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m/s), in an effort to reduce their dependence on fossil-based
non-renewable fuels [1-6]. Cumulative global wind energy
capacity reached about 487,000 MW as of December 2016.
Currently, the price of generating energy using commercial
WECS is in the range of 5 to 6 cents per kWh. The technology
of the wind machines has improved remarkably over the last
five years. WECS in the range of 5MW are commercially
available. The above facts have stimulated the rate of increase
in installed capacity during the last ten years and it is in the
range of 25 - 30 percent per annum [7]. Typical wind power
applications include (but not limited to): lighting, military
installations, communication/gas stations, electricity for
remote settlements (which are far from utility grid), water
pumping for irrigation, cathodic protection of oil pipe lines,
etc.

Abstract
The aim of the present investigation is to study the economic
feasibility of development of 30 MW wind power plant (wind
farm) at Turaif, Northern Province of the Kingdom of Saudi
Arabia (K.S.A.) by analyzing long-term wind speed data.
Western and Northern provinces of K.S.A. have relatively
better wind energy resources. The study indicates that monthly
average wind speeds of Tuuraif (31 41' N, 38 40' E) vary
from 3.4 to 4.4 m/s at 10 m height. The wind farms simulated
consist of different combinations of 600 kW commercial wind
machines (50 m hub-height). NREL’s (HOMER Energy’s)
HOMER software has been employed to perform the technoeconomic assessment. The study presents monthly variations
of wind speed, cumulative frequency distribution (CFD)
profiles of wind speed, monthly and yearly amount of energy
generated from the 30 MW wind farm (50 m hub-height), cost
of generating energy (COE, $/kWh), capacity factor (%), etc.
The CFD indicates that the wind speeds are less than 3 m/s for
46.5% of the time during the year at Turaif. This implies that
wind electric conversion systems (WECS) will not produce
energy for about for 46.5% of the time during the year. The
annual energy produced by 30 MW wind farm (50 m hubheight) has been found to be 39752 MWh. The cost of windbased electricity by using 600 kW (50m hub-height)
commercial WECS has been found to be 0.0579 US$/kWh.
With the development of 30 MW wind farm, about 1598
tons/year of carbon emissions can be avoided entering into the
local atmosphere. The paper also shows effect of hub-height in
wind farm development.

Stand-alone WECS or wind farms require large storage
capacity (to meet the load demand) because of their
intermittent nature (i.e. wind resources are seldom consistent).
Energy storage provides the ability to store power generated
by wind farms at times of low demand and release that energy
at times of high demand (contribute in electrical peak load
shaving). The strengths and weaknesses of wind farms are
addressed in Ref [6]. More often, wind farms are deployed in
grid-connected mode (grid-friendly). Many countries are
exploiting wind resource with different scales ranging from
demonstration projects to commercial size wind farms.
Literature highlights that substantial efforts are being made
world-wide in development and establishment of wind farms
[8-13]. Wind-driven power systems are expandable (in view of
modular concept), additional capacity may be added as the
need arises. The cost of wind power system is about
1000$/kW and cost of battery is about 170$/kWh [14].

Keywords: Wind speeds, Commercial wind machines, Wind
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The Kingdom of Saudi Arabia’s (K.S.A.) electrical power
demand is increasing at an alarming/ unprecedented rate. The
demand for electricity is expected to reach about 60000 MW
by 2023. The annual demand growth is 8 percent [15]. Since,
Saudi Arabia has reasonable wind regime, an appreciable
fraction of its energy needs may be harnessed from wind
energy. Sites across the Kingdom have appreciable resource
potential, and may generate some of the lowt cost electricity.
Delivering new energy through renewables reduces the
Kingdom’s greenhouse gas emissions and contributes to
protection of global climate. Also, use of alternative sources
of energy reduces CO2 emission which is the principal cause
of global warming. Literature indicates that addition of 1.5
MW WECS, capable of producing about 4 million kWh of

INTRODUCTION
The utilisation of energy from renewable sources such as wind
has geared up and is being widely utilised for the displacement
of fossil-fuel-produced energy and to reduce catastrophic
atmospheric degradation (to protect global climate). More
importantly, there are growing concerns around the globe over
the high oil and gas prices because of increasing demand as
well as the strategy to reserve oil for the next generation.
Literature indicates that wind energy (being free, sustainable,
site-dependent, promising, non-polluting, benign) is being
rigorously pursued by a number of developed and developing
countries (with average wind speeds in the range of 5 m/s – 10
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Saudi Arabia has approximately one-fifth of the world's oil
reserves, and is the largest oil producer and exporter of total
petroleum liquids in the world. Natural gas and oil had 44%
and 56% share in conventional power generation in 2008 in
the country. The city of Turaif is one of the cities that have
been established because of the presence of international oil
pipeline [26].

energy/year, would eliminate 5.6 million tons of CO2 [16-17].
Utilization of renewable sources of energy is a step forward to
overcome the problems of global warming and environmental
degradation.
Research work related to renewable energy in Saudi Arabia
has been subject matter of several earlier studies [18-23]. In
the present study, long-term wind speed data (of the period
1970-1982) of Turaif, (Northern Province of K.S.A.) has been
analyzed to assess the techno-economic feasibility of
development of wind power plant (wind farm). Long-term data
indicates that the monthly average wind speeds vary from 3.4
to 4.4 m/s at 10 m height. Attention has been focused on the
feasibility of development of 30 MW wind farm. The wind
farms simulated consist of different combinations of 600 kW
(50 m hub-height) commercial wind machines. National
Renewable Energy Laboratory’s (NREL’s) and HOMER
Energy’s HOMER (Hybrid Optimization Model for Electric
Renewables) software has been utilized to carry out the
techno-economic analysis of wind farm. HOMER is a
recognized tool or computer model that facilitates design of
renewable wind/solar power systems. Therefore, the output of
HOMER contributes for reliability of energy yield of wind
farms [24]. The study presents the monthly variations of wind
speed, cumulative frequency distribution (CFD) profiles of
wind speed (i.e. availability of wind in different wind speed
bins), etc. CFD is a tool to assess the potentiality/reliability of
a site. Emphasis has been placed on estimation of monthly and
yearly amount of energy that can be generated from the
proposed 30 MW wind farm (50 m hub-height). Attention has
also been focused on diurnal power. Furthermore, the study
estimates the cost of wind-based electricity (COE, US$/kWh)
and capacity factor of wind power plants for the considered
location by using 600 kW (50m hub-height) commercial
WECS.

WIND
SPEED
DISTRIBUTION

DATA

AND

FREQUENCY

The long-term (1970-1982) daily average wind speeds of
Turaif are demonstrated in Fig. 1. In general, the monthly
average wind speed (of the location considered) ranges from
3.4 to 4.4 m/s m/s at 10 m height [25]. It can be depicted from
Fig. 1 that wind speed is relatively higher during the summer
months (May to August) as compared to other months (this is
due to topography, this is a welcome characteristic because
the load is high in summer in this part of the world.). This
implies that WECS (if installed) would produce more energy
during summer time. The data also exhibits that there is
noticeable variation in wind speed. These variations indicate
that the energy output from WECS or wind farms would be
subjected to considerable differences. Also, wind is faster, less
turbulent and yields more energy at 30 m or more heights
above the ground (therefore WECSs are mounted on tall
towers). The effect of hub-height is also depicted in Fig. 1.
The cumulative frequency distribution (CFD) of wind speed
and daily average wind speed of Turaif are illustrated in Fig.
2. The CFD (i.e. availability of wind in different wind speed
bins) is considered as a tool to assess the potentiality of a
given site. The calculations of wind energy (in HOMER) are
made by matching the power-wind speed characteristics of
commercial wind machines (CWMs) with the long-term hubheight wind speed data. The characteristics of the 600 kW
CWMs (and other study assumptions for simulations)
including operation and maintenance cost (about 3% of the
initial system cost) are furnished in Table 1. The power-curve
of the 600 kW wind machine is shown in Fig. 3. Today’s best
wind machines can achieve an overall efficiency of about 35
percent [27-28]. It may be mentioned that further
technological milestones may change the scenario. However,
many nations are putting efforts in development of wind farms
[29-31]

BACKGROUND INFORMATION
The K.S.A is basically an arid/desert land with long/hot
summers and short/cold winters. The topographic features of
the Kingdom are characterized by mountains in the west
bordering the Red Sea that act as wind deflectors, large desert
areas in the interior where high temperatures create low
pressure cells, and the Arabian Gulf and Red sea which are sea
areas in the east and west, respectively. To the west of K.S.A.,
the Gulf of Aqaba and the Red Sea form a coastal border of
almost 1,800 kilometers. The K.S.A. is located within the
latitudes 16o N and 32o N. The month of March marks the
beginning of spring and the transition from winter to summer
climate. Climatic conditions dictate the availability of wind
energy at a site. Wind farms or WECS are characterized by
availability of wind speed resource. The long-term wind speed
data used in the present study covers the period 1970-1982
[25].

In general, the cut-in wind speed (speed at which wind
machine starts producing useable energy) of most of the
CWMs is in the range of 3 m/s- 4 m/s [19-20]. The CFD
indicates that the wind speeds are less than 3 m/s for 46.5% of
the time during the year (as shown in Fig 2.) at Turaif. This
implies that wind electric conversion systems (WECS) will not
produce energy for about 46.5%
of the time during the
year.and hence cannot meet load demand on a continuous
basis.
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Figure 2 Daily average wind speed and frequency distribution of wind speeds at Turaif (Northern Province, K.S.A.)
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Table 1. Power-wind characteristics and details of 600 kW commercial wind machine
Wind machine Rated Rated Cut-in Cut-out Rotor Dia-meter Hub heights Capital cost O & M cost Turbine life time
model
Power Speed Speed Speed
(m)
(m)
(US$)
(US$ / year)
(years)
(Kw) (m/s) (m/s) (m/s)
Rp
Vs
Vci
Vco
NORDEX 600

600

13.0

3

25

43

40, 50, 60

575,000

13,000

20

Rp is the maximum power obtained from the WECS, Vci is the speed at which WECS starts producing energy,
Vs is the speed at which generated power reaches Rp, Vco is the speed at which WECS no longer produces power.
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Figure 3. Power curve of commercial 600 kW wind machine

height). It can be noticed that the power generated during
summer months (March to June) is greater as compared to
other months. This is a favorable characteristic because the
load is high during summer months in this part of the world.
This indicates that Turaif is a suitable candidate for
installation of WECSs. The annual wind energy generated
from 30 MW wind farm at the selected site has been found to
be 39752 MWh.

RESULTS AND DISCUSSIONS
The techno-economic feasibility of development of wind farm
has been carried out (by analyzing long-term wind speed data)
for Turaif . The key parameters for assessing the feasibility of
a given site for development of wind farm include: average
wind speed, frequency distribution of wind speed,
monthly/yearly wind energy generation, cost of energy (COE,
$/kWh), capacity factor (%) etc. The energy generation, cost
of energy, and capacity factor issues are discussed in the
following sub-sections:

Energy generation from wind farms
In the present study, the selection of commercial wind
machines, sizing of wind farms and energy simulations have
been done using NREL’s (HOMER Energy’s) HOMER
software. HOMER is a system design software that facilitates
design of electric power systems. Input information to be
provided to HOMER includes: renewable resources data (eg.
wind speed data), component technical details/costs, etc.
HOMER is an simplified optimization model which performs
hundreds or thousands of hourly simulations to design the
optimum systems. It uses life cycle cost to rank order these
systems [24].
Figure 4. Monthly energy generation from 30 MW wind farm
(600 kW machines, hub-height 50 m) at Turaif

Fig. 4. shows the monthly wind energy generation from 30
MW wind farm (cluster of 600 kW wind machines, 50 m hub-
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Figure 5. Diurnal power generated from 30 MW wind farm at Turaif

capacity increases. The other cost component, i.e. operation &
maintenance cost is incurred over the lifetime of the wind
system. Operating costs include maintenance and service,
insurance and any applicable taxes. A rule of thumb, estimate
for annual operating expenses is about 3% of the initial system
cost [32].

Diurnal power generated from 30 MW wind farm at Turaif
site is shown in Fig. 5. It is also evident from Fig. 5 that the
power generated is higher during day time as compared to
night time. This reflects that the diurnal pattern of the windgenerated power matches with the diurnal pattern of the
electric energy demand (wind could provide a good
complement to meet the peak loads).

Cost of energy (COE) is computed by using the following
equation:

Cost of wind based electricity ($/kWh)

Cost per kWh = (Annual cost) /( Annual energy output)

The energy supply market is very competitive, led by utilities
and fuel companies that meet nearly all our energy demands.
Alternative energy sources like wind power provides new
options and must be competitive with conventional energy
sources, they also must be economical. A wind energy system
requires a large initial capital investment.

Where Annual energy output is the projected annual
energy output,
Annual cost = (Initial cost)/(Expected life) + Annual
Operating Costs

The cost of energy (COE, US$/kWh) is one of the important
issues in the wind energy industry. WECSs are generally
designed to achieve high efficiency at low cost [8]. The cost of
a wind system has two components: initial installation costs
and operating (O &M) cost. The installation cost includes the
purchase price of the complete system (including tower,
wiring, utility interconnection or battery storage equipment,
power conditioning unit, etc.) plus delivery and installation
charges, professional fees and sales tax. The total installation
cost can be expressed as a function of the wind system’s rated
electrical capacity. A grid connected residential-scale system
(1-10 kW) generally costs between $2400 and $3000 per
installed kilowatt (i.e.$24,000-$30,000 for a 10 kW system).
A medium-scale, commercial system (10-100 kW) is more
cost-effective, costing $1,500 and $2,500 per kW. Large-scale
systems of greater than 100 kW cost in the range of $1,000 to
$2,000 per kW. In general, cost rates decrease as machine

The cost of generating energy (COE) per kWh from
commercial 600 kW WECS (50 m hub-height) has been
computed by using equation (1) with a discount rate of 5%.
The study assumptions used in estimating COE are furnished
in Table 1. Based on these study assumptions, the COE has
been determined. The cost of wind-based electricity (COE,
US$/kWh) by using 600 kW (50m hub-height) commercial
WECS has been found to be 0.0579 US$/kWh. The topic of
COEs of WECS of other countries is subject matter of studies
by several researchers [8, 10]. From investor’s point of view,
the cost of electricity determines the economic attractiveness
of a wind park. Therefore, in crisis, a trade-off needs to be
established between different options of power generation.

1802

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 3 (2018) pp. 1798-1804
© Research India Publications. http://www.ripublication.com
Capacity factor of wind-based power plants

ACKNOWLEDGEMENTS

The capacity factor is the ratio of the actual energy output to
the theoretical maximum output, if the machine was running at
its rated power during all the 8760 hours of the year. The
annual energy yield is the total number of kilowatt-hours
actually produced by a wind turbine installation or a wind
farm in a year (at a given hub-height). The capacity factor is
an important indicator in measuring the productivity of a wind
turbine. Although capacity factors may theoretically vary from
0% to 100%, in practice they usually range from 20% to 70%.
The capacity factors are calculated using the following
equation [33]:

The authors acknowledge the support of the Research Institute
of the King Fahd University of Petroleum and Minerals,
Dhahran, Saudi Arabia. The authors extend special thanks to
Dr. Tom Lambert and Dr. Peter Lilienthal (NREL and
HOMER ENERGY) for their support and cooperation. The
authors are very thankful to NREL and HOMER Energy for
making available HOMER software for design of hybrid
electric power systems.

REFERENCES
[1]

Nfaoui H, Buret J, Sayigh A.A.A., Wind characteristics
and wind energy potential in Morocco. Solar Energy
1998; 63(1): 51-60.

[2]

Daoo VJ, Panchal NS,
Faby
S, Sitaram V,
Krishnamoorthy TM. Assessment of wind energy
potential of Trombay, Mumbai, India. Energy Convers.
Mgmt. 1998; 39(13): 1351-1356.

[3]

Nayar CV, Thomas FP, Phillips SJ, James WL.,
Design considerations for appropriate wind energy
systems in developing countries. Renewable Energy
1991; 1( 5/6): 713-22.

[4]

Bellarmine TG, Joe U., Wind energy for the 1990s and
beyond. Energy Convers. Management 1996; 37(12) :
1741-52.

[5]

Randall Swisher and Paul Gipe 1992: "U.S.
Windfarms: An Expanding Market",Solar Today,
November/December, pp. 17-19, 1992.

[6]

Mir-Akbar H and David R. B. Economic feasibility and
optimization of an energy storage system for Portland
Wind Farm (Victoria, Australia). Applied Energy 2011:
88: 2756-2763

[7]

http://www.gwec.net/wpcontent/uploads/2015/02/GWEC_GlobalWindStats201
4_FINAL_10.2.2015.pdf

[8]

Jiwoong P., Jeongil K., Youndho S., Jeongoon L., and
Jongpo P., 3 MW class wind turbine development
Current Applied Physics 2010: 10: 307-310.

[9]

Scott V. V. Sheltering wind power projects from
tempestuous community concerns. Energy for
Sustainable Development 2011: 15: 109-114.

[10]

Albadi M. H., El-Saadany E.F., and Albadi .A., Wind
to power a new city in Oman. Energy 2009: 34: 15791586

[11]

Raymond M.W. Wind energy development in the
Caribbean. Renewable Energy 2001: 24: 439-444

[12]

Jacob L. Attitudes towards on-land and offshore wind
power development in Denmark: choice of
development strategy. Renewable Energy 2008: 33:
111-118

[13]

Papadopoulos A.M., Glinou G.L., and Papacristos D.A.

Capacity factor (%) = [Actual energy output ÷ (Rated
Capacity x 8760)] x100

The capacity factor of wind-based power plant at Turaif has
been found to be 16%. (by using 600 kW WECS, 50 m hubheight). This represents about 1402 hours of full load
operation. The larger the capacity factor, the better the WECS.
Discussions on capacitor factor of wind power plants in other
Gulf countries are reported in literature [9, 10].

CONCLUSION
The present study has discussed in appreciable depth the
economic feasibility of development of 30 MW wind power
plant (wind farm) at Turaif, Northern Province of the
Kingdom of Saudi Arabia. Specifically, attention has been
focused on the monthly/seasonal variations of wind speed,
frequency distribution profiles of wind speed, monthly and
yearly amount of energy that can be generated from the
proposed 30 MW wind farms (50 m hub-height), diurnal
power, cost of energy (US$/kWh), capacity factor (%), etc.
The cumulative frequency distribution indicates that the wind
speeds are less than 3 m/s for 46.5% of the time during the
year at Turaif. This implies that wind electric conversion
systems (WECS) or wind farms (if installed at Turaif) will not
produce energy for about 46.5% of the time during the year.
The annual energy produced by 30 MW wind farms (50 m
hub-height) has been found to be 39752 MWh. The cost of
wind-based electricity by using 600 kW (50m hub-height)
commercial WECS has been found to be 0.0579 US$/kWh.
This indicates that Turaif is a suitable candidate for harvesting
wind power Attempt has been made to determine the capacity
factor (CF) of wind-based power plants, the CF has been
found to be 16%. With the development of 30 MW wind farm,
about 1598 tons/year of carbon emissions can be avoided
entering into the local atmosphere.
The present work/initiative also shows that a fraction of Saudi
Arabia’s energy demand may be harnessed from wind systems.
The tangible outcomes/findings of the study form a
basis/benchmark/platform/roadmap/frame-of-reference
for
assessing techno-economic feasibility of wind farms for other
locations.

1803

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 3 (2018) pp. 1798-1804
© Research India Publications. http://www.ripublication.com
Developments in the utilization of wind energy in
Greece. Renewable Energy 2008: 33: 105-110.
[14]

[15]

Bergey M. Village electrification : hybrid systems.
Wind Energy Applications and Training Symposium
1993; Amarillo; Texas; 7 th July.
Annual report, Saudi Electricity Company, Riyadh,
Saudi Arabia, 2009.

[16]

Hansen U., Technological options for power
generation. The Energy Journal 1998, 19(2), 63.

[17]

About wind energy.
/windenergy.html

[18]

Elhadidy M.A. and S. M. Shaahid (2005).
Decentralized/stand-alone hybrid wind-diesel power
systems to meet residential loads of hot coastal regions.
International Journal of Energy Conversion and
Management, v. 46, pp. 2501-2513.

[19]

Shaahid S.M., El-Amin, I., S. Rehman, A. Al-Shehri, J.
Bakashwain, and F. Ahmad (2004). Potential of
autonomous/off-grid hybrid wind-diesel power system
for electrification of a remote settlement in Saudi
Arabia. International Journal of Wind Engineering, v.
28(5), pp. 621-628.

[20]

Shaahid, S. M. and M. A. Elhadidy (2004). Prospects
of
autonomous/stand-alone
hybrid
(photovoltaic+diesel+battery) power systems in commercial
applications in hot regions. International Journal of
Renewable Energy, v. 29, pp. 165-177.

[21]

Shaahid S. M., El-Amin, I., S. Rehman, A. Al-Shehri,
F. Ahmad and J. Bakashwain (2007). Dissemination of
off-grid hybrid wind-diesel-battery power systems for
electrification of isolated settlements of hot region.
International Journal of Sustainable Energy. v. 26 No.
3, pp. 91-105.

[22]

Elhadidy M. A. and Shaahid S.M (2004). Role of
hybrid (wind+diesel) power systems in meeting
commercial loads. International Journal of Renewable
Energy; v. 29, pp. 109-118.

[23]

S. M. Shaahid and M. A. Elhadidy (2003).
Opportunities for utilization of stand-alone hybrid
(photovoltaic+diesel+battery) power systems in hot
climates. International Journal of Renewable Energy.
Vol. 28, PP. 1741-1753, 2003.

[24]

http://www.nrel.gov/international/tools/HOMER/homer
.html

[25]

Wind Energy Atlas for the Kingdom of Saudi Arabia.
(1983) The Saudi Arabian National Center for Science
& Technology, Riyadh, Saudi Arabia.

[26]

http://www.eia.gov/cabs/Saudi_Arabia/Full.html

[27]

http://www.otherpower.com/windbasics2.html

[28]

http://www.iptv.org/exploremore/energy/profiles/wind.c
fm

http://www.wind.enron.com

1804

[29]

Jianzong X., Dexin H., and Xiaolu Z., Status and
prospects of Chinese wind energy. Energy 2010: 35:
4439-4444.

[30]

Saidur R., Islam M.R., Rahim N.A., and Solangi K.H.,
A review on global wind energy policy. Renewable and
Sustainable Energy Reviews 2010: 14: 1744-1762.

[31]

Mirhosseini M., Sharifi F., and Sedaghat A., Assessing
the wind energy potential locations in province of
Semnan in Iran. Renewable and Sustainable Energy
Reviews 2011: 15: 449-459.

[32]

Wind Energy Manual.
www.energy.iastate.edu
/renewable/wind/wem/wem-01_print.html

[33]

http://www.windpower.org/en/tour/wres/annu.htm

