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Sustainable, inexhaustible, economical, and clean energy has become a vital

prerequisite to replace fossil fuel sources for power production. In such a

context, countries like Pakistan, which are heavily skewed towards fossil fuel-

fired plants, are diverting attention to install more and more indigenous

renewable energy sources projects such as solar-photovoltaic and wind

turbine power plants. In order to harness the maximum energy of wind

turbines, it is crucial to factually and precisely assess system performance,

which is traditionally inferred by energy analysis (first law analysis). Nevertheless,

this analysis only computes the nominal power generation output and ignores

the effect of meteorological variables that can lead to some serious errors

during the energy planning phase. Consequently, this case study presents both

the energy and exergy analysis of a wind farm located in Gharo town of Thatta

District along the coastline of the Indus Delta. Energy analysis is carried out to

quantify energy efficiency, while exergy analysis computes exergy efficiency by

taking into account the effect of pressure, temperature, and wind speed.

Comparisons of both efficiencies are provided, and the result substantiates

that exergy efficiency turns out to be lower than energy efficiency. However,

exergy is a more viable index due to the inclusion of exergy destruction, and in

comparison to the energy indicator, it presents the actual performance of a

thermodynamic system. The monthly energy and exergy efficiency of the

general electric wind turbines are maximum in July having values of 0.5 and

0.41, respectively.
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1 Introduction

The tremendous increase in energy demands due to extensive population growth,

technological development, and industrialization is primarily met by prevalent fossil fuel

sources (Rapier, 2020; Tahir and Haoyong, 2020). Recently, the atmosphere is witnessing

worse global warming because of over-reliance on these finite and polluted fossil fuel

sources (Tahir et al., 2020; Welsby et al., 2021). In order to meet energy demands with
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minimal detrimental environmental impact, researchers are

heading toward renewable energy source integration into the

power grid (Alves et al., 2020; Tahir et al., 2021a). Amongst

various renewable energy sources such as water, solar, and

geothermal, wind energy utilization has increased manifolds

due to its ease of availability, abundance, cost-competitiveness,

and environmentally benign features (Wagner andMathur, 2018;

Tahir et al., 2019a).

Pakistan, being a third world country and the fifth most

populated country in the world, is facing a demand-supply gap

that led to several blackouts during the last decade (Tahir and Saqib,

2016). Similar to the rest of the world, Pakistan’s energy mix is

heavily dependent on costlier thermal power plants, fired by

imported fuel. Fuel import not only declines the foreign

exchange reserves but also worsens climate issues. For that

reason, the Pakistan government has established the Alternative

Energy Development Board (AEDB) to improve the integration of

renewable energy sources in a grid for reducing dependency on

polluted finite fossil fuel sources. According to the renewable energy

leap-forward development policy, AEDB issued letters of intent to

various private and government companies to install renewable

energy projects in the country. Two of the provinces (Sindh and

Balochistan) are more suitable for wind turbine installation as these

are closer to the coastline. At present, the Government entails

painstaking attention to Sindh province as it is the second most

populated province of the country and has plenty of vacant space

available for wind farm projects. Furthermore, this province has

suffered prolonged power outages and blackouts due to various

reasons in the present electric grid infrastructure.

Most of the research activities regarding wind energy are

about harnessing maximum energy (Minaeian et al., 2017;

Abdolkhalig et al., 2018), overcoming stochastic nature (Yuan

et al., 2014; Jabir et al., 2017), and cost and size optimization

(Fetanat and Khorasaninejad, 2015; Johnston et al., 2015; Tahir

et al., 2019b; Sun et al., 2020). Conversely, these studies do not

present the accurate behavior of wind power generation because

conventionally wind power systems use energy analysis. The

energy analysis computes energy efficiency by nominal power

generation, the ratio of energy generation to wind potential or in

other words how much kinetic energy is converted to electricity.

On the contrary, it ignores the prominent feature that wind

speed/energy is dependent on many meteorological variables

(such as temperature, pressure, air density, and humidity),

and changes in wind speed due to these meteorological

variables will result in different energy production. Hence,

exergy analysis (also known as second law analysis) takes into

account the effect of the above variables, wherein internal

irreversibilities and external losses are included while assessing

wind energy generation. Exergy is defined as the maximum work

potential of a systemwhen it comes to equilibriumwith respect to

the reference environment (Gaggioli, 1998; Tahir et al., 2021b;

Tahir et al., 2022). Recently, exergy analysis has also been

employed on other renewable energy technologies such as

solar photovoltaic plants (Shukla et al., 2016a; Shukla et al.,

2016b; Kumar et al., 2017) and biomass (Mehrpooya et al., 2018;

Yang et al., 2020); however, wind energy power plants are gaining

more attention due to its widespread usage and large capacity. A

few of the most pertinent studies pertaining to second law

analysis for wind energy systems are briefly elaborated below.

Horizontal and vertical axis wind turbine energy and exergy

efficiency are evaluated by (Pope et al., 2010) for four different

wind turbines such as NACA 63 (2)-215 Airfoil, FX 63-

137 Airfoil, Savnious VAWT, and Zephyr VAWT.

Subsequently, four different definitions of outlet velocity (V2)

are outlined while efficiencies (energy and exergy) are computed

by varying inlet velocity (V1) against four different V2. Ozgener

et al. (Ozgener and Ozgener, 2007; Ozgener et al., 2009)

concluded that exergy efficiency varies between 0 and 48.7%

depending on wind speed while Jia et al. (Guang-Zheng et al.,

2004) analyzed that exergy efficiency fluctuates between 35 and

45% when wind speeds are between 5 and 9 m/s.

In addition, meteorological variable effects on the exergy

efficiency of wind turbines are contemplated in (Baskut et al.,

2010). Baskut et al., (2011) employed exergy analysis on a wind

farm in Turkey, wherein they pointed out that a decrease in the

reference temperature results in considerable energetic and exegetic

losses. However, for computing exergy efficiency, only the pressure

differences between the inlet and outlet of wind turbines are taken

into account while temperature and humidity differences are

ignored. Exergy analysis of wind turbines for the location of

Tehran is performed by Mehdi et al. (Ehyaei and Assad, 2021),

which is given in the 13th chapter of book “Design and Performance

Optimization of Renewable Energy Systems”, while Adel

Mohammed Redha et al. (Redha et al., 2011) employed

thermodynamic analysis (exergy analysis) for computing Sharjah-

based VESTAS V52 wind turbine exergy efficiency for 3 months

(January–March). Unlike Omer et al., it exploited the temperature

differences but ignored the pressure and humidity differences when

employing exergy analysis. Furthermore, Diyoke, (2020).

investigated the exergy performance of wind turbines at four

different sites in Nigeria, while Koroneos et al., (2003)

investigated the exergy analysis of renewable energy sources

including wind turbines, but wind speeds greater than 9 m/s are

assumed as zero, which is not true in a practical world.

In a nutshell, most of the preliminary studies did not conduct

a long term energy and exergy analysis as conducted by Baskut

et al., (2011), which utilized 11-months data, while most of the

aforementioned studies either used temperature differences or

pressure differences when evaluating exergy efficiency. Herein, to

fill this substantial and core pivotal gap, this study takes into

account both the temperature and pressure differences for

performing exergy analysis of the whole year. Afterward,

pressure and temperature differences against the wind speed

are exploited by observing the last 10 years (2009–2019) weather

pattern. To the best of our best knowledge, this is the first time

when energy and exergy analysis are carried out for any Pakistan
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location. This case study provides the technical characteristics of

the wind farm installed in Gharo town, Sindh province (taken

from the National Electric Power Regulatory Authority (NEPRA)

(National Electric Power Regulatory Authority, 2021)) and

observes meteorological variables (Online, 2021) to compute

the wind speed of the year 2020. This study furthermore

computes energy and exergy efficiency of wind turbine for a

whole year, demonstrates the in-depth comparison of both

efficiency, and finally, investigates the variation in exergy

efficiency by varying temperature and pressure in an attempt

to accurately assess the performance of the wind power plant at a

given site. The limitations and assumptions used throughout this

study are listed as follows.

i) Wind flow is assumed to be uni-dimensional, steady, and

incompressible

ii) Temperature and pressure differences at the inlet and outlet

of a wind turbine are taken into account

iii) Heat transfer or phase changes are not considered

iv) The effect of humidity is ignored

The rest of the article is structured as follows. Section 2

elaborates on the case study, and Section 3 provides an energy

and exergy analysis investigation on the given case study. Section

4 demonstrates results and discussion, while significant findings

summary and future work scope are given in Section 5.

FIGURE 1
Wind farm location map.

FIGURE 2
Side view of the horizontal axis three-blade wind turbine.

TABLE 1 Wind farm micrositting layout for 13.8 MW (6*2.3).

Turbine number Easting [m] Northing [m]

1 379067 2735698

2 379099 2736089

3 379493 2735343

4 379689 2735823

5 379646 2736214

6 379589 2736558
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2 Case study

The present case study of a 14 MW wind farm in the Gharo

wind corridor, District Thatta, and province Sindh, is being

installed by Burj Wind Energy Limited, a UAE-based

company. Sindh province has a 290 km long coastline that

makes it apt for wind power generation. Gharo (Latitude

24.7409° or 24° 44′ 27.2″ north, Longitude 67.581° or 67° 34′
51.6″ east), a small town close to the coastline and not so far from

the two biggest cities of Sindh province (Karachi and

Hyderabad), is an ideal place for wind power plant

generation. Wind farm location map and micrositting layout

are shown in Figure 1 and Table 1 respectively.

The nacelle contains the main shaft (low-speed shaft),

gearbox, high-speed shaft, bearing, and generator. Usually,

wind turbines start to turn at a very low speed, but these low-

speed rotations are not enough to generate electricity. Thus,

speed is increased with the help of a gearbox in the nacelle, and a

TABLE 2 Technical specifications of the Gharo wind farm.

Wind farm capacity, configuration, and location

Wind farm location Gharo, District Thatta, Sindh province, Pakistan

Land 25 acres

Wind turbine type, make, and
model

General Electric GE 2.3–116

Installed capacity 13.8 MW

Generation capacity 5.6 MW

Number of wind turbine units/
size of each unit

06*2.3

Installation Onshore

Life expectancy 25 years

Rotor

Number of blades 3

Swept area 10568 m2

Rotor diameter 116 m

Rated power at 12.5 m/s air density of 1.225 kg/m3

Power regulation Combination of blade pitch angle adjustments
and generator/convertor torque control

Rotor speed 8–15.7 rpm

Cut-in speed 3 m/s

Cut-out speed 22 m/s

Survival speed 52 m/s

Pitch regulation Electric motor drives a ring gear mounted to the
inner race of the blade pitch bearing

Blades

Type description Pitching blade

Blade length 56.9 m

Material Glass fiber reinforced polyester, PVC, and balsa
foam

Weight 11,000 kg (per piece)

Gear box

Type Planetary/Helical

Gear ratio 1:104

Main shaft Cast iron GGG 700/400

Oil quantity 440 L

Main shaft bearing Roller bearing mounted in a pillow block
housing arrangement

Generator

Power 2385 kW

Type Doubly fed induction

Speed Rated speed 1820 rpm, range 1000–1820 rpm,
and synchronous speed 1500

Enclosure class IP 54

Voltage 690 V

Coupling Flexible coupling

Efficiency >97
Weight 8450 kg

Power factor +/-0.95

Tower

Hub height 94 m

Type Tubular steel tower

(Continued in next column)

TABLE 2 (Continued) Technical specifications of the Gharo wind farm.

Wind farm capacity, configuration, and location

Shape Conical
Control system

Type Automatic or manually controlled

Grid connection Via back-to-back AC–DC–AC power electronics
converter connected to rotor winding

Scope of monitoring Remote monitoring of temperature sensors,
pitch parameters, speed, generator torque, wind
speed, and direction

Recording Production data, event list, long- and short-term
trends

Brake

Design Electromechanical pitch control for each blade
(3 self-contained systems)

Operational brake Aerodynamic brake achieved by feathering
blades

Secondary brake Hydraulic parking brake

Yaw system

Type description Active electrical motor power through geared
ground with bolt bearings and hydraulic breaks

Yaw bearing Roller bearing

Brake Planetary yaw drives

Yaw driving device 4 planetary yaw drives

Speed 0.5°/s

Miscellaneous

Annual full load hours 3600

Average wind turbine
generator availability

97%

Total gross generation 62.7

Array and miscellaneous
losses (GWh)

8.67

Net capacity factor 41.1%
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high-speed shaft is connected to a generator for imperative rpms

(which are usually 1000–1800 rpms) to produce power.

Wind speed is not distributed uniformly; therefore, yaw control

makes sure to rotate the nacelle about the vertical axis of the tower to

always align with the wind. On the other hand, there is also a chance

of excessive wind speed that can damage the turbine, in such context,

rotation of turbine blades about their axis can be used to control

wind speed, which is known as pitch control. Based on these two

control mechanisms, two types of breaks exist.

i) Pitch (rotor) brake: prevents the rotor blades from spinning

too fast during high wind speed. It can be deployed during

emergency operations and for maintenance purposes.

ii) Yaw brake: is used to move the nacelle away from the

excessive wind that might cause torsional oscillation in a

tower.

An anemometer and wind wanemounted on top of the nacelle

determine wind speed and direction, respectively. For large wind

turbines, a steel tubular tower is preferred over lattice towers, and it

shapes like a conical as shown in Figure 1. This figure depicts the

major components of the horizontal wind axis turbine under

study. Horizontal axis turbines (shown in Figure 2) are superior

to vertical axis because of its ability to cover a larger swept area.

The speed at which wind turbines start generating power,

attaining maximum power, and before shutting down is known

as cut-in (6–9 mph), rated (25–35 mph), and cut-out speeds

(45–55 mph), respectively.

The International Electrochemical Commission (IEC)

institution sets four different classes of wind turbines

depending on the wind speed, gusts, and turbulence. In

addition, wind pressure in a wind turbine installation place is

also important to consider, which is covered by the wind zone

section. Other than the wind zone and class, the height of the

tower is also a prominent factor to infer wind speed. The taller the

towers, the higher the wind velocity changes, but it suffers the

transportation issues and greater costs.

General Electric (GE) companywas chosen for awind turbine that

is considered one of the top manufacturers in the wind industry. After

the feasibility study, the optimized size of the proposed wind farm was

found out to be 13.8MW,with six turbines of 2.30MWeach.Over the

last 15 years, the wind turbine generators (WTGs) have seen a lot of

improvement in their design. Though wind energy is considered to be

clean, but it causes soil, water, and noise pollution during construction

and operation. In particular, noise pollution (after project completion)

makes it difficult for communities to live nearby anywind farm. In this

regard, turbine blades by airfoil design help to attainmaximum energy

production at an economical expedient level withminimumnoise, but

still a lot of work needs to be done to eradicate such pollution. All of

these technical specifications are enlisted in Table 2, and the wind

turbine power curve is depicted in Figure 3.

Thrust coefficient, as shown in Figure 3, is generally used to

describe the wakes of wind turbines because the wind exiting the

turbine has lower energy content in comparison to the wind

entering the turbine. Consequently, wind turbines create a wind

shade in the form of turbulent and slowed-down wind trail in the

downwind direction, which is known as the wake of a turbine.

Such effect is characterized by the power/thrust coefficient which

is a nondimensional quantity; it is the axial force applied to the

flow by the turbine in comparison to the flow’s incoming

momentum, and it can be computed by using thefollowing

equation (Martínez-Tossas et al., 2022):

CT � F
1
2 ρAv

2∞
, (1)

where F, ρ,A, and v are the thrust force, fluid density, rotor swept

area, and upstream velocity, respectively. Higher thrust

coefficient due to the initial change in wind velocity (in the

range of 3.5 m/s to 8 m/s velocity) indicates higher wake

turbulence near the rotor, and in such cases, more recovery

and effective control are needed. It can be seen that the lower the

wake turbulence or lower the thrust coefficient between cut-in

and cut-out velocity, the higher the power production.

3 Energy and exergy analysis
formulation

3.1 Energy analysis

General energy balance for a control volume can be

represented as

Ein � Eout →
dECV

dt

� Qcv −Wcv +∑
i

mi(h + v2

2
+ gz)

i

−∑
o

mo(h + v2

2
+ gz)

o

,

(2)

FIGURE 3
2.3 MW general electric wind turbine power curve.
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where dECV
dt is the time rate of change of energy under control

volume, andWcv is work effects like generating power in terms of

mechanical energy by rotating shaft or electrical energy with the

help of a synchronous generator. h, v , and z represents enthalpy,

velocity, and elevation, respectively. In the case of a wind energy

system under steady-state conditions, the above equation reduces

to the below expression.
Under steady-state conditions, dECV

dt � 0.

Work is measured only in terms of generated power, and heat

transfer is ignored. Qcv � 0, Wcv � Pe.

There is no height difference between the inlet and outlet of a

wind turbine (z � 0). Now, the equation reduces to the following

expression:

m1h1 +m1
v2

2
� m2h2 +m2

v2

2
. (3)

The air is assumed to be incompressible for a wind turbine

system that makes the inlet and outlet air mass flow rates equal.

(mi � mo). As a result, power generation in the case of wind

turbine systems is only related to converting mechanical power

(kinetic energy) to electrical energy as shown below. The energy

balance between the inlet and outlet of a wind turbine can be

expressed as

KE1 � KE2 + Powe, (4)
Ein � EKE � ΔKE � KE1 − KE2, (5)

Eout � Powe. (6)

FIGURE 4
Average temperature and pressure of the Gharo site.

FIGURE 5
Wind variation for the Gharo site.
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Kinetic energy is generally evaluated as

KE � 1
2
mv2. (7)

It is cumbersome to compute the mass of wind; therefore, it

can be computed in terms of density of air shown as follows:

ρ � m

V
, (8)

m � ρ × V, (9)
where V � A × L, and L � vt. By putting these values in (9), the

following equation is generated:

m � ρAvt. (10)

Now, putting values of m in Equation 7 results in

KE � 1
2
ρAtv3, (11)

η � Eout

Ein
. (12)

3.2 Exergy analysis

Exergy has four types: potential, kinetic, physical, and

chemical exergy. In case of the wind turbine system, chemical

and potential exergy are ignored due to no chemical affinity

involvement and non-significant height difference between the

inlet and outlet of the turbine, respectively. Additionally, kinetic

energy and exergy share the same value as this is considered high

quality energy. Though kinetic energy in energy balance covers

the wind velocity, but it ignores the paramount parameters which

effect or vary wind velocity such as temperature difference

(chilling effect), pressure difference (velocity effect), and

humidity. Usually, the air is assumed to be dry and the role

of humidity is ignored, but temperature and pressure differences

play a decisive role in evaluating the true performance of the

wind energy system, which is provided by exergy analysis.

Exout � Exin + Exdest. (13)

Exdest represents exergy destruction.

The wind pressure effect is determined by Bernoulli’s

equation, while the wind-chill effect leads to temperature

differences, which are attributed to enthalpy and entropy

components.

Exin � ExKE + Exphy, (14)
ExKE � Ein, (15)

Exphy � (H −Ho) + To(S − So), (16)
ΔH � mCp(T2 − T1), (17)

ΔS � mTo(C ln(T2

T1
) − R ln(P2

P1
) − Qloss

To
). (18)

T1, and T2 are the wind chill temperatures at the outlet of

turbine. P1, and P2 are the pressure differences at the inlet and

outlet of the wind turbine, respectively. C and Qloss represents

heat capacity the wind turbine heat losses,

respectively. (∴Qloss � mC(To − Tavg))
The total input wind exergy is represented as

Exw
in � Exw

e +mC(T2 − T1)+
mTo(Cp ln(T2

T1
) − R ln(P2

P1
) − Qloss

To
)︸���������������︷︷���������������︸

Exergy destruction/Irreversibilities

, (19)

FIGURE 6
Monthly energy and exergy efficiency quantification of GE-wind turbine.
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ψ � Exout

Exin
. (20)

The variations of meteorological variables that encompass

average low temperature, average high temperature, and average

pressure are represented in Figure 4. Furthermore, maximum

wind, average wind, and average gust speeds in km/h are

demonstrated in Figure 5.

4 Results and discussion

The Gharo wind farm comprises six wind turbines of 2.3 MW

each, generating electricity at a capacity of around 5.6 MW.GEwind

turbine models with 10568 m2 rotor swept area, 116 m rotor

diameter, and 56.8 blade length are installed around 25 acres of

land on a given site. The understudy (GE 2.3–116MW) wind

turbine swept area is 27% more than GE 1.7 MW, which helps

to generate 26% more energy annually. In addition, a wind turbine

having 56.7 m blade length with state of the art airfoil design

guarantees higher energy production with a reduced noise level

at a lower cost for Class II/III sites.

The energy and exergy analysis of wind turbines is conducted

to compute energy and exergy efficiency by using (10) and 18.

These analyses are intended to evaluate the effectiveness of wind

turbines by observing how much wind KE is converted into

power generation. Air density, reference temperature, and

pressure are assumed as 1.225 kg/m3, 27°C (300.15 K), and

1 bar (100 kPa), respectively. The average monthly energy and

exergy efficiency of the GE-wind turbine according to the

weather data of the Gharo site is plotted in Figure 6.

Though energy and exergy efficiency follows the same trend

throughout the year but exergy efficiency tends to be lower than

energy efficiency as energy efficiency is overestimated. Energy

efficiency cannot provide the precise performance of a system,

which often leads to inaccurate results and misguide us from the

factual assessment. This is due to the fact that energy efficiency

only takes into account the effect of nominal power generation

depending on the conversion of kinetic energy to electrical

energy. Contrarily, it ignores the foremost fact that kinetic

energy conversion is influenced by wind speed, and this wind

speed is dependent on meteorological variables such as

temperature and pressure.

Accordingly, variation in exergy efficiency can be

understood by the three most predominant parameters: 1)

change in speed/velocity; 2) change in temperature; and 3)

change in pressure.

Wind velocity is categorized into three types: cut-in,

rated, and cut-out velocity. No power is generated below

cut-in speed (3 m/s) and after cut-out speed (22 m/s),

controllers are designed to shut down turbines to protect

wind turbines. For that reason, it does not make sense to talk

about efficiency when there is no power generation below cut-

in and after cut-out, whereas fluctuating efficiency trends are

being observed that usually following the linear trend with a

velocity between the cut-in and cut-out range. In this regard,

the higher the wind velocity, the more exergetically efficient a

wind turbine is. Nonetheless, the change in velocity is

influenced by the change in temperature and pressure. The

increase in exergy efficiency is associated with a rise in

temperature that increases wind velocity (follow the direct

relation).

FIGURE 7
Exergy efficiency variation with changing temperature, pressure, and wind speed.
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Exergy efficiency is maximum during the month of July

because the wind is blowing at maximum speed during this

month. Furthermore, the temperature is also higher during

this month though not maximum. This can be understood by

taking into account the effect of pressure as high pressure

differences result in low exergy efficiency (follow the inverse

relation). In particular, the difference between temperature

and pressure is greatest in July due to high wind velocity that

ultimately results in the least exergy destruction and higher

exergy efficiency. The thermodynamic assessment of GE

2.3–116 MW is better comprehended by the illustration of

change in wind speed, temperature, and pressure effect on

exergy efficiency as presented in Figure 7.

In short, energy analysis ignores environmental

conditions, internal irreversibilities, enthalpy, and entropy

contributions that result in the overestimation of energy

efficiency. To this end, exergy efficiency computation

becomes increasingly critical in order to determine the

actual performance by taking into account the effect of

meteorological variables such as temperature, pressure, and

wind speed. In comparison to temperature and pressure,

variation of wind speed plays an indispensable role in

exergy efficiency since wind energy fluctuation is

proportional to the cube of wind velocity (see Eq. 9).

Exergy analysis identifies that only 40% of wind energy can

be converted to useful work that is producing power while the

rest of 60% is destroyed (termed as anergy), which is

accounted as exergy destruction. Though exergy efficiency

turns out to be lower than energy efficiency but it depicts the

true thermodynamic assessment of the proposed system by

addressing the Frontier issue of meteorological variables and

exergy losses effect on efficiency quantification. Therefore,

higher exergy destruction means lower exergy efficiency and

vice versa, as it is corroborated in Figure 8, wherein depicts

that exergy destruction is lowest during the month of July,

resulting in the highest exergy efficiency during this month.

5 Conclusion

Being a third world country, Pakistan is giving priority to

indigenous renewable energy sources such as wind turbines to

diversify the country’s energy portfolio. It enhances the energy

security of the country, thereby reducing the dependence on

imported furnace oil and carbon emissions by generating clean

electricity. This study investigates one of the wind power plant

projects in a small town, Gharo (along the coastline of Sindh

province, Pakistan) by employing energy and exergy analysis.

Energy analysis computes the energy efficiency by just evaluating

the conversion of kinetic energy to electrical energy, but exergy

analysis also takes into account the effect of pressure,

temperature, and wind speed to compute exergy efficiency.

The results substantiate that both efficiencies (energy and

exergy) are maximum during the month of July, while exergy

efficiency varying between 18 and 41% turns out to be lower than

energy efficiency that lies within 24–50%. Maximum exergy

efficiency during the month of July is corroborated by

maximum exergy destruction during this month. According to

the local weather data, a comparative performance assessment

reveals that the exergy analysis results are inferior to energy

analysis, but it demonstrates factual assessment and performance

of wind turbines that can help engineers and government

administrators to formulate policies accordingly in order to

foster the actual performance of wind energy plants.

FIGURE 8
Monthly exergy destruction variation.
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This study can be further extended to envisage advanced

exergy analysis, with a focus to include avoidable and

unavoidable losses. There is also a scope of presenting

insightful results by evaluating hidden exergy destruction costs

and the environmental impact of wind turbines with the aid of

exergoeconomic and exergoenvironment assessment.
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Nomenclature

Abbreviations

AEDB Alternative Energy Development Board

GE General Electric

IES International Electrochemical Commission

NEPRA National Electric Power Regulatory

WTG Wind turbine generator

Symbols

Subscripts
o Ambient

avg Average

cv Control volume

dest Destruction

e Electricity

i or 1 Inlet of wind turbine

KE Kinetic energy/exergyKinetic energy/exergy [J/kg]

loss Losses

o or 2 Outlet of wind turbine

phy Physical

Superscripts

w Wind

Constants and variables

E Energy [kJ]

Ex Exergy [kJ]

T Temperature [K]

P Pressure [kPa]

Q Heat transfer

W Work done [kJ]

C Heat capacity [kJ/kg]

KE Kinetic energy/exergyKinetic energy/exergy [J/kg]

η Wind turbine energy efficiency

ψ Wind turbine exergy efficiency

CT Thrust coefficient

H Enthalpy [kJ]

S Entropy [kJ/K]

v Velocity [m/s]

g Gravitational force [m/s2]

z Elevation [m]

ς Exergy factor

m Mass flow [kg]

Pow Power generation [kW]

F Thrust force [N]

To Absolute temperature [K]

ρ Air density [kg/m3],L ,V swept area [m2], length [m], and

volume [m3]
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