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Abstract: Diversifying the energy mix of Bangladesh is becoming indispensable not only to improve
its energy security, but also for a more sustainable economic development. This study focused on
mapping the wind potential of southern coastal areas of Bangladesh to estimate the wind energy
potential, along with the reduction in carbon emissions due to wind energy. Analysis of the carbon
footprint was based on the annual energy production (AEP) from the selected low-wind turbine
generators (WTGs). The time series-measured and -predicted wind data were incorporated with the
high-resolution mesoscale and microscale wind re-source mapping technique at 60, 80, and 100 m
above ground level (AGL). Coupling mesoscale and microscale modeling provided reliable mapping
results for the commercially exploitable wind resource and was verified by ground-based wind
measurement. The results revealed that, among the selected areas, two sites named Charfashion and
Monpura have a promising annual mean wind speed of 7.3 m/s at 100 m AGL for energy generation.
Different WTGs with ranges of 1–3.3 MW were used to estimate the wind energy generation capacity
at different sites in the study area. A WTG with a 1 MW wind energy generation capacity installed at
60 m AGL in the selected site has the potential to produce 2.79 GWh/year of clean energy, reducing
1781.689 tons of CO2 per year, whereas a 3.3 MW WTG at 80 m AGL can produce 18.99 GWh/year
of energy, reducing 12,098.54 tons of CO2 per year, and a 1.6 MW WTG at 100 m AGL produces
11.04 GWh/year of energy, cutting 7035.028 tons of CO2 per year. With its reliable scientific and
time-tested wind energy estimation method, this research is very important for the development
of wind energy in the southern coastal areas of Bangladesh to meet the increasing energy demands
through initiating the development of renewable energy to improve the energy security and reduce
the carbon emissions of the country.

Keywords: wind energy; wind resource atlas; statistical analysis; carbon footprint

1. Introduction

Wind energy, along with solar energy, is among the fastest-growing renewable energy
sources and destined to become the backbone of the future zero-carbon energy system.
Due to fossil-based fuels being a global threat to the existence of humankind, a durable and
sustainable energy transition mechanism for energy generation is needed. Wind resources
are one of these sustainable energy sources, and estimates can be developed in several
ways [1]. To test the potential of a particular area or site, high-resolution wind speed maps
have to be developed. Wind resource maps are a tool that hold simulated wind speed data
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for a given area, which are usually correlated with the real wind speed data recorded from
local meteorological stations. Wind maps can help identify potentially promising locations,
aid utilities with long-range planning, and assist governments in formulating sustainable
energy policy [2].

With increasing installations and technological innovations, wind energy has already
become a cheaper alternative to coal and oil as an energy source [3] and is being increasingly
considered as a preferred choice for energy production due to its wide accessibility, low
investment cost, and so forth [4]. Wind energy, as one of the most productive renewable
energy sources, is thus considered for energy generation in both developed and developing
countries in order to tackle the growing environmental challenges, such as atmospheric
pollution and global warming, while ensuring energy security and justice.

Bangladesh, as a developing economy, fulfills most of its energy requirements from
fossil fuels, which are not only responsible for greenhouse gas (GHG) emissions, but also
undermine the energy security of the country due to supply shortages, as the fossil fuels are
imported from other countries. To meet the growing demand, Bangladesh’s government
has to import electricity from neighboring countries such as India and Nepal [5]. In addition,
natural gas accounts for 75% of the country’s electricity generation, followed by coal, which
is both expensive and polluting. Bangladesh should opt for diversifying its energy through
the induction of local renewable energy sources not only to improve its energy security,
but also to decrease its carbon footprint, thereby fulfilling the Sustainable Development
Goals (SDGs) proposed by the United Nations at the Paris Agreement (CoP21) in 2015.

The development of wind energy, along with other alternative energy sources such
as solar energy, needs to be accelerated in Bangladesh to diversify its energy mix and
to relieve the reliance on imported fossil fuels, thereby establishing a pathway toward
energy transition. Long-time wind speed data are essential for the development of wind
energy projects, but it has been found that the wind speed data recorded by the Bangladesh
Meteorological Department (BMD) are not consistent and are high in terms of data analysis
for theoretical power generation. Yet, some coastal studies have shown that the mean
annual wind speeds are as high as 6.5 m/s recorded at 50 m above ground level (AGL) [6].
Several potential sites with higher wind speeds remain undiscovered due to a lack of
sufficient wind speed data. All of the necessary mechanisms are to be employed in
these areas so that the potential can be assessed. Bangladesh lacks a comprehensive
high-resolution wind resource map, particularly of its coastal and offshore areas, which
offer greater wind speeds, which is severely hindering the country’s prospects of wind
development. A detailed assessment of the wind speeds of Bangladesh’s coastal areas
through wind mapping and data analysis using different scientific models is thus very
important for both de-carbonizing the environment and meeting the country’s growing
energy demands. As the wind speeds in coastal areas are much higher than across the
mainland [7], attention should be given to investigating the coastal areas of the country.

This research is focused on mapping the wind energy potential of the coastal areas of
Bangladesh, employing time series wind speed data via reliable scientific techniques to
utilize the data for estimating the annual energy production (AEP) from different types of
low-wind speed wind turbines at different altitudes. The estimation of AEP using low-wind
speed wind turbines at different altitudes is a novel idea, as it has not been carried out
before in Bangladesh. This work also includes a calculation of the carbon footprint, which
will play an important role in the global CO2 mitigation movement. This research is of
paramount importance for Bangladesh in terms of energy transition, as it will help the
country develop its wind energy resources to expand its energy mix, improve its energy
security, and reduce its carbon footprint.

2. Methodology

This study incorporated the most well-recognized and suitable tools and methods. The
related mathematical models, along with mapping techniques, are presented in this section.
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2.1. Data Sources and Input Data

Wind data from both meteorological stations (where data are usually measured in
time series of 1 min averaged data) and satellite (15 years (2001–2015) of predicted data)
for the coastal areas of Bangladesh were used in this research. For the measured wind data,
there are many instruments in meteorological stations that adopt the process of measuring.
Traditionally, a cup anemometer (anemometer is the common name of the instrument used
for measuring wind speed) is used for this purpose, comprised of three or four cups usually
of conical shape placed on their sides at equal angles, which are then attached to a central
mast that allows the cups to spin freely. The cups rotate when the wind blows, and the
number of rotations for a specified time is recorded manually or by a computer system,
which can then be converted to wind speed data. A sonic anemometer is another option
for measuring wind speed, especially in a rough environment. An anemometer is often
accompanied by a wind vane, which is used for finding the direction of the wind. The
accuracy of the measured wind speed greatly depends on the precision of the anemometer
used. However, for this analysis, 1 min averaged wind speed data recorded by BMD using
a cup anemometer were used. To accord the analysis with the standard guidelines of the
International Electrotechnical Commission (IEC; one of the international standards and
conformity assessment bodies for all fields of electrotechnology), named IEC 61400-12-1,
the 1 min wind speed data were transferred to 10 min averaged wind speed data using
the weighted average method [8], which were then processed and analyzed with suitable
computer tools.

2.2. Vertical Extrapolation

A suitable mathematical model was used to calculate the wind speeds at different
altitudes above ground. For this purpose, the power law profile, along with regression
analysis, were used to compute the wind speeds. This section describes the Hellman’s
power law profile, which is the most well-recognized and commonly used mathematical
formulae to determine the value of the power law exponent α that correlates wind speed
at two different levels of altitude. Wind speed data are usually measured from the me-
teorological stations at a specified height, although other wind speed data are recorded
at an unknown height, which is needed to estimate a required height. The exponent of
Hellmann’s power law α is shown in Equation (1) [9,10].

α =
ln
(

v2
v1

)
ln
(

z1
z2

) (1)

From Equation (1), the required wind speed v2 at a specified height z2 can be calculated,
and the new equation looks like Equation (2).

v2 = v1

(
z2

z1

)α

(2)

Wind speed v2 at any specified and desired height can be predicted using Equation (2),
where v1 is the reference wind speed (m/s), z1 is the reference height (m), and z2 is the
height where v2 is calculated. The value of the power law exponent can again be computed
using Equation (3) [11].

α =
0.37 − 0.088 ln

(
vre f

)
1 − 0.088 ln

( zre f
10

) (3)

In addition, α also can be estimated using Equation (4).

α = 0.37 − 0.088 ln
(

vre f

)
. (4)
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where vref is the reference wind speed (v1 in Equation (1)) and zref is the reference height
(z1 in Equation (2)). The 1/7 power law explicitly uses 0.143 as the value of α, which is
sometimes used even though it is not practical for offshore wind. The 1/7 power law
usually yields conservative yet reasonable wind power estimates in situations where the
roughness length for the projected sites is at least an order of magnitude smaller than
the height of the reference level [12]. For offshore wind energy potential analysis, 1/9
is usually recommended for the power exponent value, as it has been found that under
neutral stability conditions, the power law exponent value of 0.11 (1/9) provides a good
approximation [13]. However, wind speed over different types of roughness of land cannot
be estimated accurately using this method. As a result, the power law exponent needs
to be estimated from the real wind speed data and other related information if available.
However, for the current analysis, α was estimated using Equation (3), as both the reference
wind speed vref and the reference height zref are known because the reference wind speed is
the measured wind speed at a specified height.

2.3. Distribution Function

Wind data collected from meteorological stations usually recorded at 10 m AGL are
illustrated by the most well-recognized distribution function of wind speed v, called the
Weibull model, which is characterized by two parameters—the Weibull shape parameter k
and the scale parameter C [14,15]. Wind speed data distributed as a function of the Weibull
probability distribution function (PDF) use Equation (5) [16].

f (v) =
k
C

( v
C

)k−1
exp
(
−
( v

C

)k
)

(5)

The shape and scale parameters of the Weibull PDF are measured using Equations (6)
and (7) [17].

k =

(
σ

vm

)−1.086
(6)

C =
vm

Γ
(

1 + 1
k

) (7)

where k is the Weibull shape parameter, vm is the mean wind speed shown in simple terms
in Equation (8), and σ is the standard deviation of the wind data, which can be calculated
using Equation (9) [17].

vm =
1
N

(
N

∑
i=1

vi

)
(8)

σ =

√√√√ 1
N − 1

N

∑
i=1

(vi − vm)
2 (9)

where vm is the mean wind speed, vi is the mean hourly wind speed, and N is the number
of measured hourly wind speed data. However, for wind energy calculation, the wind
speed is weighted for its power content and is calculated using Equation (10) [17].

vm = 3

√√√√( 1
N

N

∑
i=1

vi
3

)
(10)

The average wind speed from Equation (10) at 10 m AGL needs to be converted to
the wind speed at a desired height above ground level using the power exponent law. The
wind power density is calculated by considering the calculated air density value in kg/m3

from Equation (11) [18].

P =
1
2

ρAv3 (11)
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where P is the wind power, ρ is the air density measured in kg/m3, A is the wind turbine
rotor swept area, and v is the mean wind speed. Consequently, power density estimation is
carried out using Equation (12).

P
A

=
1
2

ρv3 (12)

The air density is calculated as shown in Equation (13) that uses the ideal gas law
equation from the combinatorial relationship of Boyle’s Law, Charle’s Law, and Gay-
Lussac’s Law, similarly to Equation (12) [19].

B = ρRdT (13)

where B is the measured 10 min averaged air pressure, ρ is the derived 10 min averaged
air density, and T is the measured 10 min averaged absolute air temperature, all of which
were measured in S.I. units for this equation to work, using the value of 287.05 J/(kg−1K)
as a gas constant of dry air Rd.

These data need to meet the requirements prescribed by IEC 61400-12-1 standard
shown in Table 1. In fact, the wind data in the current research were analyzed based on IEC
61400-12-1, because it gives an international standard of the investigation of wind energy
in order to promote international cooperation that is concerned about the standardization
of the energy fields. If sensors for air temperature and humidity are used, those shall be
installed within 10 m of hub height, as prescribed by IEC 61400-12-1 (2017) [20]. The mean
wind speed and power density should be measured in terms of both the rule of weighted
average and cubic average as per international standards.

Table 1. IEC 61400-12-1 standard requirements for wind data analysis [8].

Requirements Database Criteria Status Remarks

10 min averaged data 10 min averaged data Pass
Minimum of 65% of air density
data are inside the range set by
IEC 61400-12-1

Normalized wind speed data with two reference air density
measurements if the site’s air density is out of the range of
1.225 ± 0.05

Most of the air density inside the range
required by IEC Pass

Database includes a minimum of 180 h of sample data Includes more than 8000 h of sample data Pass
Each bin shall consist of a minimum of 30 min of data At least 3 single 10 min averaged data Pass

Assessing the economic feasibility for the installation of a WTG for the generation of
power, AEP is determined as shown in Equation (14) [21].

AEP = 8760
∫ vco

vci

Pt(v) f (v)dv (14)

The AEP produced from a WTG is estimated using the power curve of the respective
WTG with the help of the frequency of hour of the measured data using the method of bin,
the most prominent method for interpreting frequency distribution where the wind data
are sorted by the discrete group into some wind speed intervals (usually intervals of 0.5
or 1 m/s). For each bin of the interval, the frequency of the wind speed is counted and
then calculated to find the average wind speed. Once the annual energy of one year from
the frequency distribution is estimated, the capacity factor (CF) can be calculated using
Equation (15) [22].

CF =
AEP

8760 · N · CR
· 100% (15)

where AEP is the annual energy production in kWh/year, 8760 is the number of hours
in a year, vci is the cut-in wind speed of the wind turbine, vco is the cut-off wind speed
of the wind turbine, Pt is the power output curve of the wind turbine, N is the number
of wind turbines, and CR is rated capacity. The CO2 emissions can be estimated from
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AEP using the country-wise carbon emission factor from the simple and straightforward
Equation (16) [23].

GHGe =
EF × AEP

1000000
(16)

where GHGe is the estimated reduction in greenhouse gas emissions in tons of CO2 per year,
EF is the country-wise emission factor in g/kWh, and AEP is the annual energy production
in kWh/year.

2.4. Wind Resource Mapping

This section discusses the overall mapping criteria for the study sites detailed herein.

2.4.1. Selected Area

It was found from a primary investigation that, based on the mean wind speed as the
foremost priority, followed by heritage and environmental sensitivity, the coastal region of
the country falls into the area of interest. Wind resource assessment studies can be placed
into three basic categories—preliminary area identification, wind resource evaluation of
that area, and micrositing [24].

For this work, the southern part of Bangladesh was taken as the overall region of
preliminary investigation, whereas seven selected sites in the coastal area of the country
were considered for in-depth analysis. The site-specific information is presented in Table 2.
Figures 1 and 2 show the selected working area.

Table 2. Site descriptions.

Area Coordinates Measurement Period Topography

Charfashion 22.18◦ N, 90.75◦ E

1 January 2017
–31 December 2017

Near island, flat
Monpura 22.19◦ N, 90.95◦ E Near island, flat

Hatia 23.28◦ N, 85.30◦ E Near island, flat
Noakhali Sadar 22.82◦ N, 91.10◦ E Building, populous
Companigonj 22.82◦ N, 91.26◦ E Coastal and flat

Sonagazi 22.84◦ N, 91.39◦ E Coastal and flat
Sandweep 22.49◦ N, 91.42◦ E Near island, populous

2.4.2. Mapping Technique

This work manipulated a computerized wind resource mapping system, replacing the
manual analysis that was conducted before suitable software was developed (previous-era
mapping endeavors). Developing final wind resource maps has three steps: (1) preliminary
map building, (2) validating the preliminary maps, and (3) revisions of the final maps [25].
Meanwhile, the modeling of the mapping system consists of three components, namely,
models, databases, and computer and storage systems [26].
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2.4.3. Coupling of Meso- and Microscale Modeling

Though the results are subject to significant uncertainties and thus measurements
requiring confirmation of the modeling results [27], mesoscale modeling provides impor-
tant values for reading the wind speed across a vast area. The meso-field resolves the
meteorological conditions within its modeling domain through solving a set of equations
that describe the atmosphere, which are the input into what is called microscale modeling.
The average meso-field value is transferred and modeled through the microscale, and
is thus coupled for finding the wind characteristics. Exploration of the wind resources
within this atmosphere, both on a utility-scale and for small-scale applications, increasingly
relies on advanced modeling tools and measurement techniques [28]. The output from the
mesoscale wind pattern at 10–100 m AGL at different elevations has been used as a virtual
meteorological mast in the most promising coastal areas of Bangladesh. The specifications
of the meso- and microscale modeling used in this research are presented in Table 3.

Table 3. Wind resource mapping criteria.

Mapping Criteria Resolution (m) AGL (m) Remarks

Mesoscale mapping 3000
10, 60, 80,
and 100 m

For a rough idea of the wind
of a bigger geographical area

Microscale mapping 200
For a better understanding of
the wind of a particular place

(e.g., a couple of sqkm)

A horizontal resolution of 3 km was chosen for the mesoscale analysis, because
less than this is computationally too expensive and does not necessarily produce a more
accurate result. Research suggests that using a grid spacing of 1.1 km for wind mapping
does not improve a wind resource compared to a 3.3 km grid [29]. Consequently, a 3 km
resolution was considered for the current mesoscale modeling, which is regarded as the
most standard resolution value. The output of the mesoscale analysis was transferred to
create coupled meso- and microscale modeling for in-depth analysis of wind speed. The
Weibull probability distribution function (PDF) and a wind rose graph for a full reference
year (i.e., 2017) were calculated from the real one-year (2017) wind dataset. The microscale
modeling output that estimates wind power plants’ productivity was used as a source for
identifying wind resource potential microsites in the coastal area of Bangladesh.

2.5. Validation of the Wind Resource Atlas

To validate the predicted map results, the simulated wind speed data of the map were
compared to the measured wind speed. As part of the validation process, several statistical
tests were performed. The measured vs. predicted ratio (M/P) is the simplest test, which
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is shown in Equation (17). Derivation of the percent mean relative error (PMRE) for the
simulated wind speed is shown in Equation (18).

M
P

=
Oi
Pi

(17)

PMRE =
1
n

n

∑
i=1

(Oi − Pi)

Oi
× 100% (18)

where Oi and Pi denote the observed data and predicted data, respectively. In addition to
the measurement of the performance, the root mean square error (RMSE) was also used, the
expected value of which should be close to zero, and is expressed [25,26] in Equation (19).

RMSE =

(
1
n
×

n

∑
i=1

(Oi − Pi)
2

) 1
2

(19)

where Oi and Pi are the observed and predicted wind speed respectively, both measured
in m/s, and n is the number of wind data. In addition to the statistical tests, the measure–
correlate–predict (MCP) method, a very useful tool by which the predicted wind speeds
are correlated with the measured wind speeds, was utilized.

3. Results and Discussion

The results from both the statistical and the mapping analyses are presented in the
following sections.

3.1. Data Analysis Outcome

The 10 min averaged wind data in this research were estimated from 1 min averaged
met data recorded at 10 m AGL for the selected sites, as per the rule set by IEC 61400-12-1 [8],
the statistical findings of which are presented in Tables 4 and 5.

Table 4. Weibull probability distribution function.

Station Name
C(m/s), AGL (m) k, AGL (m)

10 60 80 100 10 60 80 100

Charfashion 4.0 6.8 7.5 8.2 1.9 2.3 2.4 2.5
Monpura 3.8 6.5 7.2 7.9 1.9 2.3 2.5 2.6

Hatia 2.7 4.8 5.4 6.0 1.6 1.9 2.0 2.1
Noakhali Sadar 1.7 3.3 3.7 4.2 1.4 1.7 1.9 1.9
Companigonj 2.5 4.5 5.1 5.6 1.5 1.8 1.9 2.0

Sonagazi 1.9 3.6 4.1 4.6 1.7 2.1 2.1 2.2
Sandweep 4.0 6.8 7.5 8.2 1.9 2.3 2.4 2.5

Table 5. Mean wind speed and power density estimation by WASP.

Station Name
Mean Wind Speed (m/s) Power Density (W/m2)

10 60 80 100 10 60 80 100

Charfashion 3.6 6.1 6.8 7.3 58 225 296 372
Monpura 3.4 5.8 6.5 7.1 47 194 258 326

Hatia 2.4 4.3 4.8 5.3 21 94 127 164
Noakhali Sadar 1.5 2.9 3.3 3.7 6 33 46 62
Companigonj 2.2 4.0 4.5 5.0 19 83 113 146

Sonagazi 1.7 3.2 3.6 4.1 7 37 53 71
Sandweep 2.4 4.4 4.9 5.4 23 99 134 171
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The wind power density distribution was computed using the measured mean wind
data. The Weibull distribution is presented for all sites in Figure 3. The sites demonstrated
in Tables 4 and 5 and Figure 3 show that all of the areas, except two (i.e., Charfashion and
Monpura), are not suitable for power generation.

Energies 2021, 14, x FOR PEER REVIEW 9 of 18 
 

 

in Tables 4 and 5 and Figure 3 show that all of the areas, except two (i.e., Charfashion and 
Monpura), are not suitable for power generation. 

 
Figure 3. The Weibull probability distribution for the selected coastal sites at 10 m AGL. 

The wind speeds of these two sites able to generate power commercially fall into IEC-
61400-1 wind class IV/S. The suitable average wind speed for a profitable wind project 
should be more than 5.00 m/s. For this research, these two sites—Charfashion (5.3 m/s) 
and Monpura (5.1 m/s)—achieved this value. Several altitudes, such as 80 and 100 m AGL, 
were tried for estimating the energy from wind. If the height of the wind turbine was set 
to 100 m AGL, all the sites except for Noakhali Sadar (3.7 m/s) and Sonagazi (4.1 m/s) 
showed an average wind speed that exceeded 5.00 m/s at this height. As a result, for more 
details on the probability of wind speed at different wind shear values of the two promi-
nent areas (Charfashion and Monpura), their Weibull PDFs are shown in Figures 4 and 5. 

 
Figure 4. The Weibull probability distribution for the Charfashion site at different wind shear val-
ues. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 1 2 3 4 5 6 7 8 9 10 11 12

Fr
eq

ue
nc

y 
(%

)

Wind Speed (m/s)

Charfashion
Monpura
Hatia
Noakhali Sadar
Companigonj
Sonagazi

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22

0 2 4 6 8 10 12 14 16 18 20 22 24

Pr
ob

ab
ili

ty
 (%

)

Wind speed (m/s)

10 m AGL
40 m AGL
60 m AGL
80 m AGL
100 m AGL

Figure 3. The Weibull probability distribution for the selected coastal sites at 10 m AGL.

The wind speeds of these two sites able to generate power commercially fall into
IEC-61400-1 wind class IV/S. The suitable average wind speed for a profitable wind project
should be more than 5.00 m/s. For this research, these two sites—Charfashion (5.3 m/s)
and Monpura (5.1 m/s)—achieved this value. Several altitudes, such as 80 and 100 m AGL,
were tried for estimating the energy from wind. If the height of the wind turbine was set
to 100 m AGL, all the sites except for Noakhali Sadar (3.7 m/s) and Sonagazi (4.1 m/s)
showed an average wind speed that exceeded 5.00 m/s at this height. As a result, for more
details on the probability of wind speed at different wind shear values of the two prominent
areas (Charfashion and Monpura), their Weibull PDFs are shown in Figures 4 and 5.
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Figure 4. The Weibull probability distribution for the Charfashion site at different wind shear values.
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Figure 5. The Weibull probability distribution for the Monpura site at different wind shear values.

From Figures 4 and 5, it can be understood that there is a clear difference between
the probabilities of wind speed when its value increases significantly at different wind
shear values, which tends to be capable of producing commercial-level power. For a better
understanding of the wind characteristics of these two sites, the movement of predominant
wind speed must also be visualized through wind rose graphs, which are presented in
Figure 6.
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Figure 6. The wind rose for the (a) Charfashion and (b) Monpura microsites at 10 m AGL.

The power law exponent (PLE) value α, as derived from Equation (3), varies with
the varying temperature. The ambient heat influences the atmospheric boundary layer
movement and it significantly affects the PLE value. The PLE value is usually higher during
the night, as the temperature decreases at night time, causing the wind above the ground
to become cooler, thus providing denser air [27]. The diurnal variations for the power law
exponent and air density for the two selected sites are shown in Figure 6. Additionally, the
yearly average air density of the sites is presented in Table 6, as its calculation is important
for the understanding of the varying nature of wind speed at different heights.
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Table 6. Average air density for the selected coastal sites.

Area Charfashion Monpura Hatia Noakhali Sadar Companigonj Sonagazi Sandweep

Air density
(ρ, kg/m3) 1.179 1.177 1.175 1.176 1.178 1.174 1.173

It is important to consider the recorded or mathematically calculated air density and
thus the PLE values from the real temperature, as well as the pressure, for the estimation of
the true wind speed of the selected sites, which was performed in the current analysis, as
shown in Table 6 and Figure 7.
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Figure 7. The diurnal variation of the power law exponent (PLE) and the air density of the Charfash-
ion and Monpura microsites.

The standard value of air density considered for dry air, which is 1.225 kg/m3, should
be ignored, as the values of temperature and pressure vary at different heights in a particu-
lar site, which importantly affects the wind speed.

3.2. Wind Resource Maps

This section presents the mesoscale and microscale maps of the southern and coastal
regions of Bangladesh.

3.2.1. Mesoscale Wind Map

The spatial distribution of the wind resources obtained from the mesoscale wind
resource maps of a 3000 m resolution are presented in this section. The average wind speed
for the mesoscale modeling at different elevations for the coastal and near-coastal areas
of Bangladesh is shown in Figure 8. The accumulated wind speed ranges for the maps of
different heights are presented in Table 7.

Table 7. The wind speed ranges of the mesoscale maps of the coastal and near-coastal areas of
Bangladesh.

Mapping Elevation (m) 10 60 80 100

Wind speed range (m/s) 0.83–3.83 2.32–4.89 2.52–5.02 2.45–5.31
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The results obtained from the mesoscale map indicate the potential of the selected areas
in terms of wind speed, showing a range of around 1.0–6.0 m/s at varying elevations. At a
higher altitude, better wind resources were observed in the assessments, thus demanding
a more in-depth investigation for micrositing, which is usually considered as the process of
a technical feasibility assessment for wind power development.

3.2.2. Microscale Wind Map

The microscale wind maps of a 200 m resolution are presented in this section. The
maps for the coastal area of Bangladesh are shown in Figure 6. The accumulated wind
speed ranges for the maps of different heights are presented in Table 8. The results shown
in Table 8 and Figure 9 for the microscale analysis reveal the fact that the wind speeds
available in some of the selected areas are not viable for power generation.

Table 8. The wind speed range for the microscale maps in the coastal area of Bangladesh.

Area Mapping Elevation (m) Wind Speed Range (m/s)

Coastal area

10 2.73–3.89
60 3.56–4.97
80 3.69–5.37

100 3.83–6.37
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However, the highest wind speed area is to become the location for future wind
farm development. Table 9 shows the wind speed ranges for better potential sites in the
coastal area, with mean wind speeds in the range of up to 5.0–6.5 m/s at a higher elevation.
Nowadays, commercial wind turbines are available on the market, which can operate at
low wind regimes. As a result, based on the wind speeds shown in the selected sites in the
microscale maps, sufficient benefit from wind energy farms should eventually be obtained.

Table 9. Wind speed ranges from the microscale maps of the Charfashion and Monpura microsites.

Site Name

Mapping Elevation (m)

10 60 80 100

Wind Speed Range (m/s)

Charfashion 3.19–3.80 4.52–4.93 4.89–5.37 5.43–6.37
Monpura 3.48–3.72 4.49–4.97 4.68–5.31 5.17–6.19

The two selected prominent wind energy sites identified from the microscale wind
modeling are capable of producing sufficient wind energy.

3.2.3. Map Accuracy Calculation

The accuracy of the numerical wind data of the wind resource maps was computed
by comparing the measured wind data.

Building a high-resolution and accurate wind map relies upon the quality of both the
anticipated and estimated wind data. To confirm the precision of a map and whether the
map validation process is supported, the same weather conditions should be mirrored
when a specific wind site is considered. The validated results are shown in Table 10.
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Table 10. Statistical tests for the two prospective coastal areas of Bangladesh.

Test Method PMRE M/P RMSE

Microsites
Charfashion 5.55% 0.95 0.20

Monpura 2.35% 0.98 0.08

It can be noticed from the values derived for the M/P ratio that the real met station
data and the simulated data coincide very well, as the best case M/P ratio is 1. The
PMRE and RMSE both have very small values, which indicates the integrity of the data.
Assessing the accuracy of a wind resource map is important; in light of this, the observed
and predicted mean wind speeds are presented as a correlation in the quantile–quantile
(Q–Q) plot. The observed–predicted wind speed data plotline should be expected to follow
the solid line of the Q–Q slope, indicating that the predicted wind speeds are equal to the
observed wind speeds. However, in practice, this does not happen.

As a result, the error range of the occurrences of points indicating the observed-
predicted scenario between 0 and 15%, 15 and 30%, and 30 and 45% were added, as shown
in Table 11 for understanding how deflected the data are from the ideal line (Q–Q line).
The findings shown in Table 11 are well explained in Figure 10, where it can be noticed
that the predicted and measured wind speeds coincide well at 10 m AGL. However, as the
measured wind speeds were computed for different heights using the power law profile,
overestimated wind resource data were provided, which tend to fall far from the Q–Q
line. It was observed that the errors tended to increase when the heights increased from
40 to 100 m AGL, and thus determining and mitigating these kinds of test errors are very
important. Regardless of whether the precision is improved in wind maps, the requirement
for site-specific precision for utility-scale wind energy estimation is undeniable.

Table 11. Q–Q plot statistics for the two selected microsites (Charfashion and Monpura).

Error Range Error ± (0–15)% Error ± (15–30)% Error ± (30–45)% Error ± (45–100)%

Percentage 40% 30% 30% 0%
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Figure 10. Quantile–quantile plot for the long-term measured and simulated mean wind speeds of
the two prospective coastal sites (Charfashion and Monpura).
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Presenting the wind speed data in x = y line, i.e., a Q–Q plot, can be thought of as a
good way to understand the reliability of the data. It should be noted also that although
spatial and temporal correlation analyses are essential for overall wind data analysis, the
simulated reanalysis datasets from satellites, etc., also have many shortcomings and flaws
concerning the discrepancy of the conditions at geographically proximate locations.

3.2.4. Annual Energy Production (AEP) and Carbon Mitigation

Table 12 shows the wind class as per IEC 61400-1:2019 [30]. It also provides the rate of
measured data recovery for one complete year (i.e., 2017). Table 13 summarizes the amount
of annual energy production for different wind turbine models, as well as the computed
capacity factors of each turbine. It is not profitable to produce power at 60 m AGL with low
wind speed, though there are WTGs that work on low wind speed. As can be seen from
Table 13, a hypothetical WTG model (WinWinD-1/60) provides an annual energy amount
of around 1.7 and 1.07 GWh with a capacity factor of 19.22 and 12.78% in Charfashion and
Monpura, respectively.

Table 12. Wind class of the selected microsites as per IEC 61400-1-2.

Site Name
IEC61400-1 Wind Class and Data Recovery Rate (%)

60 m AGL 80 m AGL 100 m AGL

Charfashion Class S (designer sp.)
(96.27%)

Class S (designer sp.)
(94.56%) Class IIIB (93.58%)

Monpura Class S (designer sp.)
(77.56%)

Class S (designer sp.)
(77.34%) Class IIIB (77.92%)

Table 13. AEP for the selected microsites.

Site Name

Annual Energy Production (AEP)

60 m AGL
(WinWinD-1/60) 80 m AGL (GW155-3.3) 100 m AGL (GE 1.6-100)

Charfashion 1.718 GWh 10.806 GWh 6.215 GWh
Monpura 1.079 GWh 8.187 GWh 4.829 GWh

For 80 m AGL, this paper chose Goldwind GW155-3.3MW WTG as a good option for
lower wind speed, producing more than 10.0 and 8.0 GWh of electricity with a capacity
factor of 37.38% and 28.32%, respectively.

For the same area, measuring the AEP at 100 m AGL with IEC class IIIB, the wind
turbine tested with the WTG model GE1.6-100 demonstrated a capacity factor of 43.79%
and 34.03%, respectively. The energy produced in one year is helpful for determining
the reduction in CO2 for a single turbine at different heights, which is shown in Table 14.
According to the estimation of the International Energy Agency (IEA), the estimated CO2
emission factors of Bangladesh are given in Table 15.

Table 14. IEA composite electricity/heat factors of Bangladesh.

Electricity-Specific
Factors (kgCO2/kWh)

IEA Composite Electricity/Heat
Factors (kgCO2/kWh)

Difference
(gCO2/kWh) Difference (%)

0.63714323 0.5737064 0.06344 11.10%
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Table 15. CO2 emission reductions for different types of WTGs at different heights.

Working Area Total Energy Produced (GWh/year) and CO2 Reduction

60 m AGL 80 m AGL 100 m AGL

Coastal (two microsites) 2.79 GWh, 1781.689 tons
of CO2 per year

18.993 GWh,
12,098.54 tons of CO2

per year

11.044 GWh,
7035.028 tons of CO2

per year

It can be well understood from the Table 15 that the generated wind power can signifi-
cantly reduce CO2 emissions passively through a carbon emission avoidance mechanism,
which is the most effective carbon management technique.

4. Conclusions

An investigation of the coastal and near-coastal wind power potentials of Bangladesh
was carried out through real wind data statistical analysis as per the regulations of IEC-
61400-12-1 standard, and via simulated wind energy mapping for mesoscale and microscale
modeling. The analyses at 60, 80, and 100 m AGL all demonstrated the fact that there
are several promising locations for wind power development in Bangladesh. Several
WTGs with different models designed for low wind, such as WinWinD-1/60 for 60 m AGL,
GW155-3.3 for 80 m AGL, and GE 1.6-100 for 100 m AGL, were applied to the selected
coastal area, and it was identified that two microsites (i.e., Charfashion and Monpura) have
promising wind speeds, reaching 7.3 m/s at 100 m AGL, meaning their south-east wind
flow can produce significant energy. WTGs with a capacity factor of 19.22 and 12.78% for
the two sites, respectively, installed at 60 m AGL have the potential to produce 2.79 GWh of
wind power, thus reducing 1781.689 tons of CO2 per year, whereas a wind turbine installed
at 80 or 100 m can produce 18.933 or 11.044 GWh power, reducing 12,098.54 or 7035.028 tons
of CO2 per year, respectively. The capacity factor significantly increases as the height of
a WTG increases (ranges between 28 and 43%). This reduction in carbon could play an
important role for carbon trading if a wind power plant is registered as providing certified
emission reductions (CERs). Unlike the carbon sequester method that captures carbon
directly from the source of emission before its release into the atmosphere, this passive way
of mitigating carbon through the generation of wind energy, along with other renewable
energy, is safe for replacing the carbon-emitting source of energy. This can help to deal
with the global challenges of climate change, thereby promoting sustainable development.

Meso and microscale modeling for wind mapping were validated with real wind
resource data in the projected region and showed that, with a 15% error margin, wind
speed tends towards a smooth over-estimation than with a 30 or 45% error margin (this is
due to the variable roughness of the topography). Correlation and comparison analyses
were performed to check the accuracy of the data. The coastal wind energy of Bangladesh
can add more economic benefits through the reduction of GHG emissions, especially
carbon dioxide.

This research estimated the wind power potential of coastal areas of Bangladesh using
the most effective statistical tools, which helped the validation analysis of the meso- and
microscale wind resource maps of the same region. The findings of this research can be
used effectively to sustainably develop the wind power of Bangladesh’s coastal areas to
meet the energy demands of the country and to help reduce its carbon footprint.
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Abbreviations

AEP Annual energy production
AGL Above ground level
BMD Bangladesh Meteorological Department
CO2 Carbon dioxide
CoP21 Conference of parties
CR Rated capacity
GHG Greenhouse gas
GWEC Global Wind Energy Council
GWh Gigawatt hour
IEC International Electrotechnical Commission
kg Kilogram
km Kilometer
kWh Kilowatt hour
MCP Measure–correlate–predict
M/P Measured/predicted
MW Megawatt
PDF Probability distribution function
PLE Power law exponent
PMRE Percentage mean relative error
RMSE Root mean square error
SDG Sustainable Development Goal
WAsP Wind Atlas Analysis and Application Program
WTG Wind turbine generator
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