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Abstract: This study analyzes the possibility to use the wind’s kinetic energy to produce electricity in
Northern Qatar for the natural gas processing industry. An evaluation of the wind potentiality is
performed based on a thorough analysis of parameters such as wind speed and direction, temperature,
atmospheric pressure, and air density. In addition, based on the measured parameters, a commercial
wind turbine is selected, and a case study is presented in order to quantify the energy that a wind
farm could produce and its environmental benefits. Furthermore, an economical assessment is made
to quantify the repercussions that it could produce if this wind farm substitutes a fraction of the
energy demand (within the oil and gas field) that is currently generated by traditional hydrocarbons.
The results indicate that the environmental parameters, led by a 5.06 m/s wind speed mean, allow the
production of wind energy in the area with an annual CO2 savings of 6.813 tons in a 17 MW wind
power plant. This enables Qatar to reduce its internal oil and gas consumption. As a result, the amount
of hydrocarbon (natural gas) saved could be used for exportation purposes, generating a positive
outcome for the economy with a cost savings of about 3.32 million US$ per year through such a small
size wind power plant. From the energy production point of view, the natural parameters enable a
single wind turbine to produce an average of 6995.26 MWh of electricity. Furthermore, the wind farm
utilized in the case study is capable of generating an average of 34.976 MWh in a year.

Keywords: energy; Qatar; wind power density; wind turbine; natural gas

1. Introduction

In recent years, there has been an increase in the concerns of environmental conservation. For this
reason, several studies and measures have been made in order to reduce the amount of pollution
generated around the world. One of the solutions is to lower the amount of greenhouse gas (GHG)
that is released to the atmosphere in large amounts due to energy generation and consumption.

From a national point of view, Qatar’s energy consumption has increased at an accelerated pace
in recent years. This escalation is associated with the population’s growth, higher living standards,
and industry growth in the country. In addition, due to the hot weather of the region approximately
80% of the generated electricity in Qatar is used for cooling purposes (air conditioning). Furthermore,
these energy requirements are largely met by generating electricity from fossil fuels (natural gas and
petroleum) which are limited resources and should be conserved [1].

The State of Qatar has taken into account the impact the growth indicated above is having on the
environment. For this reason, the country redacted the fourth pillar of the Qatar National Vision 2030,
which indicates that Qatar has an obligation to face local environmental issues, such as the impact of
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diminishing natural resource use, such as water and hydrocarbons, pollution, and the environment’s
deteriorating state. This vision also addresses international environmental matters such as the impact
of global warming on water levels, and its direct impact on the nation’s coastal development [2]. One of
the methods to reduce the consumption of hydrocarbon resources and meet the energy demands of a
growing country is to generate electricity from a nonpolluting, renewable natural resources, such as
wind energy. The rapid growth in wind energy use is associated with an increase of its efficiency and
a decrease in the cost of wind turbines to a point where wind power generation is competitive with
traditional methods [1].

This study utilizes real on-site wind measurements to determine the wind energy potential and
to propose a wind farm near natural gas processing plants for self-consumption. This can lead to
reduction of the GHG emissions originating from oil and gas industry, and form a “greener” approach
to the supply of electricity to the industries. This paper has a different approach than other previous
publications in that it contributes not only by analyzing Qatar’s wind energy potential to generate
sustainable electricity, but also the associated environmental impact reduction due to use of wind energy,
and the economic benefits achieved due to the reduction in internal oil and gas consumption (used for
energy production) and converting the consumed internal hydrocarbon consumption to exported
products. This demonstrates the significance of utilizing wind energy even for hydrocarbon-based
countries. In this regard, the specific objectives of this research are to:

• Determine the wind energy potential in Qatar for power generation need of the natural gas industry.
• Calculate the producible amount of energy from a wind farm located in the north of Qatar.
• Elaborate on the environmental impact reduction achieved through wind energy production
• Assess the potential economic benefits led by less internal oil and gas consumption and additional

natural gas export.

2. Previous Studies

The evolution of the wind energy technology and the increase of the environmentally friendly
mentality has resulted in several studies about wind energy in the region. Not only from the potential
point of view, but also from an economical approach. For instance, in 1990, a combined analysis of
solar and wind energy in Qatar was conducted. This research concluded that the solar power density
is 9.5 times larger than the wind power density Also, based on the data collected, the annual maximum
attainable potential was 306 kWh/m2/y for wind, and 2.5 MWh/m2/y for solar energy [3]. It is important
to note that in this case, the wind energy potential was based on measurements made 10 m above
ground level, and only a small extrapolation to 25 m was made. This can underestimate the actual
wind potential of large wind turbines.

In a more recent study [1], an economic feasibility for an on-shore/off-shore wind energy system
for Qatar was performed. The results of that case study showed that the use of wind to produce
electricity is economically competitive with conventional energy sources. Also, the study performed a
comparison between the generation cost per unit of energy output from a gas turbine and wind farm
in Qatar, highlighting that the second option could have values as low as 0.0289 ECU/kWh versus
0.0342 ECU/kWh from the traditional fossil fuel. As a result, the utilization of small to medium-size
wind energy turbines can be efficient and competitive [1].

In order to find an environmentally friendly solution to small-scale applications, a study for the
implementation of a green hybrid power plant using photovoltaic and wind energy was performed [4].
The results of that scenario were positive, indicating that both solar and wind energy are viable in
Qatar, with solar having more potential than wind energy. Furthermore, that paper highlighted that
the use of small to medium-size wind turbine generators is reasonable, even though the analysis was
made based on measurements taken only 20 m above ground level, without performing any type of
extrapolation [4].

The studies focusing in Qatar so far indicate the possibility to use wind energy to generate low-cost
electricity. However, most of these studies were inspired by the negative impact of region-wide
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environmental analysis, in which Qatar is highlighted as one of the biggest CO2/capita contributors in
the world due to being one of the largest LNG exporters. The research indicated that in 2010, it was the
leader of CO2 generation with 46 metric tons CO2/capita. Furthermore, it highlights that the country
has a 10% renewable energy target by 2030 that shows the interest of Qatar to improve their impact on
the world. Concerning the wind potential in the country, the investigation indicated that this natural
resource is economically viable based on the fact that the country has 1421 h of full-load wind per year,
and any location with a value above 1400 h has the potential for wind energy production [5]. A broader
analysis for the GCC countries is also considered here. Similar to the previous study, a review of
renewable energy potential in the GCC region was conducted in 2013. It was stated that Qatar and
Kuwait present the highest ecological impact rate per capita. Qatar’s oil and gas industry was the
source of 67% of the 2009 emissions. In addition, it indicated that Qatar has set a target to generate at
least 2% of electrical power from solar energy by 2020. Regarding wind energy, the study indicated
that Qatar has a reasonable power density that allows the country to use this natural energy source [6].

Using a different approach, a renewable energy policy trend analysis was made for the GCC
countries [7]. The study indicated that Qatar uses natural gas to cover over 60% of their primary energy
needs and nearly 100% of their power demand. As well, in 2014, Qatar consumed approximately 16% of
its oil. As a target, Qatar is aimed towards an economic diversification away from hydrocarbons. As a
conclusion, the paper indicated that the tendency in renewable energy policy design is the support the
integration of cost-effective renewables into energy systems with a low impact on government finances.
This trend is significant in the power sector where environmentally friendly energy technologies are
becoming economically viable across the world at an accelerated pace [7]. An analysis of the policy
variation in the GCC counties focusing on the adaption of renewable energy technologies was also
performed [8]. It suggested that research collaboration with international and regional institutes,
and business partnerships with large corporations were important for such development. That study
highlighted the interest of Qatar to implement renewable energy within the country in order to improve
its environmental footprint [8].

The source of the studies and policies mentioned above is the ecological footprint that the GCC
countries have, originating from the elevated level of GHG emissions. According to the study published
in 2009 [9], the GCC countries produce a significantly large quota of the global CO2 emissions, and the
most of their emissions originate from the energy extraction and conversion sectors, primarily from
oil and natural gas drilling and electricity production. Qatar, in particular, has the highest per capita
CO2 emission of the region with 68.15 tons [9], a value that is higher than that of some top developed
countries such as Australia, and approximately seven times greater than Japan’s per capita emissions
(9.6 tons) [9].

In order to counteract the negative impact of the region on the environment, the wind’s capacity to
generate energy in the Arabian Gulf was also studied [10]. The results indicated that the central region
of the Arabian Gulf (Qatar, Bahrain, and Saudi Arabia) has an appropriate wind power source for
economical installation of large-scale wind farms, based on the annual (average) wind power obtained,
which were 277, 300, and 275 w/m2, respectively. The wind power density is especially attractive in the
summer season [10].

From a more global point of view, the search for new locations to utilize wind energy is not limited
to the Middle East. In fact, an assessment to utilize the wind potential of the Caspian Sea has recently
been done [11]. The paper indicated that the northern part of the Caspian Sea has the best potential for
wind energy, obtaining wind speeds as high as 9 m/s. In their conclusion, they indicated that despite
the fact that the Caspian Sea is associated with hydrocarbon extractions, there is interest to design an
adequate wind farm according to the electricity demand of the coastal communities [11]. This concept
is similar to Qatar’s situation due to rich hydrocarbon resources. In our study, wind energy is proposed
not only for communities but also for hydrocarbon extraction and processing facilities.

A recent study in Mexico introduced the possibility of cogeneration using the current thermal
power plants and modeled wind farms [12]. The paper indicates that wind farms will reduce peak



Energies 2019, 12, 3329 4 of 19

demands for the current power plants. More specifically, if these wind farms are installed in the
Northeast region, they can deliver about 2.7 MW to the grid. This is just one of the many studies that
Mexico has done in order to fulfill a 35% clean energy goal for 2024 [12].

Even a country like Iceland that has a high level of environmentally friendly energy production
(geothermal) continues to study the possibility of implementing wind as an energy source. In their
study [13], Búrfell, located in the south part of the country, has shown a high potential for wind energy,
obtaining a power production share between 37.90% and 38.38% with an average of 38.15%. This value
is above the European production mean, which is approximately 21% [13].

3. System Description and Analysis

The present study calculates the amount of energy that a 17 MW wind farm can produce in the
designated location based on the actual wind measurements. The wind farm contains five 3.4 MW wind
turbines that will be placed in a straight line, one beside the other, in order to prevent the wake effect.
In order to optimize the wind usage, the wind turbines will be facing SE direction (see Section 3.3.2).
This case study will be located on land in the North of Qatar, near the oil and gas fields refinery
(see Figure 1). This location is selected for two reasons. Firstly, in order to analyze the environmental
and cost impact that this proposed wind farm could have if it was integrated as an energy source in the
power grid of oil & gas processing facilities. This integration is possible because of several technical
advancements that the selected wind turbine presents. The Senvion turbine has a SCADA system that
enables the possibility of monitoring each turbine with the option of power management. Moreover,
the turbine combines a gearbox, converter, and generator with the control and monitoring system.
This offers a direct access to the power management unit which measures voltage and frequency
at the grid connection point. If these deviate from the desired value, active and reactive power is
automatically regulated. Secondly, the environmental parameters (wind speed, temperature etc.)
needed to calculate the wind potential are based on a location in the North of Doha (Lusail), measured
by Supreme Committee for Delivery & Legacy in Qatar.
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3.1. Wind Potential Diagnosis

To obtain the potential output from wind energy production in a specific area, the wind behavior
and other environmental parameters should be studied. All the data used for this study were recorded
in Lusail, Qatar, every five minutes at an altitude of 10 m from June 2016 to June 2018.

3.2. Wind Characteristics

To utilize the wind energy properly, two significant parameters should be considered; wind speed
and wind direction.

3.2.1. Wind Speed

Wind speed is highly influenced by two elements; height and roughness of the terrain. In this case,
the measurements must be extrapolated from its original measured height (10 m) to an adequate
altitude of 130 m (selected wind turbine’s hub height) using the following expression [14]:

V = V0

( H
Ho

)α
(1)

where:

V is the wind speed at height H (130 m in this case).
V0 is the wind speed at height H0 (10 m in this case).
α is the friction coefficient or Hellmann Index.

The friction coefficient depends on the terrain characteristics, as shown in Table 1 [15]. For this
case, the friction coefficient is selected as 1/7 due to absence of obstacles (natural or man-made) in the
selected location.

Table 1. Friction coefficient.

Plain places with ice or grass 0.08 ≤ α ≤ 0.12
Flat places (sea, coast) α = 0.14
Slightly uneven terrain 0.13 ≤ α ≤ 0.16

Rustic areas α = 0.2
Uneven terrain or forests 0.2 ≤ α ≤ 0.26
Uneven terrain or cities 0.25 ≤ α ≤ 0.4

Source: Data from [15].

Implementing Equation (1), all the data are extrapolated to the desired height. Furthermore,
the recurrence of the wind speeds is calculated, obtaining the results shown in Table 2 and Figure 2.
From Table 1, initially a value of α within the “Slightly uneven terrain” option is chosen (the selected
value was 1/7). Then, the value ofα in Equation (1) is used to extrapolate every wind speed measurement
from 10 m to 130 m. After this step, the number of hours of every wind speed obtained after the
extrapolation process is counted and added (see Table 2). Finally, the “total” column from Table 2 is
plotted and shown in Figure 2.

The information obtained in Figure 2 and Table 2 indicate that wind speeds between 2 and 6 m/s
are the ones with the most frequent recurrence. For a more detailed analysis, the values presented in
Table 3 are calculated, in which it can be observed that the overall mean and median are within the
specified range. To corroborate the data indicated in Table 3, a statistical evaluation of the data needs
to be performed.
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Table 2. Wind speed distribution.

Wind Speed (m/s)
Hours at Vi Speed

June–December 2016 2017 January–June 2018 Total

0 30 59 40 129
1 367 655 360 1382
2 628 1120 658 2406
3 688 1150 722 2560
4 663 1119 640 2422
5 599 927 529 2055
6 522 708 405 1635
7 427 573 292 1292
8 337 456 207 1000
9 268 367 156 791

10 184 265 99 548
11 100 177 63 340
12 68 99 42 209
13 51 64 25 140
14 38 40 18 96
15 29 24 12 65
16 28 13 6 47
17 26 6 4 36
18 20 3 2 25
19 8 1 0 9
20 4 0 0 4
21 1 0 0 1

>21 6 0 0 6
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First, box and whiskers plots are implemented (see Figure 3). The box represents the middle 50%
of the ranked data and is plotted between the lower and the upper quartile value (for example, the 25th
to 75th percentile). A division inside the box can be observed, it represents the median, which is
equivalent to the 50th percentile, indicating that the same number of measurements are reflected above
and below this line. The vertical lines extending outward from the ends of the box are called whiskers;
they represent the outer range of the data. The highest wind speed value is represented by the x [16].
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Table 3. Wind speed summary.

Period Overall
Mean

Overall
Median

Standard
Deviation

Highest
Maximum

Lowest
Maximum

Highest
Minimum

Lowest
Minimum

Highest
Mean

Lowest
Mean

All the Data
(m/s) 5.06 4.41 3.17 27.42 3.39 7.19 0.00 12.87 1.39

June–December
2016 (m/s) 5.46 4.78 3.53 27.42 5.67 7.19 0.08 12.87 2.07

2017 (m/s) 5.03 4.41 3.05 23.33 4.50 6.71 0.00 11.76 2.26

January–June
2018 (m/s) 4.61 4.02 2.83 20.74 3.39 4.65 0.09 4.65 1.39

Energies 2019, 12, x FOR PEER REVIEW 7 of 19 

 

Table 3. Wind speed summary 

Period 
Overall 
Mean 

Overall 
Median 

Standard 
Deviation 

Highest 
Maximum 

Lowest 
Maximum 

Highest 
Minimum 

Lowest 
Minimum 

Highest 
Mean 

Lowest 
Mean 

All the Data 
(m/s) 5.06 4.41 3.17 27.42 3.39 7.19 0.00 12.87 1.39 

June–
December 2016 

(m/s) 
5.46 4.78 3.53 27.42 5.67 7.19 0.08 12.87 2.07 

2017 (m/s) 5.03 4.41 3.05 23.33 4.50 6.71 0.00 11.76 2.26 
January–June 

2018 (m/s) 4.61 4.02 2.83 20.74 3.39 4.65 0.09 4.65 1.39 

First, box and whiskers plots are implemented (see Figure 3). The box represents the middle 50% 
of the ranked data and is plotted between the lower and the upper quartile value (for example, the 
25th to 75th percentile). A division inside the box can be observed, it represents the median, which is 
equivalent to the 50th percentile, indicating that the same number of measurements are reflected 
above and below this line. The vertical lines extending outward from the ends of the box are called 
whiskers; they represent the outer range of the data. The highest wind speed value is represented by 
the x [16]. 

 
Figure 3. Cont.



Energies 2019, 12, 3329 8 of 19Energies 2019, 12, x FOR PEER REVIEW 8 of 19 

 

 

Figure 3. Statistical evaluation of the wind speed. (A) Weibull distribution for June–December 2016; 
(B) Weibull distribution for 2017; (C) Weibull distribution for January–June 2018; (D) Boxplot for June 
2016–May 2017; (E) Boxplot for July 2017–June 2018. 

Additionally, the Weibull distribution is implemented. This method allows us to establish the 
wind regime’s characteristics. This is a two-parameter distribution, depending only on scale and 
shape parameters. For this purpose, there are several methods that could be studied, such as the 
Weibull probability density function, the wind variability method, the standard deviation method, 
the power density method, the Moroccan method, and so on [17]. All of these methods have one 
objective in common which is validating Weibull parameters. In this paper, these factors will be 
calculated as a function of the median and quartiles using Equations (2) and (3) [18]. 𝑐 = 𝑉𝐿𝑛 2  (2) 

𝑘 = 1.573𝐿𝑛 𝑉 . 𝑉 .  (3) 

where 
Vm is the median speed. 

V0.25 is the first quartile, also known as Q1. 

V0.75 is the third quartile, also known as Q3. 

c is the shape parameter. 

k is the scale parameter. 
Using the information indicated above with the data recollected, the results shown in Table 4 

and Figure 3 are obtained. 
 
 

Figure 3. Statistical evaluation of the wind speed. (A) Weibull distribution for June–December 2016;
(B) Weibull distribution for 2017; (C) Weibull distribution for January–June 2018; (D) Boxplot for June
2016–May 2017; (E) Boxplot for July 2017–June 2018.

Additionally, the Weibull distribution is implemented. This method allows us to establish the
wind regime’s characteristics. This is a two-parameter distribution, depending only on scale and shape
parameters. For this purpose, there are several methods that could be studied, such as the Weibull
probability density function, the wind variability method, the standard deviation method, the power
density method, the Moroccan method, and so on [17]. All of these methods have one objective in
common which is validating Weibull parameters. In this paper, these factors will be calculated as a
function of the median and quartiles using Equations (2) and (3) [18].

c =
Vm

Ln(2)
1
k

(2)

k =
1.573

Ln
(V0.75

V0.25

) (3)

where

Vm is the median speed.
V0.25 is the first quartile, also known as Q1.
V0.75 is the third quartile, also known as Q3.
c is the shape parameter.
k is the scale parameter.

Using the information indicated above with the data recollected, the results shown in Table 4 and
Figure 3 are obtained.
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Table 4. Weibull parameters.

Month Parameter 2016 2017 2018

January k - 2.16 1.83
c - 5.4 4.22

February k - 2.17 2.02
c - 6.49 4.51

March
k - 1.92 1.87
c - 5.51 4.23

April k - 1.53 1.86
c - 6.63 5.91

May k - 1.70 1.48
c - 6.09 5.46

June k 1.57 - 1.87
c 8.16 - 5.71

July k 1.77 1.50 -
c 7.66 5.17 -

August k 1.53 1.54 -
c 5.47 6.16 -

September k 1.79 1.28 -
c 5.72 5.39 -

October
k 1.71 1.75 -
c 4.5 3.76 -

November
k 2.01 1.83 -
c 5.07 4.48 -

December
k 2.14 2.08 -
c 5.87 4.56 -

The boxplot of the whole period studied (Figure 3) indicates that the values between the first
and third quartiles fluctuates between 1.85 m/s and 9.47 m/s. This reflects that approximately 50% of
the data recollected is distributed within this range. The median or second quartile fluctuates within
3.05 m/s and 6.46 m/s. This spectrum concurs with the data reflected in Table 2. Furthermore, Figure 3D
indicates that the maximum wind speed (27.42 m/s) was measured in December 2016. In addition,
in the Weibull graphs (Figure 3A–C), it can be observed that the wind speed values with higher
probability of occurrence are between 3 and 6 m/s. This information corroborates that the mean of
every year is located within this range (see Table 2). Moreover, the measured wind speeds (see Figure 2)
reflect the behavior of this statistical tool. Finally, by overlapping the results obtained from these
graphs and the boxplot (Figure 3D,E), the results verify that the values with higher probability of
occurrence are within the first and third quartile.

3.2.2. Wind Direction

The wind direction is defined as the path that the wind follows in its movement. This course is
named according to where that wind comes from. Thus, when mentioning an east wind, it is referring
to a wind that blows from the east to the west. To accurately detect the direction of the wind and
its variations, a simple measuring instrument, called a vane, is used and using these measurements,
the wind rose can be plotted [19]. The wind rose is a tool used to determine the direction of the wind
throughout a year. This is one of the best ways of knowing the direction that a wind turbine should
face in order to effectively produce power from the natural resource (wind). By properly locating the
wind turbine, the power production throughout the year will be higher compared to other directions.
The wind rose consists of bars or extensions that originate from the center of a circle and extend to
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a specific point that illustrates the direction of the wind. The length of each extension indicates the
percentage of time in which the wind flows towards that direction [20]. Hence, based on the data
recollected, Figure 4 is obtained for three different periods.
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Figure 4 highlights that the wind direction has a wide range of movement, with January–June 2018
(Figure 4C) being the less disperse period and 2017 (Figure 4B) the most spread out year. However,
Figure 4C concurs with the more recent measurements, showing that the wind is predominant in the
NW direction. This means that most of the time the wind originates from the SE and moves towards
the NW.

3.3. Environmental Parameters

The objective of this section is to use measured parameters such as temperature (T) and atmospheric
pressure (P) to calculate air density (%).

3.3.1. Temperature

This parameter varies during the studied period, with 274.15 K as its lowest value and 322.10 K as
its highest one. In addition, the overall mean value is 302.25 K. It is important to highlight that this
parameter is measured in ◦C, but the analysis is made in K.

3.3.2. Atmospheric Pressure

Similar to the temperature, the original unit is changed from hPa to N/m2 to carry out the
density (%) calculation. The atmospheric pressure does not have huge variations. With 99149.40 N/m2

and 102855.90 N/m2 as its lowest and highest values respectively. Finally, the overall mean of the
atmospheric pressure is 100899.79 N/m2.

3.3.3. Air Density

Using the parameters indicated above, air density (%) can be calculated by implementing
Equation (4) [14]:

% =
P

RT
(4)

where

% is the air density
T is the temperature
P is the atmospheric pressure
R is the specific gas constant of the air which has a value of 287 J/kg K.
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The environmental values and calculated average air density values are given Table 5.

Table 5. Environmental parameters.

Period Temperature (K) Atmospheric Pressure (N/m2) Air Density (kg/m3)

All the Data 302.25 100,899.79 1.16
June–December 2016 304.68 100,674.63 1.15

2017 301.49 100,985.93 1.17
January–June 2018 300.73 101,010.73 1.17

3.4. Wind Power Density (WPD)

The calculation of the WPD is the final step in order to estimate the wind potential to produce
power in watts per swept area (W/m2). By implementing Equation (5), with the all the wind speed data
recollected and using the values of air density (%) indicated in Table 5, the values reflected in Table 6
are obtained [14].

WPD =
1

2n

n∑
i=1

%Vi
3 (5)

where

% is the air density (kg/m3)
V is the is the wind speed (m/s)
n is the number measurements.

Table 6. Wind power density.

Period WPD (W/m2)

All the Data 187.49
June–December 2016 246.35

2017 172.60
January–June 2018 137.92

3.5. Energy Production Calculation

In order to estimate the total amount of energy that the selected wind turbine will produce, the
power generated by the turbine at a certain wind speed must be calculated, and then multiplied by
the number of hours of recurrence of that velocity. One way of estimating the power generation of a
wind turbine is to match a wind speed with the power curve; however, this must be done taking into
consideration that the air density in which the power curve was developed may not concur with the
actual value of this parameter in the location where the turbine will be installed. In order to obtain a
more realistic value, Equation (6) will be used to calculate the power based on the turbine’s power
coefficient (Cp) [21].

P =
1
2
%AV3Cp (6)

where

% is the air density (kg/m3)
V is the is the wind speed (m/s)
A is the turbine’s rotor area (m2)
Cp is the turbine’s power coefficient
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4. Results and Discussion

In order to calculate the amount of energy that could be produced, initially, an appropriate wind
turbine must be selected that can exploit the wind in this area as much as possible. Furthermore,
by using its power curve, the energy production can be determined.

Table 6 indicates that the WPD has the same behavior as the wind speed. Also, it is important to
indicate that this is the wind’s potential to generate power (kinetic energy potential), and the final
power output depends on the wind turbine and its specifications.

Based on the wind analysis, the selected turbine is the Senvion 3.44M140 wind turbine with a
nominal capacity of 3.4 MW. This turbine has a low cut-in speed (3 m/s); this means that, most of the
time, it can generate power. In addition, it is important to indicate that the hub height is 130 m and the
rotor’s diameter is 140 m [22].

Table 7 and Figure 5 reflect how the behavior of the wind turbine will be at a determined speed,
indicating that power generation is possible with speeds between 3 m/s (cut-in speed) and 22 m/s
(cut-out speed). One element to highlight is that the power production increases with the wind speed
up to 3.4 MW at 11 m/s. At this point, the power generation maintains constant until 22 m/s, where the
production automatically stops due to safety reasons. On the other hand, the Cp presents the highest
values between 3 m/s and 10 m/s, and at elevated speeds the value is low. This indicates that in order
for the turbine to generate power with high-speed wind, it must sacrifice efficiency, and at low speed,
the efficiency effect is inverse. The energy production from a wind turbine is calculated based on
Sections 3.4 and 3.5. Applying Equation (6) with the information indicated in Tables 2 and 7 and
considering the rotor swept area of the selected wind turbine (A = 15,393.80 m2), the results indicated
in Table 8 and Figure 6 are obtained.

Table 7. Wind turbine power curve.

Wind Speed (m/s) Power (kW) Cp

0 - -
1 - -
2 - -
3 77.60 0.31
4 244.30 0.40
5 501.80 0.43
6 906.60 0.45
7 1437.80 0.45
8 2101.40 0.44
9 2868.00 0.42

10 3289.00 0.35
11 3400.00 0.27
12 3400.00 0.21
13 3400.00 0.16
14 3400.00 0.13
15 3400.00 0.11
16 3400.00 0.09
17 3400.00 0.07
18 3400.00 0.06
19 3400.00 0.05
20 3400.00 0.05
21 3400.00 0.04
22 3400.00 0.03



Energies 2019, 12, 3329 13 of 19

Energies 2019, 12, x FOR PEER REVIEW 13 of 19 

 

 
Figure 5. Wind turbine power curve. 

Table 8. Energy production for a single wind turbine (rotor diameter: 140 m). 

Wind Speed (m/s) 
Energy Produced (MWh) 

June–December 2016 2017 January–June 2018 
3 51.06 86.54 54.48 
4 150.49 257.54 147.71 
5 285.47 447.96 256.34 
6 449.88 618.70 354.90 
7 584.38 795.13 406.33 
8 673.15 923.56 420.42 
9 727.57 1010.23 430.62 

10 571.02 833.86 312.39 
11 318.64 571.86 204.11 
12 218.79 322.98 137.40 
13 158.96 202.26 79.23 
14 120.19 128.28 57.89 
15 95.46 80.10 40.16 
16 91.52 43.08 19.94 
17 79.28 18.55 12.40 
18 62.05 9.44 6.31 
19 24.33 3.08 0.00 
20 14.19 0.00 0.00 
21 3.28 0.00 0.00 
22 16.99 0.00 0.00 

Total 4696.72 6353.15 2940.64 

 
Figure 6. Energy production for a single wind turbine (rotor diameter: 140 m). 

Figure 5. Wind turbine power curve.

Table 8. Energy production for a single wind turbine (rotor diameter: 140 m).

Wind Speed (m/s)
Energy Produced (MWh)

June–December 2016 2017 January–June 2018

3 51.06 86.54 54.48
4 150.49 257.54 147.71
5 285.47 447.96 256.34
6 449.88 618.70 354.90
7 584.38 795.13 406.33
8 673.15 923.56 420.42
9 727.57 1010.23 430.62

10 571.02 833.86 312.39
11 318.64 571.86 204.11
12 218.79 322.98 137.40
13 158.96 202.26 79.23
14 120.19 128.28 57.89
15 95.46 80.10 40.16
16 91.52 43.08 19.94
17 79.28 18.55 12.40
18 62.05 9.44 6.31
19 24.33 3.08 0.00
20 14.19 0.00 0.00
21 3.28 0.00 0.00
22 16.99 0.00 0.00

Total 4696.72 6353.15 2940.64
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The results for a single wind turbine shown above indicates that the highest production period is
between the months of April and August, obtaining the highest value of energy production in June
2016 with 984 MWh, and the lowest power production in October, with October 2017 being the lowest
value, with 219 MWh. This behavior concurs with the wind speed variation during the studied interval
of time. Also, from Table 8, the overall yearly mean energy production for a single Senvion 3.44M140
wind turbine is calculated, obtaining a value of 6.995 MWh.

In order to analyze the energy production of a wind farm, a number of elements should be taken
into consideration. One of the main factors is the wake effect, which is a spatial region with a lower
wind speed and with a slightly larger diameter than the wind turbine under study [23]. As a wind
turbine draws energy, it leaves a wake characterized by reduced wind speed and increased turbulence.
If one wind turbine is working within the wake region of another, or at a point within the wind farm
where it is affected by several of these wakes, then the turbine will produce less energy than those wind
turbines that interact directly with the natural wind flow [23]. However, this study does not include
the analysis of the wake effect within a wind farm. Hence, to prevent the influence of this phenomenon,
the amount of energy that five wind turbines in a wind farm may produce will be calculated. However,
it is noted that they will be placed in a straight line, one beside the other. Based on this, the energy
production from the wind farm for the studied period in the case study is plotted in Figure 7.
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Figure 7. Energy production from the proposed wind farm consisting of five wind turbines (rotor
diameter: 140 m).

The highest production period for the five Senvion 3.44M140 wind turbines is between the months
of April and August, obtaining the highest value of energy production in June 2016 with 4.920 MWh,
and the worst month for power production is October, with October 2017 having the lowest value of
1.096 MWh. Also, from Table 9, the overall yearly mean of energy production for the case study is
calculated, obtaining a value of 34.976 MWh.

Table 9. Wind farm energy production (five wind turbines).

Wind Speed (m/s)
Energy Produced (MWh)

June–December 2016 2017 January–June 2018

3 255.30 432.68 272.41
4 752.46 1287.71 738.55
5 1427.37 2239.78 1281.72
6 2249.41 3093.48 1774.52
7 2921.91 3975.65 2031.65
8 3365.77 4617.80 2102.09
9 3637.84 5051.15 2153.08
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Table 9. Cont.

Wind Speed (m/s)
Energy Produced (MWh)

June–December 2016 2017 January–June 2018

10 2855.08 4169.28 1561.93
11 1593.21 2859.32 1020.57
12 1093.97 1614.90 687.02
13 794.79 1011.29 396.14
14 600.96 641.41 289.44
15 477.31 400.52 200.82
16 457.61 215.42 99.70
17 396.42 92.76 62.01
18 310.26 47.19 31.55
19 121.63 15.42 0.00
20 70.93 0.00 0.00
21 16.42 0.00 0.00
22 84.97 0.00 0.00

Total 23,483.62 31,765.75 14,703.20

Once a wind farm is installed, further work can be done in order to compare the calculated values
and the real power production and behavior of the turbines. This type of study has been done in other
small wind farms, such as the analysis performed in a case study of Ørland in Norway [24].

Environmental and Cost Assessment Results

Electricity generation is one of the main causes of GHG emissions both in the world and in Qatar.
Natural gas combustion as well as diesel generators are the fundamental electricity generation routes
in Qatar. Table 10 shows the CO2 emissions from natural gas and diesel fuel due to combustion in
power plants and generators, respectively. It is noted that these values are only during operation,
hence other life cycle phases are not accounted for. The values represent only CO2 emissions, not all
GHG emissions.

Table 10. CO2 emissions associated with generation of 1 kWh of energy from natural gas, diesel, and
wind energy.

Energy Source CO2 Emission (kg CO2/kWh)

Diesel fuel 0.250
Natural gas 0.181

Wind 0

Source: Data from U.S. EIA [25].

Diesel generators are quite common in Qatar for remote areas and offshore platforms. Based on
the previous calculations, the proposed wind turbine can produce about 34.976 MWh in a year on
average (average of the studied period). For a hypothetical case, it is considered that this amount of
energy is produced from wind turbines rather than combustion of natural gas and diesel fuel. It is
assumed that 80% of this electricity (27.980 MWh) originates from natural gas combustion and 20%
(6.995 MWh) is from diesel combustion. In this way, the associated CO2 emissions are calculated and
given in Table 11 and Figure 8.

Table 11. Annual carbon dioxide emissions from diesel and natural gas for 34.976 MWh electricity generation.

Energy Source Share Electricity Production Annual CO2 Emissions (Ton CO2)

Diesel fuel 20% 6.995 MWh 1748.75
Natural gas 80% 27.980 MWh 5064.38

Total 100% 34.975 MWh 6813.13
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When the proposed wind power plant (5 × 3.4 MW) is operational, there will be about 6.813 tons
of annual CO2 savings because wind power plants do not emit any emissions during operation.
Note that this value does not include other emissions such as NOX or SOX, which also have
environmental consequences. Hence, wind power plants are very environmentally friendly compared
to hydrocarbon fuels.

Similar to the environmental assessment, the cost savings achieved by wind power generation can
also be quantified. The electricity generated through wind turbines will act as a replacement of natural
gas and diesel. In this way, this will allow Qatar to export more natural gas to the international market.
It is known from the literature that the average heating value of natural gas is about 13.1 kWh/kg.
Considering that 27.980 MWh of electricity production (produced by wind energy) is equivalent to
about 69.950 MWh of chemical energy in natural gas, assuming 40% energy conversion efficiency
(from natural gas to electricity via combined cycle power plant), the required natural gas amount is
calculated as 5.340 tons, which can be exported to overseas at the selling price. The average selling
price of LNG is taken as 415.2 US$/ton (8 US$ per MMBTU). Therefore, the annual cost saving is
calculated about 2.22 million US$. Similarly, by producing 6.995 MWh of electricity from wind energy
rather than from diesel generators, the annual cost saving is about 1.1 million US$ in case the diesel
price is 0.54 US$/L [26]. In total, there is a cost saving of about 3.32 million US$ per year through
17 MW wind power generation plant.

5. Conclusions

This study analyzes the potential of wind power in Qatar by calculating the wind power density
using actual measurements. Additionally, assessment of the amount of energy produced by a single
3.4 MW wind turbine and a 5 × 3.4 MW wind farm is performed. Furthermore, an environmental
impact reduction is estimated by calculating the tons of annual CO2 savings due to implementation of
the proposed wind farm. Finally, a basic economic assessment is performed to obtain the cost savings
per year by reducing the local consumption of natural gas.

Some of the main results of the study include:

• The overall wind speed mean is 5.06 m/s. Approximately 50% of the wind speed data fluctuates
within 3.05 m/s and 6.46 m/s. This result indicates that the wind speed is good enough for use as
a natural source to move wind turbines for energy production. Moreover, these measurements
guarantee that the selected wind turbine used in the case study will be able to generate energy
more than 50% of the time.

• The wind direction is disperse but mostly originates from the SE and moves towards the NW.
This means that in order to utilize the wind in a more efficient way, the turbines should face SE.



Energies 2019, 12, 3329 17 of 19

Modern turbines have mechanisms to move on their axis; however, in order to prevent energy
consumption and reduce the impact of the wake effect within the wind farm, more recurrent wind
direction must be considered.

• During the period studied, the WPD is about 187.5 W/m2. This value confirms the viability of
wind energy at a small to medium scale.

• Based on the studied period, one Senvion 3.44M140 wind turbine with a nominal capacity of
3.4 MW is capable of generating 6995.26 MWh of electricity in a year.

• The proposed wind power plant (5 × 3.4 MW) is distributed in a straight line, one beside the
other, in order to prevent the wake effect and can produce about 34.976 MWh on average per
year (based on the studied period). The wake effect can lower the energy production of a wind
farm depending on the turbines’ distribution. By distributing the turbines as indicated above,
the turbulence and lower wind speed resulting from this phenomenon will be avoided. As a
result, the 5 × 3.4 MW wind farm will be able to generate the amount of energy reflected, because
it will properly utilize wind speeds distributed within the cut-in and cut-out velocities.

• By implementing the 5 × 3.4 MW wind farm, annual CO2 emissions reduction of approximately
6.813 tons can be achieved because wind power plants do not generate CO2 while producing
energy. The decrease in emissions originates from replacing the amount of diesel and natural gas
burned in order to generate energy.

• Based on the case study, 3.32 million US$ per year could be saved by replacing gas and diesel-generated
energy with wind power generation. Specifically, by reducing the amount of diesel utilized to
produce energy and implementing the case study, 1.1 million US$ can be saved. However, Qatar
could use the LNG saved, and obtain revenue via exportation.
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Nomenclature

A Turbine’s rotor area (m2)
C Shape Parameter
Cp Power Coefficient
CO2 Carbon dioxide
H Height (m)
H0 Original height (m)
k Scale Parameter
n Number of measurements
NOx Nitrogen oxide
P Power (W)
P Atmospheric Pressure (hPa, N/m2)
R Specific gas constant (287 J/kg K)
SOx Sulfur dioxide
T Temperature (K, ◦C)
V Wind Speed (m/s)
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V0 Wind Speed at height H0 (m/s)
V0.25 First Quartile, also known as Q1
V0.75 Third Quartile, also known as Q3
Vm Median Speed (m/s)
Greek letters
α Friction coefficient
% Air Density (kg/m3)
Acronyms
GCC Gulf Cooperation Council
GHG Green House Gases
LNG Liquefied Natural Gas
NW North West
SE South East
WPD Wind Power Density
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