourly wind speed distribution over 2013 (Dhahran).
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day and seasons of the year. This means that more wind energy is available in Dhahran than in

Yanbu although wind is still strong in Yanbu. Wind speed and direction frequencies will be dis-
cussed in Sec. VA.

C. Solar radiation and clearness index

Extra-terrestrial radiation on a horizontal surface is defined by

1 360n
I, = EISC (1 + 0.033cos 365 >cos 0,, (1)

where n is the day of the year (1 to 365), 0z is the zenith angle, and Isc is the solar constant
(1.367 kW/m?).

The clearness index is the ratio of global horizontal radiation, I, to extraterrestrial horizon-
tal radiation, I, and is expressed as

k:E. 2)

Diffuse radiation on a horizontal surface as a function of the clearness index is given by

. 1 —0.09k fork < 0.22
Td =< 0.9511 — 0.1604k + 4.388k> — 16.638k> + 12.336k* for0.22 <k <0.80  (3)
0.165 fork > 0.80.

Power output from a PV array is expressed as

I
Ppy = Ppv stclpviiemp (ﬁ) ; )
T.ST
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where Ppy,stc is the rated capacity of the PV array under standard test conditions (kW), fpy is
the PV derating factor (%), It is the global solar radiation incident on the PV array (kW/mz),
It,stc is the incident radiation at standard test conditions (1kW/m?), and fiemp 18 the tempera-
ture derating factor (dimensionless). The derating factor estimates reductions in PV array output
due to dust on the panel surfaces, wiring losses, shading, aging, elevated temperature, or any-
thing else that reduces the output of a PV array under ideal conditions.

Figures 5(a) and 5(b) show the seasonal radiation and clearness indexes for Dhahran and
Yanbu. The maximum radiation received by Yanbu and Dhahran was about 5.978 and
5.605 kWh/m?/day, respectively, which are enough to generate considerable power using PV
arrays. Solar radiation was higher in Yanbu than in Dhahran.

lll. METHODS AND TOOLS

WindRose Pro software was used to analyze the wind’s speed and directional distribution.
WindRose Pro software was used for analyzing and plotting directional variables. It can be used
to represent wind roses and any other directional variables.* The spread of wind directions pro-
vides important information for wind turbine selection. A wind turbine with a horizontal axis can
be faced towards the strongest wind speed direction in order to maximize energy harvesting.

The vertical extrapolation of wind speeds at the hub height for a given wind turbine is
completed using two wind profile laws. The logarithmic law is defined as

h h
vo = viin [hj /ln [h(l)]’ (5)

where v, is the wind speed in m/s at the hub height, v, is the wind speed in m/s at the ane-
mometer height, h; is the hub height in m, h; is the anemometer height in m, and hy is the sur-
face roughness in m.

40,41 -
The power law***! is expressed as

h o
vy = m : (6)

where o is the wind shear exponent. The IEC standard specifies a wind shear exponent of 0.20
and 0.11 for normal (onshore) and extreme (onshore) wind conditions, respectively.

Having specified the hub height, the wind turbine power output can be taken from the
power curve.***

The second tool used in this study is HOMER, a widely tested software package developed
by the National Renewable Energy Laboratories and mainly used for the design and analysis of
microgrid systems.** HOMER is optimization software for modeling and optimizing standalone
and grid-connected microgrid systems and has been used by many studies around the
world.** The simulation can give the NPC, total emission cost, LCOE, and REP for different
system configurations. All possible system configurations are simulated, and the energy balance
computations for each are performed based on ascending NPC.
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TABLE II. Technical and performance specifications of the wind turbines.

Wind turbine type
Parameter (units) Vestas V82 Vestas V90
Anemometer height (m) 10 10
Hub height (m) 59 65
Roughness length (m) 0.0024 0.0024
Shear coefficient (-) 1.212955 1.224575
Average power density (W/m?) 147.9438 120.5764
Standard deviation of power density (W/m?) 213.7321 171.7205
Cut-out wind speed (m/s) 20 25
Rated wind speed (m/s) 13 15
Cut-in wind speed (m/s) 3.5 3.5
Rated wind power (kW) 1650 3000
Blade diameter (m) 82 90
Swept area (m?) 5281 6362
Average wind speed (m/s) 5.179177 4.675896
Wind speed standard deviation (m/s) 2.456541 2.493491

IV. COMPONENT SPECIFICATIONS AND MODEL INPUTS

Technical and economic specifications for all components used in the simulations and the
characteristics of wind turbines used in the analysis are as follows: Table II shows the technical
and performance specifications of Vestas V82 and Vestas V90 wind turbines, which were
selected for use in the analysis. The Vestas V90 model is a newer version than V82 and has a
power rating of 3 MW, almost double that of V82 (1.65 MW). Both models have the same cut-
in speed of 3.5m/s but with different cut-out speeds—20m/s and 25m/s for V82 and V90,
respectively. This means that the V90 model can survive at higher speed winds. However, VOO
has a larger diameter and sweep area (90 m and 6362 m?) compared to V82 (82 m and 5281
m?). Therefore, V90 requires a larger construction area. Figure 6 shows the power curves for
Vestas V82 and V90 wind turbines. The V90 model can generate more energy than V82 when
both are operating at the same speed.

A load profile was generated with an average energy of 18 MW/day and a peak demand of
15300kW. Figure 7 shows the daily load profile for the cities under study. The residential load
was assumed. The average electricity tariff in Saudi Arabia is 0.12 SR/AWh which is approxi-
mately US$0.032/kWh.** The “feed-in tariff” or sellback price for renewable energy has multiple
rates—$0.022/kWh for the peak (1800-2400h), $0.011/kWh for the shoulder (0600-1800h), and
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FIG. 6. Power curves of the wind turbines.
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$0.009/kWh for the off-peak (0000-0600h). The net supply of electricity to the grid (Sy) is equal

to the electricity supplied to the grid (Sgp) minus electricity supplied by the grid (Sgn) and is
expressed as™

SN = SGD — SGN- (7)

The real interest rate is equal to the nominal interest rate minus the inflation rate. In this
study, an annual real interest rate of 0.6% was used. Table III shows the specifications of the

TABLE III. Specifications of components used in HOMER simulations.

Component Specification Description
PV array Life 25 years
O & M costs $120/year
Replacement cost $350/kW
Capital cost $400/kW
Converter Type 3-phase
Efficiency 95.5%
Life time 16 years
O & M cost $60/year
Grid voltage & frequency 415 VAC 50/60 Hz
Capital cost $320/kW
Battery Type Surrette 6CS25P
O & M cost $100/year
Replacement cost $1000/Battery
Capital cost $1200/Battery
Nominal energy capacity of each battery 6.94 kW
Round trip efficiency 80%
Minimum state of charge 40%
Nominal capacity 1156 Ah (x 1000 Batteries)
Nominal Voltage 6V (12 V for 2 batteries per string)
Wind Minimum load ratio 30%
Life 15 years
O & M cost $1000/year
Replacement cost V82- $1616660/turbine; V90 $3060000/turbine
Capital cost V82- $1716660/turbine; V90 $3060000/turbine $1716660/turbine

Grid Price of electricity $0.032/kWh
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components used in the HOMER simulations. The costs of the wind turbines and PV arrays are
based on predicted prices for the year 2014.*° The replacement cost for a V82 turbine was
assumed to be lower since it is an older model, while that of V90 was assumed to remain con-
stant. The PV arrays were assumed to not need replacement since their operating life is
25 years, which was equal to the project period.

V. RESULTS AND DISCUSSION
A. Wind rose plots and wind direction analysis

Figure 8 shows the wind rose plot for Yanbu, where the prevailing wind was from the
northwest at 320°. This means that a wind turbine with a horizontal axis could be installed fac-
ing this direction to harvest the maximum wind energy. The calmest wind speeds were from
the southeast at a speed of 0.5 m/s but only accounted for 2.1% of the observations.

The wind speed frequency distribution for Yanbu is shown in Fig. 9. The greatest fre-
quency (24.3%) was for wind speeds of 3.5-5.0m/s. Wind speeds above 3.5 m/s accounted for
51.2% of observations. The maximum wind speed was 10 m/s, which is well below the cut-out
speed of the selected wind machines. This means that V82 and V90 wind turbines (each with a
cut-in speed of 3.5m/s) can be operated within this range.

Figure 10 shows the wind direction distribution for Yanbu. The prevailing wind direction
was from 320° to 300° (NW). The least common wind direction was 160° (SE).

Figure 11 shows the wind rose plot for Dhahran. The prevailing wind was from the north-
west at 330°. The calmest winds were from the southwest and only comprised 0.81% of the
data. The maximum wind speed was 13.2m/s which is greater than the 10m/s maximum
observed for Yanbu.

Figure 12 shows the wind speed frequency distribution for Dhahran. The wind speed was
most commonly between 3.5 and Sm/s (28.7% of observations). Wind speeds above 3.5m/s
accounted for 60.12% of the data, which is higher than Yanbu’s proportion of 51.2%.

Figure 13 shows the wind directions for Yanbu. The prevailing wind direction was 330° fol-
lowed by 0° (north) and 300°. The least common direction was 210° which is approximately SW.
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FIG. 8. Wind rose plot of winds at an elevation of 10 m (Yanbu).
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FIG. 9. Wind speed frequency distribution (Yanbu).

In general, it can be concluded that both locations have reasonable amounts of wind that
could be used to operate the selected turbines. However, wind turbines with a cut-in speed of
3m/s could harvest more power as the wind speed of 3 m/s was common (9.1% and 10.3% of
the wind for Yanbu and Dhahran, respectively). Overall, wind speeds at Dhahran were higher
than those at Yanbu.

B. Grid-connected hybrid wind/PV system analysis

Electrical output from the utilization of wind energy and solar energy was analyzed using the
two hybrid system configurations in Fig. 14. From Fig. 14, the only visible difference between
Figs. 14(a) and 14(b) is the wind turbines (Vestas V82 and Vestas V90 models). However, the
same systems were utilized for each location, along with local wind and solar data.

1. Sensitivity analysis

Before concentrating on electrical output and cost analysis, it is important to discuss how
the optimal systems were obtained from the simulation. Table IV shows the search space
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FIG. 10. Wind direction distribution (Yanbu).
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FIG. 11. Wind rose plot of winds at an elevation of 10 m (Dhahran).

specified for the sensitivity analysis of each component as it is fed into HOMER software. For
each of the locations (Yanbu or Dhahran), the same search options were specified, but as seen
in Table IV, different optimal results were obtained. The results discussed in Sec. VB 1 are
based on the optimal results presented in Table IV.

For both locations, the minimum number of turbines was set at 3. This was done to ensure
that the wind resource was not eliminated (by setting the minimum to zero) since this study is
intended to assess the performance of the wind resource through the application of wind/PV
hybrid systems. Optimal results with the Vestas V82 model were 6 turbines for Yanbu and 15
for Dhahran. In both cases, the search space was limited to 15 turbines. The main reason for
obtaining 6 turbines at Yanbu lies in two factors: the available wind energy in this location and
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FIG. 12. Wind speed frequency distribution (Dhahran).
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FIG. 13. Wind directional distribution for Dhahran.

J O eI e I e I e ¢
Yestas W32 Primary Load 1 Py Westas V30 Primary Load 1 P
B bwhid B Mw'hid
338 kW peak 338 kKW peak
Aferfer Blerfer | Ao Blerler o)
Grid Converter SECS26FP Grid Converter SECS25F
AL oC AL . DC

(a) (b)

FIG. 14. System configuration for wind turbines: (a) Vestas V82 and (b) Vestas V90.

the cost of the turbines. It has already been observed that the wind energy for Dhahran exceeds
that of Yanbu. The same unit costs of wind turbines were specified for both locations, with the
only differentiating factor being wind energy availability. Therefore, because of lesser wind energy
being available at Yanbu, the use of 6 Vestas V82 turbines was found to be optimal, somewhat
less than the 15 turbines obtained for Dhahran. In this case, it can be noted that more wind energy

TABLE IV. Search space specified for sensitivity analysis.

System component (Units) Search space Optimal solution

Vestas V82 Wind turbine 3,4,5,6,7,8,9,10, 11, 12,13, 14, 15 Yanbu: 6, Dhahran: 15
(number of turbines)

Vestas V90 Wind turbine 3,4,5,6,7,8,9,10, 11,12, 13, 14, 15 3 (for both)

(number of turbines)

PV array (size, kW) 1000, 2000, 3000, 4000, 5000 1000 (for both)
Converter (size, kW) 1000, 2000, 3000, 4000, 5000 1000 (for both)

Surrette 6CS25P battery 0, 50, 100, 200, 300, 500 0 (for the system without storage)

(number of batteries) or 50 (for the system with storage)
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can be harvested at Dhahran than at Yanbu. However, because 15 Vestas V82 turbines produce a
much higher electrical output with a large excess of electricity than the 6 turbines at Yanbu, a
maximum of 6 turbines was set for Dhahran to enable a fair comparison. This also eliminated
excess electricity which could not be sold to the grid as a cap is specified for grid sales.

For Vestas V90 models, 3 turbines were the optimal solution for both locations. This is
attributed to the high cost of these turbines which has overpowered the wind energy availability
constraint since cost is also specified as a constraint in the simulation.

The minimum and maximum sizes specified for the PV array and converter were 1000 kW
and 5000kW, respectively. In both cases, 1000 kW was obtained as the optimal solution for both
locations. This means that a smaller size PV array was selected compared to systems using V82
turbines (6 x 1650kW) and V90 wind turbines (3 x 3000kW). One reason is that the wind resour-
ces in both locations were more suitable for power generation than solar resources. Another reason
is that the PV arrays were more expensive in this case because of the added cost of the converters,
while the turbines produce AC power which can be supplied directly to the load or grid.

Because of the presence of the grid, a small battery or none at all was used for storage. A
maximum of 500 batteries were specified in the search space. A smaller storage capacity of 50
batteries was selected to compensate for capacity shortage and a small amount of unmet load,
as discussed in Sec. VC.

C. Electrical analysis

For Yanbu, the monthly average electrical energy production by Vestas V82- and Vestas
V90-based hybrid systems is indicated in Fig. 15. Both systems would have a constant PV
power output of 1000kW for all months, but wind power output and grid purchases were vari-
able between months. The maximum electrical energy was generated in July because this was
the month with the maximum wind speeds (Fig. 3), whereas the minimum was produced in
November which had low wind speeds. Table V shows the estimated annual electrical energy
production and consumption for both cases for Yanbu. For the grid-connected Vestas V82/PV
system, the total annual energy production and consumption were about 12.60 GWh and
12.39 GWh, respectively. The small difference between production and consumption was due to
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FIG. 15. Average monthly electrical power production for Yanbu using a V90-based system (above) and a V82-based sys-
tem (below).
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TABLE V. Annual energy distribution for Yanbu for the systems without batteries (no B).

With Vestas V82 With Vestas V9O
Annual Energy production Annual Energy production
Component (kWh) (no B) Percentage (%) (kWh) (no B) Percentage (%)
PV array 2087569 17 2087569 21
Wind turbines 7650805 61 5257892 52
Grid purchases 2864090 23 2827510 28
Total 12602463 100 10172971 100
Annual Energy Annual Energy
Consumption (kWh) Consumption (kWh)
AC primary load 6570 106 52.13 6570 106 64.58
Grid sales 5823590 46.21 3394095 33.36
Excess energy 9.35 0.00007 9.35 0.00009
Unmet load 0.00401 0 0.00482 0
Capacity shortage 265 0.0021 235 0.0023
Total 12393970 98.35 9964 445 97.95
Error 208 493 1.65 208526 2.05

excess electricity, unmet electrical load, and capacity shortages, being 9.35kWh/year,
0.004 kWh/year, and 265 kWh/year, respectively, in addition to other losses. The capacity short-
age was only recorded when there was no storage in the system. However, 50 batteries were
used in parallel, and the capacity shortage reduced to zero. The error indicated in the last row
of Table V represents the “other losses” between production and consumption. In power system
analysis, losses exist during the transmission of electricity from the point of production to the
point of consumption. In this case, since these losses were not stated in the software used, it is
assumed that the losses were due to inefficiency in the software.

Since less energy is generated from a V90 turbine in a grid-connected VO0O/PV system, the
production share of PV increased to 21%, up from a 17% share in a grid-connected V82/PV
system. This is because V90 wind turbines are more expensive than V82 models, and hence,
only 3 of them could be afforded in the model, instead of 6 V82 wind turbines. Electrical
energy sales to the grid were 33.36% of production when V90 wind turbines were used, while
V82 systems could sell 46.21%.

Figure 16 shows the monthly average electrical power production for Dhahran. The maximum
and minimum production occurred in June and November, when wind speeds were maximal and
minimal, respectively. The annual energy distribution for Dhahran is shown in Table VI for systems
without batteries. The PV output power remained at 1000kW for both grid-connected V82/PV and
grid-connected V90/PV systems. However, the PV energy production share increased to 18% when
V90 systems were used, up from 14% with V82 systems. Grid purchases also increased from 17%
to 22% due to the increased hours of use for the grid energy with the power purchase limit being
still maintained at 1000kW. This was also due to the reduced amount of wind energy (from 69%
to 60%) harvested with V90 systems. Likewise, grid energy sales declined from 52.44% to 38.94%.

D. Grid energy distribution

The seasonal grid energy distribution for Yanbu is shown in Fig. 17 and comprises energy
sold to the grid, energy purchased from the grid, and net energy purchases. With Vestas V82
systems [Fig. 17(a)], the annual energy purchases from the grid for the systems both with and
without storage were 2864090 kWh. The annual energy purchases are the same in both cases
because seasonal energy distribution is the same for each month, and therefore, the two curves
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FIG. 16. Average monthly electric production for Dhahran using a V82-based system (above) and a V90-based system
(below).

overlap in Fig. 17. The respective energy sales to the grid with and without batteries were
3394095 kWh and 5823 590 kWh, respectively.

The grid energy distribution for Dhahran is shown in Fig. 18. It can be observed in both
Figs. 18(a) and 18(b) that the energy purchased, energy sold, and net purchase without batteries
(no B) were the same as the respective energy purchased, energy sold, and net purchase with
batteries (with B). This is because the small storage capacity of 50 batteries was only used to
cover the capacity shortage but did not affect the amount of energy sold and purchased from

TABLE VI. Annual energy distribution for Dhahran: systems without batteries (no B).

With Vestas V82 With Vestas V90

Annual Energy Annual Energy
Component production (kWh) (no B) Percentage (%) production (kWh) (no B) Percentage (%)
PV array 1944360 14 1944360 18
Wind turbines 9806 135 69 6677203 60
Grid purchases 2473902 17 2457229 22
Total 14224397 100 11078791 100

Annual Energy Annual Energy

Consumption (kWh) Consumption (kWh)

AC primary load 6570014 46.19 6570014 59.30
Grid sales 7459892 52.44 4314330 38.94
Excess energy 26 0.00018 26 0.00023
Unmet load 0 0 0 0
Capacity shortage 308 0.0022 237 0.0021
Total 14030240 98.64 10884 607 98.25

Error 194157 1.36 194 184 1.75
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FIG. 17. Seasonal grid energy distribution for Yanbu: (a) Vestas V82 (b) Vestas V90.

the grid. Hence, the batteries in this case can be used to eliminate capacity shortages and pre-
vent interruptions to the primary load.

E. Economic analysis

Economic analysis was based on NPC and the LCOE of each case that was needed for com-
parison. Beginning with Yanbu, Fig. 19 shows the NPC for each cost type when Vestas V82 wind
turbines were present in a grid-connected wind/PV system. From Fig. 19(a), it is observed that the
largest part of the NPC is dominated by capital and replacement costs of $11079960 and
$9 558 650, respectively. The operating cost was negative, meaning that the system operator could
sell excess energy to the grid. The salvage was also large because the wind system would be
replaced after 15 years, meaning that by the end of the project period of 25 years, the value of the
wind turbine replacement would still be high. Therefore, because of the financial gains from grid
sales and a large portion of salvage, the total NPC would reduce to $15572176. There was no
fuel used in this project; therefore, the value is indicated to be zero. Using a similar analysis, the
total NPC for the system without storage was $15456 008 [Fig. 19(b)]. In this case, when storage
was used, the NPC increased by 0.75% compared to the system without storage. However, the
increase in NPC in this case came with improved reliability and system power quality since the
capacity shortage reduced to zero. Amjad et al.”® noted that, considering environmental concerns
and rapid socioeconomic growth, increased energy efficiency, energy independency, better power
quality, and higher service reliability are important pursuits for many modern societies. Therefore,
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FIG. 18. Seasonal grid energy distribution for Dhahran: (a) Vestas V82 (b) Vestas V90.

increased cost of an energy system with a small storage capacity can be justified by the advantages
that come with that system.

Figure 20 shows the NPC by the component type for grid-connected Vestas V82/PV sys-
tems with storage, at Yanbu. It is clear that the largest portion of NPC goes to the wind tur-
bines (V82), while the batteries (S6CS25P) contribute the smallest portion. Other costs are
incurred by the salvage of the system after the end of the project period.

For a grid-connected Vestas V90/PV system at Yanbu, capital and replacement costs still
dominate NPC at $9 900000 and $8 993 464, respectively (Fig. 21). Moreover, the total NPC was
$19 130750, which was 23.8% higher than that of the grid-connected Vestas V82/PV system with-
out storage. There are two main reasons for the cost difference. Given that PV power output and
grid purchases were the same (1000 kW each) and assuming similar hours of operation and operat-
ing costs ($1000/year), for a grid-connected Vestas V82/PV system, 6 V82 turbines were the
optimal solution, giving 6 x 1.65 MW =9.9 MW. Alternatively, for grid-connected Vestas V90/PV
systems, 3 V90 turbines were the optimal solution and would produce 3 x 3.0 MW =9.0 MW.
Even with the V90 systems’ lower power output (9.0 MW) than that of the V82 systems
(9.9MW), using 3 V90 wind turbines would result in higher NPC than with 6 V82-based systems.
The main reason is the higher unit cost of V90 models.
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FIG. 19. Cash flow summary by the cost type for V82 wind turbines at Yanbu: (a) with batteries and (b) without batteries.

Similarly, in the case of systems using Vestas V90 turbines with batteries at Yanbu, the
cost of batteries was very small compared to the cost of the other components. Nevertheless,
the cost difference between systems with and without batteries is indicated in the total NPC of
the whole system.

The LCOE for V82/PV systems without storage, V82/PV with storage, VOO/PV without
storage, and V90/PV with storage were $0.054/kWh, $0.054/kWh, $0.083/kWh, and $0.054/
kWh, respectively. It is clear that the unit cost of energy produced with V90 systems would be
very high. The inclusion of a small storage unit would not affect the LCOE of the system
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FIG. 20. Cash flow summary by the component type for V82 wind turbines with storage at Yanbu.
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FIG. 21. Cash flow summary by the cost type for a grid-connected Vestas VOO/PV system without storage.

although it would give the advantage of covering capacity shortages, ensuring uninterrupted
supply.

A similar approach to that used for the Yanbu systems was used to model systems installed
at Dhahran. Figure 22(a) shows the NPC of each cost type for a grid-connected V82/PV system
with storage. Note that the capital and replacement costs for all system components used at
Dhahran were the same as for Yanbu. The capital and replacement costs still compose the big-
gest share of NPC [Fig. 22(a)]. The operating cost was $-6249 093, which was more expensive
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FIG. 22. Cash flow summary for a grid-connected V82/PV system with storage by (a) the cost type and (b) the component
type.
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FIG. 23. NPC of each component for a grid-connected VO0/PV system with batteries at Dhahran.

than that of a grid-connected V82/PV system at Yanbu ($-1896 186). The values are negative,
meaning that a relatively high amount of electricity was sold to the grid, raising some income
for the system operator. The total NPC was $11219 270, which was 38.7% less than that of a
similar system at Yanbu (NPC=15572176). However, the energy output from a grid-
connected V82/PV system at Dhahran would be 14224 397 kWh, which is 12.8% more than a
similar system at Yanbu (12602463 kWh). This means that the application of a grid-connected
hybrid V82/PV system at Dhahran would be cheaper than at Yanbu although the Dhahran sys-
tem would generate a higher energy output. Moreover, the LCOE for a V82-based system at
Dhahran was $0.035/kWh, which is less than that of a similar system at Yanbu ($0.054/kWh).
The higher performance of systems at Dhahran was attributed to higher wind speeds. This
results in more electricity production, some of which can be sold to the grid. As a result, energy
unit costs are lower.

The estimated LCOEs were the same for grid-connected V82/PV systems with and without
storage since batteries contributed a very small additional NPC [Fig. 22(b)]. The wind turbines
are the dominant components in terms of NPC.

Figure 23 shows the NPC of each component in a grid-connected V90/PV system with bat-
teries at Dhahran. The Vestas V90 turbines had high NPC values, while batteries had the
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FIG. 24. Total NPC for each optimal configuration.
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FIG. 25. Total electrical energy production from the optimal systems.

lowest. Like the same system at Yanbu, this system sold less energy to the grid but had a larger
total NPC value ($16380500) as compared with the hybrid V82/PV system at Dhahran. This
makes the unit cost of energy higher (LCOE of $0.065/kWh) compared with a V82-based sys-
tem but still lower than that of a grid-connected V90/PV system at Yanbu.

Figure 24 shows the comparison of total NPC for all four optimal systems at both loca-
tions. Hybrid systems with V90 wind turbines had the highest NPC of all systems. As observed
earlier, the system with V90 (maroon color) without batteries at Yanbu (Yanbu-NPC-no B) had
the highest NPC, which was almost the same as the system with batteries (Yanbu-NPC-with
B). Surprisingly, these systems with the highest NPC had the least total electrical energy output
(Fig. 25). In contrast, V82-based systems at Dhahran had the lowest NPC and highest electrical
energy output, as well as the least LCOE. Hence, a grid-connected Vestas V82/PV system was
most economically viable of the four hybrid systems compared.

VI. CONCLUSION

The analysis of the electricity production potential and economic viability of grid-
connected wind/PV hybrid energy systems has been conducted for two cities, Yanbu and
Dhahran, located on the western and eastern coasts of Saudi Arabia. The results indicate that
both locations have a sufficient amount of wind for operating the selected wind turbines.
However, using wind turbines with a cut-in speed of 3m/s could allow more power to be har-
vested, as a significant amount of wind with a wind speed of 3 m/s is available. Wind speeds at
Dhahran were higher than at Yanbu with wind speeds above 3.5 m/s, accounting for 60.12% of
the wind data at Dhahran, which is higher than 51.2% of Yanbu. It has been demonstrated that
hybrid systems with Vestas V90 wind turbines have the highest NPC of all system configura-
tions compared. In addition, V90 systems have been observed with the highest NPC at Yanbu,
regardless of the inclusion of battery storage. Surprisingly, the system with the highest NPC is
observed with the least total electrical energy output. In contrast, Vestas V82-based systems at
Dhahran recorded the lowest NPC and LCOE but with the highest electrical energy output.
Hence, a grid-connected Vestas V82/PV system is most economically viable of the four hybrid
systems compared. It is recommended to incorporate a small battery storage unit in grid-
connected wind/PV systems to minimize the capacity shortages and improve the system reli-
ability although this comes at the expense of a slight increase in total system NPC. Therefore,
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optimal sizing of hybrid system components is essential in order to serve all load demands with
minimum energy cost and high reliability.
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