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ABSTRACT 
 

Integrated renewable energy systems are considered to be the most promising sustainable 
power generation solution in the near future. Due to the technological developments in the 
last two decades, development of renewable energy system has greatly increased to face the 
negative environmental impact caused by conventional energy sources and continuous rising 
of prices of conventional fuels (coal, gas and oil etc). Among several renewable energy 
source alternatives, hybrid configuration of photovoltaic (PV) and wind turbine (WT) system 
steadily connected to the grid is a potential resource. Development of an optimal design 
approach for hybrid configuration of PV-WT system interfaced to a grid requires to take into 
consideration of different system variables such as potential solar irradiance and wind speed 
profiles, daily load profile, technical specifications of devices used in PV-WT system, grid 
electricity cost, initial investment cost, operation and maintenance cost of PV-WT system, 
land availability and cost of land etc. Optimal balancing among PV, WT and grid electricity 
requires particular attention to achieve a good engineering solution. In previous literature, 
different design approaches represented by several optimization algorithms such as particle 
swarm optimization (PSO), genetic algorithm, modified PSO, discrete harmony search 
algorithm etc are used to make hybrid configuration of renewable energy sources. These 
optimization algorithms are used to minimize single objective function, this objective 
function is represented mainly by the total system cost. Sometimes technical and/ or 
economical and/ or environmental requirements are converted into a single mathematical 
expression to make single objective function. These methods are not always practical since 
some of the system variables might not be easily converted into a single unified unit. Multi-
criteria optimization without the need for conversion of several design criteria to a single 
function is a very significant design solution in this respect. Few researches used multi-
criteria optimization approach for making hybrid configuration of renewable energy sources 
considering two or three criteria. 
This research deals with problem of optimal electricity sharing among PV, WT and grid 
considering four criteria such as technical, economical, social and environmental criterion. 
Annual average electricity share from grid is considered, as there are some locations where 
solar and wind resources are not sufficient enough to generate electricity to meet the annual 
electricity demand of those locations. Technical criterion is represented as energy index of 
reliability (EIR). EIR indicates the capability of energy sources to meet the load for different 
instances throughout the day. Economical criterion is represented as cost per unit electricity 
(kWh) generation. Environmental criterion is represented as equivalent CO2  emission for 
usage of electricity from PV and WT system. Social criterion is represented as social 
acceptance by the inhabitants. Although PV and WT system emits low equivalent CO2 but 
usage of land is larger than that of conventional power plant. Considering land usage and 
emission of equivalent CO2  for generation of 1MWh electricity per day social criterion is 
modeled using fuzzy logic.  
In this thesis PV panels are considered to be annually fixed to a particular tilt and azimuth 
angle. Considering variations of solar irradiances in different months of a year for a particular 
location, optimal tilt and azimuth angle of PV surface is determined using genetic algorithm. 
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As the value of power conversion co-efficient (Cp) of wind turbine varies for different wind 
speeds, electricity generated from wind turbine in different wind speed conditions are directly 
calculated from power curve of the wind turbine provided by the manufacturers.  Due to 
aging of PV panels and WT generators, capacity of electricity conversion is reduced. To take 
into account of de-rating of PV and WT systems due to aging effect, linearly de-rating curve 
is considered according to the technical information provided in technical data specification 
sheet supplied by the manufactures. Sixty six numbers of alternatives are generated for 
different sharing of electricity among PV, WT and grid sources to meet the local demand of 
electricity. Each alternative consists of individually different integration of percentile sharing 
of electricity sources. Performances of multiple criteria are evaluated for every alternative. 
The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is the one of 
the powerful multi-criteria decision analysis which is used for ranking the alternatives. As 
cost is the most important consideration for planning of a large scale power plant, economical 
criterion should be given more preference. This research proposed the double weighing of 
economical criterion than any other criteria. A case study is performed for the location of 
Kutubdia Island, Bangladesh. A comprehensive electrical design of grid tie PV-WT system is 
adopted for the best alternative considering solar wind resources and daily load profile of the 
location of Kutubdia Island, Bangladesh. 
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CHAPTER 1 

INTRODUCTION 

 

1.1  INTRODUCTION 

Human activities since the beginning of the Industrial Revolution (taken as the year in 1750) 
are polluting our atmosphere with carbon dioxide and other global warming emissions (green 
house gases), which trap heat, steadily drive up the planet‟s temperature, and create 
significant and harmful impacts on our health, environment, and climate. During conversion 
or extraction of energy, green house gases are mainly emitted to the atmosphere. At the 
present time our atmosphere is contaminated with green house gases and hence savings of 
health, environment and climate are now being world‟s major concern. Renewable energy 
sources like wind, solar, geothermal, hydroelectric, ocean wave and biomass etc provide 
substantial benefits for our environment, health, and economy.  Renewable energy sources 
quickly replenish themselves and can be used again and again. Use of renewable energy 
produces less green house gases and hence adverse effect on environment is significantly 
less. According to data aggregated by the International Panel on Climate Change (IPCC), 
life-cycle global warming emissions associated with renewable energy including 
manufacturing, installation, operation and maintenance, and dismantling and 
decommissioning are minimal [1]. Owing to increasing cost, resultant pollution and probable 
depletion of fossil fuels, the research and application of new type of clean, renewable energy 
is becoming more and more important. Keeping pace with the global trend, Bangladesh has 
attached due importance to development of renewable energy. According to “Renewable 
Energy Policy of Bangladesh” released by the Power Division in November 2008, 
Bangladesh sets a target that 10% of total electricity demand will be fulfilled by renewable 
energy by 2020. The government estimates that electricity demand in 2020 will reach approx. 
17,600 MW and 1,760 MW should be generated by renewable energy to cover 10% of the 
demand.  Among many other renewable energy sources, solar and wind is becoming more 
feasible in Bangladesh [2]. Optimum design of grid interfaced solar –wind electricity 
generation system is very important to supply more renewable electricity to the national grid 
of Bangladesh. 

1.2 STATEMENT OF THE PROBLEM 

Considering sustainable energy development challenges, grid interfaced photovoltaic (PV) 
and wind turbine (WT) i.e., hybrid renewable energy (HRE) is believed to be of high 
importantance in the future power generation systems (PGSs). For grid interfaced power 
generation system there is a provision to evacuate extra generated energy (EGE) over the load 
demand and sell it to the grid for financial benefits. For design of hybrid configuration of 
renewable energy sources, different approaches use optimization algorithms such as Particle 
Swarm Optimization (PSO) [3], genetic algorithms [4], modified PSO[5], discrete harmony 
search algorithm[6] etc. In [3]-[6], single objective function to be minimized is considered. 
Mainly, this function is represented by the total system cost. Several technical and 
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environmental requirements may be included for finding optimal solution. Technical, and /or 
economical and/or environmental requirement are converted into a single mathematical 
expression to make a single objective function. These methods are not always practical since 
some of the system variables might not be easily unified into a single unit. Multi-criteria 
optimization of design is an important approach that simultaneously optimizes the several 
specified criteria. In [4] cost and availability of power are optimized, in [3], [5] cost, 
reliability and pollutant emission criteria are optimized and in [6] cost is optimized for 
designing of PV-WT hybrid generation system. More insightful multi-criteria approach is 
represented in [7] where economical, social and environmental criteria are optimized to 
identify the optimal sharing among PV and WT system. In [7] a grid connected PV-WT 
system is considered, where annual average grid electricity share is considered to be zero. But 
in some cases, there may be some locations where total solar and wind resources are not 
sufficient enough to generate electricity to meet the total annual load demand of those 
locations. A new approach should be developed that allows the annual average electricity 
share from grid system as well as PV-WT system considering technical, economical, social 
and environmental criteria. 
 
1.3 OBJECTIVES OF THE THESIS 

The objectives of the thesis works are 

i) To study the design of a grid interfaced photovoltaic electricity generation system. 
 

ii) To study the design of a grid interfaced wind electricity generation system. 
 

iii) To evaluate the performances of technical, economical, environmental and social 
criteria for a grid tie PV-WT hybrid electricity generation system. 

 
iv) To develop a design approach using multi-criteria optimization algorithm in order 

to find optimal sharing of PV and WT for a given grid share considering technical, 
economical, environmental and social criteria. 

 
v) To apply this approach for designing of a grid tie PV-WT hybrid electricity 

generation system for a location of Kutubdia island, Bangladesh. 
 

1.4 METHODOLOGY 

Multicriteria optimization is an important approach that simultaneously optimizes the several 
specific criteria. In this thesis, technical, economical, social and environmental criteria are 
simultaneously optimized for designing of a grid tie Photovoltaic (PV) and wind turbine 
(WT) electricity generation system. Reliability which is the technical criterion is identified as 
energy index of reliability (EIR). EIR indicates the capacity of energy sources to meet the 
load for different time throughout the day. Economical criterion is evaluated as cost per unit 
electricity (kWh) generation. Emission of equivalent green house gases (eq. GHGs) is 
estimated for evaluation of environmental criterion. Social concern (acceptance by the 
inhabitants) regarding land usage and emission of equivalent GHGs for generation of 
electricity is modeled using fuzzy logic expression and it is evaluated as social criterion. 
Several alternatives are formed for different sharing of electricity among PV, WT and grid 
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sources to meet the assigned local demand of electricity. Each alternative consists of 
individually different integration of percentile sharing of electricity sources. Each alternative 
is evaluated considering technical, economical, social and environmental criteria. The 
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a multicriteria 
optimization algorithm which is used to rank the alternatives and the best alternative is 
identified. Considering the best alternative, a case study is performed for designing a grid 
interfaced PV-WT electricity generation system for a location of Kutubdia, Bangladesh 
which will be connected to a grid in near future. 

The flow chart of the methodology of the thesis is given below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Flow chart of the thesis. 

Study on designing of a grid interfaced PV-WT power system. 

Specify technical, economical, social and environmental criteria 
for designing of a grid interfaced PV- WT power system. 

Formation of several alternatives for different sharing of 
generation of electricity among PV, WT and grid sources. 

Evaluation of design criteria for all alternatives. 

Ranking of all alternatives using multicriteria optimization 
algorithm like TOPSIS and identification of the best alternative. 

Considering best alternative, perform a case study for designing a 
grid interfaced PV-WT electricity generation system for a location 

of Kutubdia Island, Bangladesh. 
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CHAPTER 2 

 PHOTOVOLTAIC AND WIND ELECTRICITY 

 

2.1  THE SUN AND SOURCE OF SOLAR ENERGY 

The sun is a nearly perfect sphere of hot plasma and it is considered as the star at the center of 
the solar system. The sun is by far the most important source of energy for life on the earth. 
The diameter and mass of the sun are 109 times and 330000 times respectively than that of 
the earth. About three quarters of the Sun's mass consists of hydrogen (~73%); the rest is 
mostly helium (~25%), with much smaller quantities of heavier elements, including oxygen, 
carbon, neon, and iron. The Sun has high gravitational force and high temperature (approx. 
6000°C) inside it and it can produce self initiating nuclear fusion reaction to produce energy. 
Sun energy is produced mostly by nuclear fusion in the core region through a series of steps 
called the p–p (proton–proton) chain (this process converts hydrogen into helium). The sun 
releases energy at a rate of 3.846×1026 J sec  [8] in forms of heat and light. 
 
2.2  SOLAR ENERGY 

Solar energy is radiant light and heat from the Sun. Sunlight is a portion of the 
electromagnetic radiation given off by the Sun, in particular infrared, visible, and ultraviolet 
light. Sunlight consists of both light and heat. The Earth receives 174,000 terawatts (TW) of 
incoming solar radiation (insolation) at the upper atmosphere [9]. Approximately 30% is 
reflected back to space while the rest is absorbed by clouds, oceans and land masses. The 
spectrum of solar light at the Earth's surface is mostly spread across the visible and near-
infrared ranges with a small part in the near-ultraviolet. Most of the world's population lives 
in areas with insolation levels of 3.5-7.0 kWh/m² per day [10]. 

                  

 

Fig. 2.1 Scenario of percentile of incoming solar energy distribution[10]. 
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The sun delivers its energy to us in two main forms: heat and light. There are two main types 
of solar power systems, namely, solar thermal systems that trap heat to warm up water or any 
other fluid and solar photovoltaic (PV) systems that convert sunlight directly into electricity. 
 

2.3   EQUIVALENT CIRCUIT OF A SOLAR CELL 

To identify the behavior of a solar cell, it is useful to create a model which is electrically 
equivalent, and is based on discrete ideal electrical components whose behavior is well 
defined. The electrical equivalent circuit of a solar cell is shown in figure below. 

 

Fig. 2.2 Equivalent circuit of a PV cell. 

The output current I and output voltage V of solar cell is given by (2.1) and (2.2). 

.
exp( ) 10 . .

V q V Vdo do doI I I I Iph do phR n k T Rsh sh
      

 
 
 

 
 
 .  . . . . . .2.1 

V V R Isdo   . . . . . . . .2.2 

 

Where,  
Iph is the photocurrent in A,  
I0 is the reverse saturation current in A,  
Id0 is the average current through diode in A, 
 n is the diode factor ,  
q is the electron charge, q = 1.6×10-19 C, 
k is Boltzmann‟s constant, k = 1.38×10-23, J⋅K−1, 
T is the solar arrays panel temperature in K, 
 Rs is the intrinsic series resistance of the solar cell in Ohm, (Rs value is normally very small), 
 Rsh is the equivalent shunt resistance of the solar array in Ohm (Rsh value is very large).  
 
In general, the output current of solar cell is expressed by (2.3). 

exp( ( )) 10 . .

V R Iq sI I I V R Isph n k T Rsh


    

  
       

 
 
. . . . . . . .2.3 

If resistances are neglected and (2.3) is simplified to (2.4). 

Rs 

                 
Rsh 

 Ido  Ish 
I Iph 

V Vdo 
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exp( . ) 10 . .

q
I I I Vph n k T
  

 
 
 

 . . . . . . . .2.4 

If the circuit is opened, the output current I = 0 and the open-circuit voltage Voc is expressed 
by (2.5). 

. . . .
1

0 0

I In k T n k Tph phV In Inoc q I q I
  

      
               

 . . . . . . . .2.5 

If the circuit is shorted, the output voltage V = 0, the average current through diode is 
generally neglected, and short-circuit current Isc is expressed by using (2.6). 

1

I phI Isc
Rs
Rsh

 


 
  
 

 
 
. .. . . . . . .2.6 

Finally, the output power P is expressed by (2.7). 

VdoP VI I I Vph do Rsh
   

 
  
 

  
.  . . . . . . .2.7 

 
 
 

 
 

Fig. 2.3 Voltage versus current and voltage versus power curve. 
 

2.4   MAXIMIZATION OF SOLAR ELECTRICITY 

Two things should be adopted with PV system for maximization of solar electricity. One 
thing is the maximization of incident solar irradiance on the PV surface making proper 
azimuth orientation and tilt. For this process sun tracker should be adopted to track the sun 
path and tracker makes the PV surface perpendicular to the solar irradiance and hence input 
will be maximized. The other thing is to extract the PV electricity using maximum power 
point tracking (MPPT) technique. MPPT maximize PV power extraction under all conditions 
of solar irradiance and ambient temperatures. From V-I characteristic of PV array it is 
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observed that for the particular value of load current PV power output is maximum. Using 
MPPT technique PV system operates to that load current corresponding to which power is 
maximum. For MPPT, DC to DC converter is utilized in between the solar array (PV panels), 
and the battery bank or utility grid. Changing the duty cycle of driving signal of the DC-DC 
converter results in an impedance change as seen by the panel and thus operating point 
changes to maximum power point. While operating at the maximum power point, power 
extraction from the PV system is maximum. MPPT embedded charge controllers and 
inverters are commercially available. 

2.5    SOURCE OF WIND ENERGY 
 
Source of wind energy is the sun. The earth receives around 1.7×1014  kW of power from the 
sun in the form of solar radiation. This radiation heats up the atmospheric air. The intensity of 
this heating will be more at the equator (00  latitude) as the sun is directly overhead. Air 
around the poles gets less warm, as the angle at which the radiation reaches the surface is 
more acute. The density of air decreases with increase in temperature. Thus, lighter air from 
the equator rises up into the atmosphere to a certain altitude and then spreads around. This 
causes a pressure drop around this region, which attracts the cooler air from the poles to the 
equator. This movement of air causes the wind. Thus, the wind is generated due to the 
pressure gradient resulting from the uneven heating of earth‟s surface by the sun. As the very 
driving force causing this movement is derived from the sun, wind energy is basically an 
indirect form of solar energy. One to two per cent of the total solar radiation reaching the 
earth‟s surface is converted to wind energy in this way. The wind described above, which is 
driven by the temperature difference, is called the geostrophic wind, or more commonly the 
global wind. Global winds, which are not affected by the earth surface, are found at higher 
altitudes. The rotation of earth leads to another phenomenon near its surface called the 
Coriolis effect, named after the famous mathematician Gustave Gaspard Coriolis. Due to the 
Coriolis effect, the straight movement of air mass from the high pressure region to the low 
pressure region is diverted. 
 
2.6    WIND SPEEDS AT DIFFERENT HEIGHTS 
 
Due to boundary layer effect the flow of air above the ground is retarded by frictional 
resistance offered by the earth. This resistance may be caused by the roughness of the ground 
itself or due to vegetations, buildings and other structures present over the ground. The rate at 
which the velocity increases with height depends on the roughness of the terrain. Presence of 
dense vegetations like plantations, forests, and bushes slows down the wind considerably. 
Level and smooth terrains do not have much effect on the wind speed. The surface roughness 
of a terrain is usually represented by the roughness class or roughness height. Roughness 
height (𝑍0) is equivalent to the height at which the wind speed theoretically becomes zero. 
The roughness height of a surface may be close to zero (surface of the sea) or even as high as 
2m (on town centers). Some typical values are 0.005m for flat and smooth terrains, 0.025-
0.1m for open grass lands, 0.2m to 0.3m for row crops, 0.5m to 1m for orchards and shrubs 
and 1m to 2m for forests, town centers etc[11]. Due to the boundary layer effect, wind speed 
increases with the height in a logarithmic pattern. If the wind data is available at a height Z 
and the roughness height is 𝑍0, then the velocity at a height 𝑍𝑅  is given by [12]. 

𝑉(𝑍𝑅) = 𝑉(𝑍)×
ln (

𝑍𝑅
𝑍0

)

ln (
𝑍

𝑍0
)
 

 
. . . . . . . . .2.8 
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Where 𝑉(𝑍𝑅)   and V(Z) are the velocities at heights 𝑍𝑅  and Z respectively. 
Wind speed power law is an approach for conversion of wind speeds at different height. 
Wind speed power law is expressed as [13] below. 
 

V2

V1
=  

H2

H1
 
α

 
. . . . . . . . .2.9 

Where V2  and V1  are the wind speeds in 𝑚 𝑠  at the heights of H2 and H1  in meter 
respectively. Wind shear exponent, α is unit less and depends on the elevation, time of day, 
season, temperature, terrain, and atmospheric stability etc. 
 

  
Fig. 2.4  Typical variation of wind velocity with height. 

 
 
2.7   POTENTIAL OF WIND ENERGY 
 
The main consideration for implementing a wind power plant in a certain location is the wind 
resource. Other considerations include site accessibility, terrain, land use and proximity to 
transmission grid for grid-connected wind farms. At any location, wind is described by its 
speed and direction. The speed of the wind is measured by anemometer in which the angular 
speed of rotation is translated into a corresponding linear wind speed (in meters per second or 
miles per hour). A Standard anemometer averages wind speed every 10 minutes. Average 
(mean) wind speed is the key in determining the wind energy potential in a particular site. 
Although long-term (over 10 years) speed averages are the most reliable data for wind 
recourse assessment, this type of data is not available for all locations. Therefore, another 
technique based on measurement, correlation and perdition is used. Wind speed 
measurements are recorded for a 1-year period and then compared to a nearby site with 
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available long-term data to forecast wind speed for the location under study[14]. Average 
value for wind speed for a given location alone does not indicate the amount of energy, wind 
turbine could produce there. To assess the climatology of wind speeds at a particular location, 
a probability distribution function is often fit to the observed data. Different locations will 
have different wind speed distributions. The distribution model which most frequently used 
to model wind speed climatology is a two-parameter Weibull distribution. Weibull 
distribution of wind speed is a power tool to represent the potential of wind energy. Another 
important tool is wind rose diagram. Weibull distribution of wind speed and wind rose 
diagram are described below. 
 
 
2.7.1 WEIBULL DISTRIBUTION OF WIND SPEED 
 
Weibull distribution of wind speed can be represented by its probability density function f(V) 
and its cumulative distribution function F(V ). 
 Probablity density of wind speed distribution: 

  







 



Ve
C
V

C
KVf
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k

0;)( /
1

 
. . . . . . .  .2.10 

 
Cumulative probability of wind speed distribution: 

    VeVF
KCV 0;1)( /  . . . . . . . . 2.11 

Where, 
 V= wind speed. 
K= shape factor of frequency of wind speed data distribution. 
C= scale factor of frequency of wind speed data distribution. 
 
 
Weibull parameters K and C are dependent on wind speed data and these are estimated based 
on wind data analysis. There are several methods to determine the parameters K and C like 
empirical method, maximum likelihood method, energy pattern factor method, least square 
method (LSQM). 
 
Consider that wind data consists of N no. of wind speed magnitude segment over its speed 
range and 𝑓𝑖  is the frequency of wind speed magnitude of 𝑖𝑡  segment. 
According to square method (LSQM), K and C are determined as follows [15]. 
 
Step 1 𝑥𝑖 = ln(𝑉𝑖) 

 
Step 2 

𝑦𝑖 = ln (−𝑙𝑛(1 −  
𝑓𝑖

 𝑓𝑖
𝑁
𝑖=1

 ))
𝑗
𝑖=1  

 
Step 3 

𝑥  = 𝑓𝑖
𝑁
𝑖=1 ×𝑥𝑖

 𝑓𝑖
𝑁
𝑖=1
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Step 4 
𝑦  = 𝑓𝑖

𝑁
𝑖=1 ×𝑦𝑖

 𝑓𝑖
𝑁
𝑖=1

 

 
Step 5 

𝐾=  (𝑥𝑖−
𝑁
𝑖=1 𝑥  )(𝑦𝑖−𝑦  )

 (𝑥𝑖−𝑥  )
2𝑁

𝑖=0

 

 
Step 6 

𝐶 = 𝑒(
𝐾𝑥 −𝑦  
𝐾

) 
 

Weibull distribution of wind speed curve is sketched using estimated K and C and this curve 
is the best fitted curve to represent practical wind speed data. Typical Weibull distribution of 
wind speed is shown below. 
 

 
Fig. 2.5   Typical Weibull probability density 𝑓(𝑉)of wind speed distribution and actual 

probability of wind speed distribution (figure reproduced from[15]). 



11 
 

 
Fig. 2.6 Typical Weibull cumulative probability 𝐹(𝑉)of wind speed distribution and actual    
              cumulative probability of wind speed distribution (figure reproduced from[15]). 
 
The most probable wind speed denotes the most frequent wind speed for a given wind 
probability distribution and the wind speed carrying maximum energy represents the wind 
speed which carries the maximum amount of wind energy. They can be expressed as [15] 
follows. 

Most probable wind speed,  𝑉𝑀𝑃= 𝐶(
𝐾−1

𝐾
)1/𝐾  

 

. . . . . . .  .2.12 

Wind speed carrying maximum energy, 𝑉𝑀𝑎𝑥𝐸 = 𝐶(
𝐾+2

𝐾
)1/𝐾  

. . . . . . . . 2.13 

 
2.7.2 WIND ROSE DIAGRAM 
 
Wind rose diagram is a graphical representation of wind speed and direction distribution at a 
particular location over a period of time. For a wind flowing towards a particular direction, 
frequency of wind speeds is sorted and percentage of frequency distribution of wind speeds is 
represented in a circle mentioning direction on the circle.  Magnitudes of various speeds are 
represented by various graphical colors. A typical wind rose diagram is shown below. 
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Fig. 2.7 A typical wind rose diagram[16]. 

 
Wind rose diagram shows magnitude and direction of wind speed experienced at a given 
location over a considerable period of time. 

2.8   WIND POWER  

Energy available in wind is basically the kinetic energy of large masses of air moving over 
the earth surface. Propagation of kinetic energy per second within the particular interfacing 
area that is perpendicular to the direction of wind flow is the wind power.  
  

                              
Fig. 2.8  Approaching of wind towards the area perpendicular to the direction of wind. 

 
Suppose wind having density of ρ 𝑘𝑔 𝑚3  and velocity of  V 𝑚 𝑠  approaching to an area of 
A   𝑚2 which is perpendicular to the direction of wind flow. Wind travels a distance of V 
meter within a second. Mass of wind that passes through the area of A   𝑚2 within a second is 
given by  𝑚 = ρAV kg. 
Propagation of kinetic energy per second = 1

2
× 𝑚 × 𝑉2  = 1

2
× ρA 𝑉3      joules. 
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Wind power Pwind = 1

2
× ρA 𝑉3      watts. . . . . . . . . 2.14 

2.9    BETZ’S LAW AND CONVERSION OF WIND ENERGY  

Betz's law indicates the maximum wind power that can be extracted from the wind turbine, 
independent of the design of a wind turbine in open flow. It was published in 1919, by the 
German physicist Albert Betz. The law is derived from the principles of conservation of mass 
and momentum of the air stream flowing through an idealized "actuator disk" that extracts 
energy from the wind stream. Betz‟s law is based on some assumptions which are as below. 

1. The rotor does not possess a hub and is ideal, with an infinite number of blades which have 
no drag. Any resulting drag would only lower this idealized value. 

2. The flow into and out of the rotor is axial. This is a control volume analysis, and to 
construct a solution the control volume must contain all flow going in and out, failure to 
account for that flow would violate the conservation equations. 

3. The flow is non-compressible. Density remains constant, and there is no heat transfer. 

4. Uniform thrust over the disc or rotor area. 

Consider open flow of wind that passes through the turbine. Maximum possible amount of 
wind power converted by wind turbine will be calculated. Schematic of wind flow through an 
ideal wind turbine is shown in Fig 2.9.  
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Fig. 2.9  Schematic diagram of wind flow through an ideal wind turbine. 

Consider that if all of the energy coming from wind movement through a turbine was 
extracted as useful energy the wind speed afterwards would drop to zero. If the wind stopped 
moving at the exit of the turbine, then no more fresh wind could get in - it would be blocked. 
In order to keep winds moving through the turbine there has to be some wind movement, 
however small, on the other side with a wind speed greater than zero. 

For a constant density fluid, cross sectional area varies inversely with speed.  
Difference in kinetic energies before and after wind turbine is the amount of energy that is 
converted by wind turbine. 
According to conservation of mass, mass flow rate (𝐾𝑔 𝑠  ) before and after the turbine is  the 
same.  
Mass of wind that passes through the area of A   within a second is given by  𝑚 = ρAV . 
 
Wind power before wind turbine =1

2
× m  𝑉1

2=   1
2

× ρAV × 𝑉1
2 
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Wind power after wind turbine = 1

2
× m  𝑉2

2=   1
2

× ρAV × 𝑉2
2  

Converted wind power by turbine = 1
2

× ρAV ( 𝑉1
2 −  𝑉2

2)   . . . . . . . . 2.15 
 
The force exerted on the wind by the rotor may be written as 
F = ma= 𝑚 × (

𝑉1−𝑉2

𝑡
) = 𝑚

𝑡
× (𝑉1 − 𝑉2) =  𝑚 × (𝑉1 − 𝑉2)= ρAV (𝑉1 − 𝑉2) 

 
The work done per second by the force acting on wind particles that causes displacement of 
V of wind particles per second   can be as 
E = FV = ρAV (V1 − V2) × V= ρA 𝑉2(𝑉1 − 𝑉2)   
Power converted by the turbine = work done per second by the wind particles 
Converted wind power by turbine = ρA 𝑉2(𝑉1 − 𝑉2)    . . . . . . . . 2.16 
 
Equating expression (3.8) and (3.9) yields 

V =
V1+V2

2
 , putting the value of V in expression (3.8) 

 Wind turbine power, Pturbine = 1

2
× ρA  

V1+V2

2
    𝑉1

2 −  𝑉2
2  = 1

4
× ρA V1 + V2    𝑉1

2 −  𝑉2
2  

Pturbine = 1
4

× 𝑉1
3ρA  

V1+V2

V1
 (

 𝑉1
2− 𝑉2

2

𝑉1
2 ) = 1

4
× 𝑉1

3ρA  1 +
V2

V1
 (1 −

 𝑉2
2

𝑉1
2 ) . . . . . . .  2.17 

Let b= V2

V1
 and then Pturbine = 1

4
× 𝑉1

3ρA 1 + b (1 − 𝑏2
) . . . . . . .  2.18 

 

Pturbine  will be maximum for 𝑑(Pturbine )

𝑑𝑏
 =0, hence 

1

4
× 𝑉1

3ρA b + 1 (3b − 1) =0 
Or,  b + 1 (3b − 1)=0  

Or, b = −1,
1

3
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Fig. 2.10  Performance coefficient of wind turbine curve. 

 
This implies 𝑉2 = −𝑉1 𝑜𝑟 

𝑉1

3
 , but 𝑉2 = −𝑉1 is practically impossible and hence 𝑉2 =

𝑉1

3
 for 

maximum possible wind turbine power. 
Using expression (2.14) maximum possible wind turbine power, 
Pturbinemax = 1

2
× 𝑉1

3ρA ×
 16

27
 .. . . . . . . 2.19 

 
Power coefficient of wind turbine is defined as the ratio of output wind turbine power to input 
wind power. 
Power coefficient, CP  =Output  wind  turbine  power

Input  wind  power
  

Theoretical maximum value of power coefficient of wind turbine, 

CPmax  =  
Pturbinemax

Pwind  
  =  

1

2
×𝑉1

3ρA×
 16

27
1

2
×𝑉1

3ρA 
   

.. . . . . . . 2.20 

  
CPmax =  16

27
 = 0.593 this expression is known as Betz‟s limit. 

According to Betz's law, no turbine can capture more than 16/27 (59.3%) of the kinetic 
energy in wind. The factor 16/27 (0.593) is known as Betz's coefficient. 
 
Modern large wind turbines achieve peak values for Cp in the range of 0.45 to 0.50, about 
75% to 85% of the theoretically possible maximum value. In high wind speed where the 
turbine is operating at its rated power the turbine rotates (pitches) its blades about the blade 
axis to lower Cp to protect itself from damage. The power in the wind increases by a factor of 
8 from 12.5 to 25 m/s, so Cp must fall accordingly, getting as low as 0.06 for winds of 25 m/s. 
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Wind turbine converts the kinetic energy of wind to mechanical energy in terms of rotational 
motion. This rotational motion is fed to the electrical generator which is a rotating machine. 
Turbine rotor and generator rotor is coupled directly or by means of gear box. Turbine rotates 
the generator‟s rotor and hence relative motion between armature winding and magnetic field 
is created. Due to relative motion between armature winding and magnetic field, there is an 
alternation of magnetic field through the winding and hence voltage is produce across the 
armature winding according to Faraday‟s law of electro-magnetic induction.  
 

2.9.1 PERFORMANCE OF VARIOUS WIND TURBINES 

Power coefficient ( 𝐶𝑝  ) of a wind turbine is defined as the fraction of the power in the wind 
being extracted by the wind turbine. 

𝐶𝑃 = 
Converted  mechannial  energy  by  the  turbine  in  terms  of  rotational  motion

Input  kinetic  energy  of  the  wind  to  the  turbine
 

 
.. . . . . . . 2.21 

 
The tip-speed ratio (λ) is defined as the ratio between the tangential speed of the tip of a blade 
and the actual speed of the wind.  

𝝀=𝐓𝐢𝐩 𝐬𝐩𝐞𝐞𝐝 𝐨𝐟 𝐭𝐡𝐞 𝐰𝐢𝐧𝐝 𝐛𝐥𝐚𝐝𝐞

𝐖𝐢𝐧𝐝 𝐬𝐩𝐞𝐞𝐝
 = 𝛚 ×𝐑

𝐕
 .. . . . . . . 2.22 

Where, ω is the rotor rotational speed in radian/second. 
R is the rotor radius in meters. 
V is the wind speed specified in m s . 
A typical 𝐶𝑃versus 𝜆 curve [11] is shown in figure below. 
 

 

 Fig. 2.11  Typical performance of horizontal axis wind turbine (HAWT) and vertical axis 
wind turbine (VAWT). 
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When the wind blows on the blades of a horizontal axis wind turbine (HAWT), all blades 
contribute to convert energy from wind. When wind blows on a vertical axis wiind turbine 
(VAWT), only a fraction of the blades generate torque while the other parts merely go along 
for the ride. The result is comparably reduced efficiency in power generation. 

Output of wind turbine can be expressed as  
Pwind = 1

2
× 𝐶𝑃ρA 𝑉3     watts. .. . . . . . . 2.23 
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CHAPTER 3 

DESIGN APPROACH FOR A GRID TIE PV ELECTRICITY 
SYSTEM WITHOUT BATTERY BACK UP 

 

3.1   INTRODUCTION 

A grid tied photovoltaic system omitting the energy storage device like large capacity battery 
bank will not only reduce the internal losses for charging and discharging of battery bank but 
also cost of the system. A photovoltaic (PV) grid-tied system can be operated by feeding the 
PV electricity to the national grid along with the local load. Generated electricity is evacuated 
to the local loads and extra electricity over the local demand is evacuated to the grid. When 
solar irradiance is not sufficient to produce electricity for meeting the local demand, grid 
electricity makes up the demand for local loads. Grid itself works as a backup of local 
demand and local loads do not experience any interruption for inability of solar irradiance. 
Block diagram of grid tie PV electricity system without battery backup is shown below. 

 
 
 
 
 
 
 
 
 

 

Fig. 3.1 Block diagram of grid tie PV electricity system without battery backup. 

Design approach of the above system is described in the following sections. 

 
3.2   SELECTION OF REQUIRED LEVEL OF ELECTRICITY 

The selection of target amount of electricity to be generated within a particular period of time 
must be specified. Output of PV power is not fixed as it depends on the solar irradiance. Solar 
irradiance varies throughout the day and hence power output of PV system varies for 
different instances of a day. There is a randomness of solar irradiance incident on the PV 
surface due to cloud movement in the sky. Considering all statistical data of solar irradiance 
over a year, yearly average daily electricity generation can be selected as kWh/day.  

The target amount of electricity that is to be generated from PV system = 𝐸𝑃𝑉𝑟𝑒𝑞   kWh/day 

 

PV array 

The 
Sun 

Grid tie 
Inverter 

AC load Transformer 

Grid 
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3.3   SELECTION OF SITE 

The site where PV power plant is to be installed can be selected based on the following 
criteria. 
 

a) Availability of solar radiation: Solar insolation (𝑘𝑊/𝑚2 ) incident on the earth 
surface should be suitable to generate electricity from PV panels. Higher level of solar 
insolution incident on the PV panels can produce more electricity and thus per unit 
electricity production cost reduces. 

b) Availability of vacant land: Large scale PV plants are typically ground mounted. PV 
panels are mounted above the ground surface using suitable steel structure. Thus site 
should have sufficient vacant land for installation of large scale PV plant. 

c) Distance from grid line: PV plants are interfaced with grid for grid tie system. The site 
should be near to the grid line so that cost for evacuation of PV electricity to the grid 
is reduced. 

d) Topography of the site: Land height should be sufficiently high to avoid flooding of 
the site area. In plain surface erection of steel structures for mounting the PV panels 
are less expensive. 

e) Soiling of PV panels: Soiling of PV panels means covering of PV surfaces by 
accumulation of snow, dirt, dust and other particles. Soiling of PV panels causes 
shading on the PV surfaces and thus reception of solar irradiance by the panels is 
reduced and hence generation of PV electricity is greatly affected. The site should 
have the characteristic of low soiling effect to avoid the generation loss. 

f) Soil properties:  Soil of the PV site area should have capacity for construction of civil 
works and building for electrical substation. Land sliding should not be excessive. 

g) Accessibility to the site: Site area should be easily accessible and communication 
should be easy with urban area. 

Considering all criteria mentioned above, a site is selected for installation of PV plant. 

The geographical coordinates of the selected site are: 
Latitude = ⌀ °  

Longitude =  λ ° 
 
3.4 DETERMINATION OF OPTIMUM TILT AND AZIMUTH ORIENTATION OF 

PV PANELS 
 
PV panels should be tilted and azimuth oriented so that solar energy received by the panels is 
maximum within particular time duration of interest. If particular time duration of interest is a 
year, PV panels should be yearly fixed to a particular tilt angle and azimuth orientation. If the 
particular time duration of interest is a season (i.e.; 3 or 4 months), the tilt angle and azimuth 
orientation of PV panels are kept fixed for a season and with changes of seasons the tilt angle 
and azimuth orientation are also changed. If the particular time duration of interest is a day, 
the tilt angle and azimuth orientation of PV panels are changed within the day time and hence 
dual axis sun trackers are used. For large scale PV electricity system, PV panels are yearly 
fixed to a tilt angle and azimuth orientation so that annual solar energy incident on the PV 
panels is maximum. 
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3.4.1 SOLAR GEOMETRY 
 
The earth‟s orbit around the sun is elliptic. The axis of rotation of the earth is not 
perpendicular to the plane of its orbit around the sun, but is tilted by an angle of 23.45o. So, 
as the earth revolves around the sun, the North Pole is tilted 23.45o toward the sun on June 
21, and 23.45 o away from the sun on December 21, as illustrated in Fig.3.2. These are the 
dates of the summer and winter solstice as recognized in the northern hemisphere. The result, 
as seen from the northern hemisphere, is that the sun crosses the sky at noon much higher in 
June than in December, and if one were to plot the path of the sun during the year, as seen 
against the background of the earth, it would appear as a line crossing over the earth equator 
on March 21 and September 23 the vernal and autumnal equinoxes.  

 
Fig. 3.2 Seasonal configuration of the earth and the sun[17]. 

 
a) Solar declination:  

The solar declination angle, denoted by δ, is defined as the angle between the equator and a 
line drawn from the centre of the earth to the centre of the sun. The δ varies seasonally due to 
the tilt of the earth on its axis of rotation and the rotation of the earth around the sun. If the 
earth were not inclined on its axis of rotation, the δ would always be 0°. However, the earth is 
inclined by 23.45° and the δ angle varies in between +23.45° to -23.45°. Only at the vernal 
and autumnal equinoxes is the declination angle equal to 0°. 
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Fig. 3.3 The solar declination angle δ=+23.45° for summer solstice (on June 21)[17]. 

 
Fig. 3.4 The solar declination angle δ=0° for equinoxes (on March 21, September 23)[17]. 

 
 

 

 
 

Fig. 3.5 The solar declination angle δ=-23.45° for winter solstice (on December 21)[17]. 
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The declination of the sun can be computed as [19] below. 

Factor d = 
2𝜋(𝑁−1)

365
 

Where N = Nth no. of day of the year. For example N=1 for January 1 and N=365 for 
December 31.  
Solar declination δ =0.006918 – 0.399912 cos(d) + 0.070257 sin(d) – 
0.006758 cos(2d)+ 0.000907 cos(2d) – 0.002697 cos(3d) + 0.00148 sin(3d) 

  
. . . . . . . .3.1 

 
Where δ is in radians. 
 
A simpler formula for δ, is as [19]. 
δ = 23.45 × 𝑆𝑖𝑛(

360(𝑁+284)

365
)  

 

. . . . . . . . 3.2 

Where δ is in degree. 
 

 
Fig. 3.6  Solar declination angle versus day of the year (graphical representation of equation 

3.1). 
 

b) Apparent solar time (AST): 
Apparent solar time is based on the apparent angular motion of the sun across the sky. The 
time when the sun crosses the meridian of the observer is the local solar noon. This is the 
highest point the sun can get in a day. It usually does not coincide with the clock time of the 
locality. It is necessary to convert local standard time (LST) (clock time) to apparent solar 
time (AST) by applying two corrections: Equation of time and longitude correction.  
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i. Equation of time (ET): The earth's orbital velocity varies throughout the year so the 
apparent solar time varies slightly from the mean time kept by a clock running at a 
uniform rate. The variation is called the equation of time (ET). The values of the 
equation of time (ET) in minute as a function of the day of the year (N) can be 
obtained approximately from the following equation [19], [20]. 

 
ET = 229.18(0.0000075 + 0.001868 cos(d) – 0.032077 sin(d) – 0.014615 
cos(2d) – 0.040849 sin(2d)) 

 . . . . . . . .3.3 

 

 Where, Factor d = 
2𝜋(𝑁−1)

365
 

 

 
Fig. 3.7  Variation of equation of time for different days of the year. 

 
ii. Longitude correction: Since the sun takes four minutes to transverse one degree of 

longitude, Longitude correction= 4×(Standard Longitude ‐ Local longitude)= 4×(λ𝑠𝑡  
‐ λ) 
Where λ𝑠𝑡  = Standard longitude and  λ = Local longitude 

 
Difference between AST and LST = Equation of time +Longitude correction. 
AST− LST = ET + 4 × (λ𝑠𝑡  ‐  λ)  in minute. 
AST= LST+ET +4×(λ𝑠𝑡  ‐ λ) 

60
  in hour 

 

.. . . . . . . .3.4 
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c) Solar hour angle ω: Observing the sun from earth, the solar hour angle is an 

expression of time, expressed in angular measurement, usually degrees, from solar 
noon. At solar noon the hour angle is 0 °, with the time before solar noon expressed as 
negative degrees, and the local time after solar noon expressed as positive degrees. As 
the earth rotates about its own axis (diurnal motion) within a day, displacement of 
solar hour angle within an hour =360 °

24
= 15 °. Expression for solar hour angle as 

specified in [19], [20]. 
ω = 15 × (AST− 12) in degree. 

 
 . . . . . . . .3.5 

 
d) Position of the sun in the earth’s sky: Position of the sun in the earth‟s sky is 

expressed in terms of solar azimuth angle (Ɵ𝐴𝑧), altitude angle (Ɵ𝐴) and solar zenith 
angle (Ɵ𝑍). 

 

 
 

Fig. 3.8 Solar zenith angle, solar altitude angle and solar azimuth angle[18]. 
 

i. Solar zenith angle (Ɵ𝑧): Solar zenith angle is the angle between the sun's rays and the 
vertical to the horizontal plane of the earth surface. Solar zenith angle in degree is 
calculated as [21]. 

Ɵ𝑧 = 𝐶𝑜𝑠−1(𝑆𝑖𝑛 ⌀ Sin δ + Cos ⌀ Cos δ Cos ω) .  . . . . . . .3.6 
 

ii. Solar altitude angle (Ɵ𝐴): The solar altitude angle (α) is the angle between the 
direct sun's rays and a horizontal plane of the earth surface. It is complimentary to 
the solar zenith angle. Above the horizon it is positive and below is negative. 
Solar altitude angle in degree is calculated as [21]. 
Ɵ𝐴 = 90°-Ɵ𝑧  = 90° -𝐶𝑜𝑠−1(𝑆𝑖𝑛 ⌀ Sin δ + Cos ⌀ Cos δ Cos ω) .. . . . . . . .3.7 

 
iii. Solar azimuth angle (Ɵ𝐴𝑧 ):  The solar azimuth angle z is the angle of the sun's rays 

measured in the horizontal plane from due north (true north axis). Solar azimuth 
angle in degree is calculated as [22]. 
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Ɵ𝐴𝑧 =

 
 

 180° − Cos−1(
Cos Ɵ𝑧  𝑆𝑖𝑛 ⌀ − Sin δ

Sin Ɵ𝑧  𝐶𝑜𝑠 ⌀
)  when solar hour angle ω < 0°

180° + Cos−1(
Cos Ɵ𝑧  𝑆𝑖𝑛 ⌀ − Sin δ

Sin Ɵ𝑧  𝐶𝑜𝑠 ⌀
)  when solar hour angle ω > 0°

  

 
. . . . . . .3.8 

 
e) Sun rise and sunset hour angle: 

The sun is said to rise and set when the solar altitude angle is zero. So the hour angle 
at sunset can be found putting Ɵ𝐴=0°  in equation below. 

 Ɵ𝐴= 90° -𝐶𝑜𝑠−1(𝑆𝑖𝑛 ⌀ Sin δ + Cos ⌀ Cos δ Cos ω) 

𝑆𝑖𝑛 ⌀ Sin δ + Cos ⌀ Cos δ Cos ω=0 
Cos ⌀ Cos δ Cos ω = −𝑆𝑖𝑛 ⌀ Sin δ 

Cos ω = −𝑡𝑎𝑛 ⌀ tan δ 
Sun set hour angle, ω𝑠𝑠= Cos−1(−𝑡𝑎𝑛 ⌀ tan δ) .. . . . . . . .3.9 

     Sun rise hour angle, ω𝑠𝑟= −ω𝑠𝑠 = −Cos−1(−𝑡𝑎𝑛 ⌀ tan δ)  
 

. . . . . . . 3.10 

 
3.4.2  SOLAR DATA ANALYSIS 

 
Extraterrestrial sun rays pass through the earth‟s atmosphere and reaches to the earth surface. 
Sun rays are partly reflected by the particles (cloud, dust, gases) of atmosphere and some 
portion is reflected back to the extraterrestrial region and some portion is refracted directly to 
the earth. Sun rays which are randomly reflected by the earth‟s atmosphere and reaches to the 
earth surface are known as diffuse ray. Direct rays reaches to the earth surface without 
experiencing reflection and these are parallel to the line joining the centre of the earth and the 
sun. Solar irradiance incident on the object has three components, which are direct irradiance, 
diffuse irradiance and ground reflected irradiance. Global irradiance is the summation of all 
components of solar irradiance which are incident on the object. Total solar irradiance 
incident on the horizontal plane of the earth surface is known as global horizontal irradiance 
(GHI). Diffuse solar irradiance incident on the horizontal plane of the earth surface is known 
as diffuse horizontal irradiance (DIF). Direct solar irradiance incident on the horizontal plane 
of the earth surface is known as direct horizontal irradiance (DHI). Solar irradiance incident 
on the earth surface and very little portion is reflected and it is known as ground reflected 
irradiance (REF). Since ground reflected beam incident on the plane parallel to the earth 
surface is zero, so GHI= DHI+DIF. 

As solar irradiance changes, output power of the PV system also changes throughout the day. 
For a very little duration of time, output of PV system may be assumed as unchanged. 
Electricity production within a particular duration of an hour can be estimated as unchanged 
power within the hour multiplied by an hour. Daily electricity production can be calculated as 
summation of all hourly productions of electricity within a day. To estimate hourly 
production of electricity it is essential to account the hourly global solar irradiance incident 
on the PV panels. 

Let, Hourly global horizontal irradiance (in𝑘𝑊
𝑚2 −  𝑜𝑟 𝑘𝑊 𝑚2 )  =GHI (t)   
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Daily total global horizontal irradiance (in 𝑘𝑊
𝑚2 − 𝑑𝑎𝑦 )=GHIday  

Relation between hourly GHI and daily total GHI can be expressed according to Liu-Jordan 
correlation [23]. 
 

𝐺𝐻𝐼 𝑡 =   
𝜋

24
(𝐶𝑜𝑠𝜔 (𝑡)−𝐶𝑜𝑠𝜔ss  

𝑆𝑖𝑛  𝜔ss −
2𝜋𝜔 ss  

360
𝐶𝑜𝑠𝜔ss

 × GHIday   ; 0 ≤ t ≤ 24.  

 
.. . . . . .  3.11 

Where t is the local standard time (LST) in hour. 
 
Monthly average daily total GHIs for twelve months in a year data are collected from the site 
location. Monthly average daily total GHI should be converted to monthly average hourly 
GHI. It may be approximated that diurnal variation of hourly GHI is identical for different 
days in a particular month. Diurnal variation of hourly GHI changes with the change of 
month. 

 
For the month of January, monthly average GHI is approximated as GHIdayjan  and monthly 
average hourly GHI as GHIjan (t) and the relationship is as follows. 
 

GHIjan  𝑡 =   
𝜋

24
(𝐶𝑜𝑠𝜔 (𝑡)−𝐶𝑜𝑠𝜔ss  

𝑆𝑖𝑛  𝜔ss −
2𝜋𝜔 ss  

360
𝐶𝑜𝑠𝜔ss

 × GHIdayjan   ; 0 ≤ t ≤ 24. 

 
.. . . . . .  3.12 

 
Where  𝜔ss  and 𝜔(𝑡) are calculated for middle day of the January, i.e.; N=15  

 
GHIjan  𝑡 = 0,1,2……… .24  is estimated from the GHIdayjan  and it is approximated that 
GHIjan  𝑡 = 0,1,2……… .24  is identical for all days over the month of January. 

 
For the month of February, monthly average hourly global irradiance, GHIfeb  𝑡 =
0,1,2……… .24  is calculated from monthly average daily total global horizontal irradiance, 
GHIdayfeb . 
Similarly GHImar  𝑡 , GHIapr  𝑡 , GHImay  𝑡 , GHIjun  𝑡 , GHIjul  𝑡 , GHIaug  𝑡 , GHIsep  𝑡 ,
GHIoct  𝑡 ,  GHInov  𝑡  and GHIdec  𝑡 are calculated for the months of March, April, May, 
June, July, August, September, October, November and December respectively. 

 
Table 3.1:  Monthly average daily total GHIday  and monthly average hourly GHI (t) solar 

irradiances. 
Given data for GHI Calculated data for GHI 

Name of 
Months 

Monthly 
Average 

daily total 
GHI 
( in 

kWh/𝑚2 −
𝑑𝑎𝑦) 

Middle 
day of 

the 
month 

Monthly average hourly GHI 
(t) 

(in kWh/𝑚2 −  or kW/𝑚2) 

Monthly total GHI 
(in kWh/𝑚2 −

𝑚𝑜𝑛𝑡) 

January GHIdayjan  15th Jan 
N=15 

GHIjan  𝑡 = 0,1,2……… .24  31×  GHIjan(𝑡)24
𝑡=0  

February GHIdayfeb  14th Feb 
N=45 

GHIfeb  𝑡 = 0,1,2……… .24  
 
 

28×  GHIfeb(𝑡)24
𝑡=0  
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Name of 
Months 

Monthly 
Average 

daily total 
GHI 
( in 

kWh/𝑚2 −
𝑑𝑎𝑦) 

Middle 
day of 

the 
month 

Monthly average hourly GHI 
(t) 

(in kWh/𝑚2 −  or kW/𝑚2) 

Monthly total GHI 
(in kWh/𝑚2 −

𝑚𝑜𝑛𝑡) 

March GHIdaymar  15th Mar 
N=74 

GHImar  𝑡
= 0,1,2……… .24  

31×  GHImar(𝑡)24
𝑡=0  

April GHIdayapr  15th Apr 
N=105 

GHIapr  𝑡 = 0,1,2……… .24  30×  GHIapr(𝑡)24
𝑡=0  

May GHIdaymay  15th May 
N=135 

GHImay  𝑡

= 0,1,2……… .24  
31×  GHImay (𝑡)24

𝑡=0  

June GHIdayjun  15th Jun 
N=166 

GHIjun  𝑡 = 0,1,2……… .24  30×  GHIjun(𝑡)24
𝑡=0  

July GHIdayjul  15th Jul 
N=196 

GHIjul  𝑡 = 0,1,2……… .24  31×  GHIjul(𝑡)
24
𝑡=0  

August GHIdayaug  15th Aug 
N=227 

GHIaug  𝑡 = 0,1,2……… .24  31×  GHIaug(𝑡)24
𝑡=0  

September GHIdaysep  15th Sep 
N=258 

GHIsep  𝑡 = 0,1,2……… .24  30×  GHIsep(𝑡)24
𝑡=0  

October GHIdayoct  15th Oct 
N=291 

GHIoct  𝑡 = 0,1,2……… .24  31×  GHIoct(𝑡)
24
𝑡=0  

November GHIdaynov  15th Nov 
N=319 

GHInov  𝑡 = 0,1,2……… .24  30×  GHInov(𝑡)24
𝑡=0  

December GHIdaydec  15th Dec 
N=349 

GHIdec  𝑡 = 0,1,2……… .24  31×  GHIdec(𝑡)24
𝑡=0  

 
Using the similar approach of calculation mentioned above, monthly average diffuse 
horizontal irradiances (DIFday ) are converted to monthly average hourly diffuse horizontal 
irradiancesDIF(t). 

𝐷𝐼𝐹 𝑡 =   
𝜋

24
(𝐶𝑜𝑠𝜔 (𝑡)−𝐶𝑜𝑠𝜔ss  

𝑆𝑖𝑛  𝜔ss −
2𝜋𝜔 ss  

360
𝐶𝑜𝑠𝜔ss

 × DIFday   ; 0 ≤ t ≤ 24 
.. . . . . .  3.13 

 
Table 3.2: Monthly average daily total DIFday  and monthly average hourly DIF (t) solar 

irradiances. 
Given data for DIF Calculated data for DIF 

Name of 
Months 

Monthly 
Average 

daily total 
DIF 
( in 

kWh/𝑚2 −
𝑑𝑎𝑦) 

Middle 
day of 

the 
month 

Monthly average hourly DIF 
(t) 

(in kWh/𝑚2-h or kW/𝑚2) 

Monthly total DIF 
(in kWh/𝑚2 −

𝑚𝑜𝑛𝑡) 

January DIFdayjan  15th Jan 
N=15 

DIFjan  𝑡 = 0,1,2……… .24  31×  DIFjan(𝑡)24
𝑡=0  

February DIFdayfeb  14th Feb 
N=45 

DIFfeb  𝑡 = 0,1,2……… .24  28×  DIFfeb(𝑡)24
𝑡=0  
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Name of 
Months 

Monthly 
Average 

daily total 
DIF 
( in 

kWh/𝑚2 −
𝑑𝑎𝑦) 

Middle 
day of 

the 
month 

Monthly average hourly DIF 
(t) 

(in kWh/𝑚2-h or kW/𝑚2) 

Monthly total DIF 
(in kWh/𝑚2 −

𝑚𝑜𝑛𝑡) 

March DIFdaymar  15th Mar 
N=74 

DIFmar  𝑡 = 0,1,2……… .24  31×
 DIFmar(𝑡)24
𝑡=0  

April DIFdayapr  15th Apr 
N=105 

DIFapr  𝑡 = 0,1,2……… .24  30×
 DIFapr(𝑡)24
𝑡=0  

May DIFdaymay  15th May 
N=135 

DIFmay  𝑡 = 0,1,2……… .24  31×  DIFmay (𝑡)24
𝑡=0  

June DIFdayjun  15th Jun 
N=166 

DIFjun  𝑡 = 0,1,2……… .24  30×  DIFjun(𝑡)24
𝑡=0  

July DIFdayjul  15th Jul 
N=196 

DIFjul  𝑡 = 0,1,2……… .24  31×  DIFjul(𝑡)
24
𝑡=0  

August DIFdayaug  15th Aug 
N=227 

DIFaug  𝑡 = 0,1,2……… .24  31×
 DIFaug(𝑡)24
𝑡=0  

September DIFdaysep  15th Sep 
N=258 

DIFsep  𝑡 = 0,1,2……… .24  30×
 DIFsep(𝑡)24
𝑡=0  

October DIFdayoct  15th Oct 
N=291 

DIFoct  𝑡 = 0,1,2……… .24  31×  DIFoct(𝑡)
24
𝑡=0  

November DIFdaynov  15th Nov 
N=319 

DIFnov  𝑡 = 0,1,2……… .24  30×
 DIFnov(𝑡)24
𝑡=0  

December DIFdaydec  15th Dec 
N=349 

DIFdec  𝑡 = 0,1,2……… .24  31×
 DIFdec(𝑡)24
𝑡=0  

 
Monthly average hourly direct horizontal irradiances DHI(t)  are calculated using following 
equations. 

DHI t = GHI(t)-DIF(t)  . . . . . .  3.14 
 

DHIjan  𝑡 = 0,1,2……… .24  = GHIjan  𝑡 = 0,1,2……… .24  - DIFjan  𝑡 = 0,1,2……… .24  
DHIfeb  𝑡 = 0,1,2……… .24  = GHIfeb  𝑡 = 0,1,2……… .24  - DIFfeb  𝑡 = 0,1,2……… .24  
DHImar  𝑡 = 0,1,2……… .24 = GHImar  𝑡 = 0,1,2……… .24  - DIFmar  𝑡 = 0,1,2……… .24  
DHIapr  𝑡 = 0,1,2……… .24  = GHIapr  𝑡 = 0,1,2……… .24  - DIFapr  𝑡 = 0,1,2……… .24  
DHImay  𝑡 = 0,1,2……… .24  = GHImay  𝑡 = 0,1,2……… .24  - DIFmay  𝑡 = 0,1,2……… .24  
DHIjun  𝑡 = 0,1,2……… .24  = GHIjun  𝑡 = 0,1,2……… .24  - DIFjun  𝑡 = 0,1,2……… .24  
DHIjul  𝑡 = 0,1,2……… .24  = GHIjul  𝑡 = 0,1,2……… .24  - DIFjul  𝑡 = 0,1,2……… .24  
DHIaug  𝑡 = 0,1,2……… .24  = GHIaug  𝑡 = 0,1,2……… .24  - DIFaug  𝑡 = 0,1,2……… .24  
DHIsep  𝑡 = 0,1,2……… .24  = GHIsep  𝑡 = 0,1,2……… .24  - DIFsep  𝑡 = 0,1,2……… .24  
DHIoct  𝑡 = 0,1,2……… .24  = GHIoct  𝑡 = 0,1,2……… .24  - DIFoct  𝑡 = 0,1,2……… .24  
DHInov  𝑡 = 0,1,2……… .24  = GHInov  𝑡 = 0,1,2……… .24  - DIFnov  𝑡 = 0,1,2……… .24  
DHIdec  𝑡 = 0,1,2……… .24  = GHIdec  𝑡 = 0,1,2……… .24  - DIFdec  𝑡 = 0,1,2……… .24  
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3.4.3 SOLAR IRRADIANCE ON THE TILTED PV PANEL 
 

Global beam = Direct beam+ Diffuse beam+ Reflected beam. 
Consider that, tilt angle of PV panels = β, where 0≤ β<90°. 
Azimuth orientation of PV panels with respect to the south axis =Ɵ𝐴𝑧𝑝𝑣𝑠  ; 0≤ Ɵ𝐴𝑧𝑝𝑣𝑠 <360°. 
Azimuth orientation of PV panels with respect to the north axis =Ɵ𝐴𝑧𝑝𝑣𝑛 = 180° + Ɵ𝐴𝑧𝑝𝑣𝑠 ; 
0≤ Ɵ𝐴𝑧𝑝𝑣𝑛<360°. 

 
a) Direct beam incident on the tilted PV panels, DIRTtilt (t) : 

 
Direct beam incident on the tilted PV panels, DIRTtilt  can be expressed as [24]. 

DIRTtilt (t)=𝑚𝑎𝑥  0,
𝑆𝑖𝑛  Ɵ𝐴  𝐶𝑜𝑠β+𝐶𝑜𝑠  Ɵ𝐴  𝑆𝑖𝑛β  Cos  (Ɵ𝐴𝑧−Ɵ𝐴𝑧𝑝𝑣𝑛 )

𝑆𝑖𝑛  Ɵ𝐴
 × DHI t  ; 0 ≤ t ≤ 24  .  . . . .  3.15 

t= Local standard time (LST) in hour. 
 

b) Diffuse beam incident on the tilted PV panels, DIFtilt (t) : 
Using Pseudo isotropic model proposed by author in [21]. 

DIFtilt (t)=  (3+𝐶𝑜𝑠  2β)

4
 × DIF t  ; 0 ≤ t ≤ 24 .  . . . . .  3.16 

 
c) Ground reflected beam incident on the tilted PV panels, REFtilt (t) : 

Ground reflected beam on tilted PV panels can be expressed as [21]. 

REFtilt (t)=  (1−𝐶𝑜𝑠  β)𝜌

2
  × GHI t  ; 0 ≤ t ≤ 24 .  . . . . .  3.17 

 
Where, 𝜌 is the foreground‟s albedo, surface albedo and it is the measure of the fraction of 
the GHI that is reflected from earth surface. 

 
Global irradiance incident on the tilted PV panels, G(t) is expressed as below. 
G(t)= DIRTtilt (t) + DIFtilt (t) + REFtilt (t) .. . . . . .  3.18 
 
Daily total irradiance (𝑘𝑊

𝑚2 − 𝑑𝑎𝑦 ) incident on the PV panels  Gday  can be expressed as 

below. 

Gday =  G(𝑡)

24

𝑡=0

 
.. . . . . .  3.19 

 
Consider that monthly average hourly direct beam, diffuse beam and ground reflected beam 
are DIRTtiltjan (t) , DIFtiltjan (t) , REFtiltjan (t) respectively for the month of January.  
Monthly average hourly irradiance incident on the tilted PV panels for the month of January 
Gjan (t) is as below. 
                  Gjan (t) =DIRTtiltjan (t) + DIFtiltjan (t) + REFtiltjan (t) .. . . . . .  3.20 
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Monthly average daily total irradiance incident on the tilted PV panels for the month of 
January can be expressed as below. 
                   

Gdayjan =  Gjan (t)

24

𝑡=0

 

 
 
.. . . . . .  3.21 

 
Similarly monthly average daily total irradiances incident on the tilted PV panels, Gdayfeb , 
Gdaymar , Gdayapr , Gdaymay , Gdayjun , Gdayjul , Gdayaug , Gdaysep , Gdayoct , Gdaynov , Gdaydec   are 
calculated for the months of February, March, April, May, June, July, August, September, 
October, November and December respectively. 
 
Yearly average daily total irradiance incident on the tilted panels,  Gdayav  can be expressed as 
below. 
Gyear =(31 × Gdayjan   + 28 × Gdayfeb   + 31 × Gday mar  + 30 × Gdayapr   + 31 × Gdaymay    

+30 × Gdayjun  + 31 × Gdayjul  +31 × Gdayaug  +30 × Gdaysep  + 31 × Gdayoct  +30 ×

Gdaynov +31 × Gdaydec ). 
    

Gdayav =
Gyear  

365
 

 
 
.  . . . . .  3.22 

 
3.4.4 DETERMINATION OF OPTIMUM TILT AND AZIMUTH ANGLE OF PV 

PANELS 
 
Gdayav  is a function of tilt angle of PV panels (β), azimuth orientation of PV panels (Ɵ𝐴𝑧𝑝𝑣𝑠 ), 
solar altitude angle (Ɵ𝐴) and solar azimuth angle (Ɵ𝐴𝑧 ). 

                   
Gdayav (β, Ɵ𝐴𝑧𝑝𝑣𝑠 , Ɵ𝐴, Ɵ𝐴𝑧 )= Gyear  (β ,Ɵ𝐴𝑧𝑝𝑣𝑠 ,Ɵ𝐴 ,Ɵ𝐴𝑧 ) 

365
 

 
.  . . . . .  3.23 

Solar altitude angle (Ɵ𝐴) and solar azimuth angle (Ɵ𝐴𝑧 ) are dependent on time and these are 
astronomically constant for individual instances of a  year for a particular location. Hence 
yearly average daily total irradiance incident on the PV panel is dependent on two user 
dependent variables: β, Ɵ𝐴𝑧𝑝𝑣𝑠 . 

                   

Gdayav (β, Ɵ𝐴𝑧𝑝𝑣𝑠 )= 
Gyear (β ,Ɵ𝐴𝑧𝑝𝑣𝑠 ) 

365
  

 
.. . . . . .  3.24 

 
This is the objective function for determination of optimum tilt angle and azimuth orientation 
of PV panels. For a particular value of tilt angle (β) and azimuth orientation of PV panels 
(Ɵ𝐴𝑧𝑝𝑣𝑠 ), the objective function Gdayav (β, Ɵ𝐴𝑧𝑝𝑣𝑠 ) becomes maximum. Optimum value of β 
and Ɵ𝐴𝑧𝑝𝑣𝑠  for maximum value of Gdayav (β, Ɵ𝐴𝑧𝑝𝑣 𝑠) can be found using genetic algorithm. In 
matlab@ version2015Ra software, there is a built in genetic algorithm tool [25] which can be 
used for finding the optimal value of β and  Ɵ𝐴𝑧𝑝𝑣𝑠  for the objective function 
Gdayav (β, Ɵ𝐴𝑧𝑝𝑣𝑠 ) using two boundary conditions: 0≤ β<90° and 0≤ Ɵ𝐴𝑧𝑝𝑣𝑠 <360. 
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3.5    DETERMINATION OF NUMBER OF PV PANELS, INVERTERS AND 

RATING OF TRANSFORMER 
 

3.5.1 DETERMINATION OF NUMBER OF PV PANELS (𝐍𝒑𝒂𝒏𝒆𝒍) : 

Number of PV panels for PV plant can be determined from the following expression. 

N𝑝𝑎𝑛𝑒𝑙 = 𝑐𝑒𝑖𝑙𝑖𝑛𝑔  𝐷𝑎𝑖𝑙𝑦  𝑡𝑎𝑟𝑔𝑒𝑡  𝑜𝑓  𝑃𝑉  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  (𝐸𝑃𝑉𝑟𝑒𝑞  )

𝐷𝑎𝑖𝑙𝑦  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑛  𝑜𝑓  𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦   𝑏𝑦  𝑎  𝑃𝑉  𝑝𝑎𝑛𝑒𝑙 (𝐸𝑃𝑑𝑎𝑦 ) 
  

“ceiling” is an expression to a convert decimal value to immediate higher integer value. 

As diurnal variation of solar irradiances incident on the PV panels are different for individual 
days in a year and hence daily production of electricity by a panel is not same for all days in a 
year. 

a. INSTANTANEOUS POWER OF A PV PANEL: 

Consider the following PV panel specifications. 

Watt peak rating of PV panel =𝑃𝑝𝑎𝑛𝑒𝑙 . 
Open circuit voltage of PV panel under standard test conditions (ambient temperature=25°C 
and exposure of irradiance =1000𝑊 𝑚2  ) in V (volt) =𝑉𝑂𝐶𝑆𝑇𝐶 . 
Maximum power point voltage under standard test conditions (ambient temperature=25°C 
and exposure of irradiance =1000𝑊 𝑚2  ) in V (volt) =𝑉𝑀.𝑆𝑇𝐶 . 
Temperature coefficient of open circuit voltage in V/°C = 𝐾𝑣. 
Short circuit current of PV panel under standard test conditions (ambient temperature=25°C 
and exposure of irradiance =1000𝑊 𝑚2  ) in A (Ampere) = 𝐼𝑆𝐶𝑆𝑇𝐶 . 
Temperature coefficient of short circuit current in A/°C = 𝐾𝑖 . 
Reference temperature as defined by the manufacturer in °C = 𝑇𝑟𝑒𝑓 . 
Nominal operating cell temperature in °C = NOCT. 
Fill factor of V-I characteristic curve of a PV panel ( 𝑃𝑜𝑤𝑒𝑟  𝑎𝑡  𝑀𝑎𝑥𝑖𝑚𝑢𝑚   𝑃𝑜𝑤𝑒𝑟  𝑃𝑜𝑖𝑛𝑡   

  𝑉𝑂𝐶 ×  𝐼𝑆𝐶
) = FF. 

Gradient of the derated efficiency curve in 𝑦−1(𝑝𝑒𝑟 𝑦𝑒𝑎𝑟)= 𝑀𝑃𝑉 . 
Life time of PV panel in y (year) =𝑁𝑝𝑣𝑙𝑖𝑓𝑒 . 
Length of PV panel =𝐿𝑝𝑎𝑛𝑒𝑙 . 
Width of PV panel =𝑊𝑝𝑎𝑛𝑒𝑙 . 
 
Consider the following solar conditions. 
Solar irradiance on the PV panel in 𝑊 𝑚2  =𝐺(𝑡). 
Ambient temperature of the site in °C =𝑇𝐴. 
Record highest day peak of solar irradiance incident on the PV panels over several years in 
𝑊

𝑚2  = Gpeak . 

Irradiance exposure on the PV panel under standard test condition in 𝑊 𝑚2  = GSTC =1000. 
Recorded highest ambient temperature over several years in °C = 𝑇𝐴𝑚𝑎𝑥  
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Recorded lowest ambient temperature over several years in °C = 𝑇𝐴𝑚𝑖𝑛  
Minimum operating solar irradiance in 𝑊 𝑚2  = Gmin  
 
Consider the grid tie inverter (sine wave inverter) specifications. 
Rated power rating of the inverter=PPVinv . 
Rated power rating of each string terminal of the inverter=PPsinv  
Efficiency of inverter =ƞPVinv . 
Maximum limit of MPP voltage of the invert =𝑉𝑖 .𝑚𝑎𝑥  
Minimum limit of MPP voltage of the invert =𝑉𝑖.𝑚𝑖𝑛  
Maximum limit of DC voltage across the string of the invert =𝑉𝐷𝐶 .𝑚𝑎𝑥  
Minimum limit of DC voltage across the string of the invert =𝑉𝐷𝐶 .𝑚𝑖𝑛  
Output voltage of inverter = 𝑉𝑎𝑐 .𝑖𝑛𝑣  
 
Consider the transformer specification. 
LT voltage of transformer, 𝑉𝐿𝑇= 𝑉𝑎𝑐 .𝑖𝑛𝑣  
HT voltage of transformer = 𝑉𝐻𝑇 
Efficiency of transformer = ƞtrans  
 
Power produced by the PV panel can be calculated using following equations [7]. 

                 Open circuit voltage:        𝑉𝑂𝐶(𝑡)= 𝑉𝑂𝐶𝑆𝑇𝐶  +𝐾𝑣 (𝑇𝐶(t)-𝑇𝑟𝑒𝑓 )              
 

.  . . . . .  3.25 

                 Short circuit current:        𝐼𝑆𝐶(𝑡)=  𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  (𝑇𝐶 t − 𝑇𝑟𝑒𝑓 ) ×𝐺(𝑡)

1000
        

 

.  . . . . .  3.26 

              Where,                            𝑇𝐶(t) = 𝑇𝐴 +(
𝑁𝑂𝐶𝑇−20

800
)×𝐺(𝑡)                               .. . . . . .  3.27 

Instantaneous power produced from a new panel, 
      𝑃𝑃𝑎𝑛𝑒𝑙𝑛𝑒𝑤 (t) = ƞPVinv × ƞ𝑡𝑟𝑎𝑛𝑠 ×FF×𝑉𝑂𝐶(𝑡)× 𝐼𝑆𝐶(𝑡) 

 
.  . . . . .  3.28 

 
 

b. ANNUAL AVERAGE ELECTRICITY PRODUCTION BY A PV PANEL. 
 

Annual production of electricity by a PV panel can be calculated using following 
relationships. 

Daily production of electricity from a new panel, 
                 𝐸𝑃𝑑𝑛𝑒𝑤 = 𝑃𝑃𝑎𝑛𝑒𝑙𝑛𝑒𝑤 (t)24

𝑡=1  =ƞPVinv × ƞ𝑡𝑟𝑎𝑛𝑠 × FF× 𝑉𝑂𝐶(𝑡) ×24
𝑡=1

 𝐼𝑆𝐶(𝑡)    
.  . . . . .  3.29 

 Monthly production of electricity from a new panel, 
            EPmnew = No. of days in the month × EPdnew      .  . . . . .  3.30 

 
Monthly production of electricity from a new panel, for different months 𝐸𝑃𝑗𝑎𝑛𝑛𝑒𝑤 , 
𝐸𝑃𝑓𝑒𝑏𝑛𝑒𝑤 , 𝐸𝑃𝑚𝑎𝑟𝑛𝑒𝑤 , 𝐸𝑃𝑎𝑝𝑟𝑛𝑒𝑤 , 𝐸𝑃𝑚𝑎𝑦𝑛𝑒𝑤 , 𝐸𝑃𝑗𝑢𝑛𝑛𝑒𝑤 , 𝐸𝑃𝑗𝑢𝑙𝑛𝑒𝑤 , 𝐸𝑃𝑎𝑢𝑔𝑛𝑒𝑤 , 𝐸𝑃𝑠𝑒𝑝𝑛𝑒𝑤 , 
𝐸𝑃𝑜𝑐𝑡𝑛𝑒𝑤 , 𝐸𝑃𝑛𝑜𝑣𝑛𝑒𝑤 , 𝐸𝑃𝑑𝑒𝑐𝑛𝑒𝑤   can be calculated using solar data Gjan (t), Gfeb (t), Gmar (t), 
Gapr (t), Gmay (t), Gjun (t), Gjul (t), Gaug (t), Gsep (t), Goct (t), Gnov (t), Gdec (t) respectively. 
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First year energy production by a new panel,𝐸𝑃𝑦𝑛𝑒𝑤 , can be calculated as below. 
𝐸𝑃𝑦𝑛𝑒𝑤 =𝐸𝑃𝑗𝑎𝑛𝑛𝑒𝑤 + 𝐸𝑃𝑓𝑒𝑏𝑛𝑒𝑤 +𝐸𝑃𝑚𝑎𝑟𝑛𝑒𝑤 + 𝐸𝑃𝑎𝑝𝑟𝑛𝑒𝑤 +𝐸𝑃𝑚𝑎𝑦𝑛𝑒𝑤 + 𝐸𝑃𝑗𝑢𝑛𝑛𝑒𝑤 + 
𝐸𝑃𝑗𝑢𝑙𝑛𝑒𝑤 + 𝐸𝑃𝑎𝑢𝑔𝑛𝑒𝑤 +𝐸𝑃𝑠𝑒𝑝𝑛𝑒𝑤 + 𝐸𝑃𝑜𝑐𝑡𝑛𝑒𝑤 + 𝐸𝑃𝑛𝑜𝑣𝑛𝑒𝑤 +𝐸𝑃𝑑𝑒𝑐𝑛𝑒𝑤 . 

.. . . . . .  3.31 

 
Due to aging, efficiency of PV panel reduces (derated) and hence electricity production also 
reduces with spending life of PV panel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.9 Derated efficiency curve of a PV panel. 
 
Life time average of yearly electricity production by a panel,  

𝐸𝑃𝑦𝑎𝑣𝑔 = 
𝐸𝑃𝑦𝑛𝑒𝑤     

 100−𝑀𝑃𝑉×𝑡 

100

𝑁𝑝𝑣𝑙𝑖𝑓𝑒 −1

𝑡=0  

𝑁𝑝𝑣𝑙𝑖𝑓𝑒
 

 
 . . . . . .  3.32 

Average energy production by a panel, 
𝐸𝑃𝑑𝑎𝑦 =𝐸𝑃𝑦𝑎𝑣𝑔

365
 

 
.. . . . . .  3.33 

 

Number of PV panels required for PV plant, N𝑝𝑎𝑛𝑒𝑙 =𝐸𝑃𝑉𝑟𝑒𝑞
𝐸𝑃𝑑𝑎𝑦

 .. . . . . .  3.34 

 

ƞ𝑝𝑎𝑛𝑒𝑙 × (100 −𝑀𝑃𝑉 × 𝑁𝑝𝑣𝑙𝑖𝑓𝑒)

100
 

 

ƞ𝑝𝑎𝑛𝑒𝑙  

 

ƞ𝑝𝑎𝑛𝑒𝑙 × (100 −𝑀𝑃𝑉 × 𝑡)

100
 

 

𝑁𝑝𝑣𝑙𝑖𝑓𝑒  

Ef
fic

ie
nc

y 

t=Year 
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Wattpeak rating of PV plant = P𝑃𝑉𝑝𝑙𝑎𝑛𝑡 =P𝑝𝑎𝑛𝑒𝑙 × N𝑝𝑎𝑛𝑒𝑙   . . . . . .  3.35 

 
3.5.2 DETERMINATION OF NUMBER OF PV INVERTERS (𝐍𝑷𝑽𝒊𝒏𝒗)  

Since PV plant is to be interfaced to a grid, so the inverter should be sinusoidal wave inverter 
and there should be embedded maximum power point tracking facility for extraction of 
maximum PV electricity. 

Maximum possible instantaneous value of PV plant power,  
                                                                      𝑃𝑃𝑉𝑚𝑎𝑥 =N𝑝𝑎𝑛𝑒𝑙 × 𝑃𝑃𝑎𝑛𝑒𝑙𝑚𝑎𝑥 .  

 
 . . . . . .  3.36 

Number of inverters, N𝑃𝑉𝑖𝑛𝑣 = 
PPVmax

PPVinv
  

 . . . . . .  3.37 

 
3.5.3  RATING OF TRANSFORMER  

Transformer should be used for stepping up the output voltage of the inverter which will be 
directly tied with grid. Inverter output is connected to the primary of the transformer and 
secondary of transformer is connected to the grid. 

Apparent power rating of transformer should be, 
 𝑃𝑃𝑉𝑡𝑟𝑎𝑛𝑠  = (Maximum possible instantaneous value of PV plant power, 𝑃𝑃𝑉𝑚𝑎𝑥 ) 
×(Efficiency of the inverter, ƞPVinv )× 1

𝑃𝑜𝑤𝑒𝑟  𝐹𝑎𝑐𝑡𝑜𝑟
 

 𝑃𝑃𝑉𝑡𝑟𝑎𝑛𝑠 = 𝑃𝑃𝑉𝑚𝑎𝑥 ×ƞPVinv × 1

𝑃𝑜𝑤𝑒𝑟  𝐹𝑎𝑐𝑡𝑜𝑟
 

 

.. . . . . .  3.38 

Apparent power rating of the grid substation in VA for PV plant, 𝑃𝑃𝑉𝑠𝑢𝑏 = 𝑃𝑃𝑉𝑡𝑟𝑎𝑛𝑠  

3.6      ELECTRICAL CONNECTION OF PV SYSTEM 
3.6.1 CONNECTION OF PV PANELS WITH INVERTER 

For large scale PV system, it is economical to use large size central inverter (~500kW). 
Multi-string inverter system is developed in order to improve the central inverter system 
performance. This system has the ability to follow the MPP of each string independently [26], 
[27]. 
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Fig. 3.10 PV panels connected with multi-string of a central inverter for large scale 

PV system[26]. 
 

a) Connection of panels in series for each string terminal of an inverter: 

To appropriately size a PV panel string to an inverter, it is necessary to make sure that the: 

• PV panel string never generate more voltage than the inverter‟s maximum allowed input 
voltage 

• String MPP voltage should be within the inverter‟s maximum power-point tracking range. 

• String current should be within the inverter‟s maximum string current. 

 
Maximum possible number of panels in a string that may be connected in series =𝑁𝑃𝑉𝑠𝑚𝑎𝑥 . 
Minimum possible number of panels in a string that may be connected in series =𝑁𝑃𝑉𝑠𝑚𝑖𝑛 . 
Number of panels in a string that is practically connected in series = 𝑁𝑃𝑉𝑠 . 
 
Each panel highest MPP voltage under record highest irradiance exposure at record low 
temperature using the equation [28], 
𝑉𝑀.𝑚𝑎𝑥 =𝑉𝑀.𝑆𝑇𝐶  1 + 0.05391𝑙𝑜𝑔  

𝐺𝑃𝑒𝑎𝑘

𝐺𝑆𝑇𝐶
  + 𝐾𝑣(𝑇𝐴.𝑚𝑖𝑛 − 𝑇𝑟𝑒𝑓 ). .. . . . . .  3.39 

 
Each panel lowest MPP voltage under lowest allowable irradiance exposure at record high 
temperature, using the equation [28],  
𝑉𝑀.𝑚𝑖𝑛 =𝑉𝑀.𝑆𝑇𝐶  1 + 0.05391𝑙𝑜𝑔  

𝐺𝑚𝑖𝑛

𝐺𝑆𝑇𝐶
  + 𝐾𝑣(𝑇𝐴.𝑚𝑎𝑥 − 𝑇𝑟𝑒𝑓 ). .  . . . . .  3.40 

 
PV panel open circuit voltage under record highest irradiance exposure at record lowest 
temperature as [7], 
𝑉𝑂𝐶.𝑚𝑎𝑥 = 𝑉𝑂𝐶𝑆𝑇𝐶  +𝐾𝑣 (𝑇𝐴.𝑚𝑖𝑛  +(

𝑁𝑂𝐶𝑇−20

800
)× 𝐺𝑃𝑒𝑎𝑘   -𝑇𝑟𝑒𝑓 ).            .. . . . . .  3.41 
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PV panel open circuit voltage under lowest allowable irradiance exposure at record highest 
temperature as [7], 
𝑉𝑂𝐶.𝑚𝑖𝑛 = 𝑉𝑂𝐶𝑆𝑇𝐶  +𝐾𝑣 (𝑇𝐴.𝑚𝑎𝑥  +(

𝑁𝑂𝐶𝑇−20

800
)× 𝐺𝑚𝑖𝑛   -𝑇𝑟𝑒𝑓 ). .. . . . . .  3.42 

 
Maximum and minimum number of panels in a string connected in series can be calculated as 
[29]. 

𝑁𝑃𝑉𝑠𝑚𝑎𝑥 = 𝑚𝑖𝑛  𝑓𝑙𝑜𝑜𝑟  
𝑉𝑖 .𝑚𝑎𝑥
𝑉𝑀.𝑚𝑎𝑥

 , 𝑓𝑙𝑜𝑜𝑟  
𝑉𝐷𝐶 .𝑚𝑎𝑥

𝑉𝑂𝐶.𝑚𝑎𝑥
   

 . . . . . .  3.43 

 

𝑁𝑃𝑉𝑠𝑚𝑖𝑛 = 𝑚𝑎𝑥  𝑐𝑒𝑖𝑙𝑖𝑛𝑔  
𝑉𝑖 .𝑚𝑖𝑛
𝑉𝑀.𝑚𝑖𝑛

 , 𝑐𝑒𝑖𝑙𝑖𝑛𝑔  
𝑉𝐷𝐶 .𝑚𝑖𝑛

𝑉𝑂𝐶.𝑚𝑖𝑛
   

.. . . . . .  3.44 

 Operators “ floor” and “ceiling” are used for conversion of decimal value to immediate 
lower integer value and immediate higher integer value respectively. 

Number of panels in a string connected in series= 𝑁𝑃𝑉𝑠  ,Where  𝑁𝑃𝑉𝑠𝑚𝑖𝑛 ≤ 𝑁𝑃𝑉𝑠  ≤𝑁𝑃𝑉𝑠𝑚𝑖𝑛 . 
 
 

b) Connection of panel string in parallel for each string terminal of an inverter: 

Maximum string power under record highest irradiance exposure at record low temperature 
as in [7], 
𝑃𝑀.𝑚𝑎𝑥 =𝑁𝑃𝑉𝑠 ×  𝑉𝑂𝐶𝑆𝑇𝐶  + 𝐾𝑣  (𝑇𝐴.𝑚𝑖𝑛  + (

𝑁𝑂𝐶𝑇−20

800
) × 𝐺𝑃𝑒𝑎𝑘   − 𝑇𝑟𝑒𝑓 ) ×

 (𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  (𝑇𝐴.𝑚𝑖𝑛  + (
𝑁𝑂𝐶𝑇−20

800
) − 𝑇𝑟𝑒𝑓 )) ×

𝐺𝑃𝑒𝑎𝑘

1000
 ×FF. 

 
.. . . . . .  3.45 

Rated power rating of each string terminal of the inverter (from inverter specifications) 
=PPsinv . 
Number of panel strings in parallel for each string terminal of an inverter,  𝑁𝑃𝑉𝑝  can be 
calculated as below. 

𝑁𝑃𝑉𝑝= 
𝑃𝑀 .𝑚𝑎𝑥

PPsinv
 

 

 . . . . . .  3.46 
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Fig. 3.11  Series and Parallel connections of PV panels under a string terminal of the inverter. 
 
3.6.2 CONNECTION OF BYPASS DIODES AND BLOCKING DIODES WITH 

PANELS 
 

3.6.2.1 CONNECTION OF BLOCKING DIODE WITH PANEL STRING 
 

To maintain unidirectional current flow through the PV panels, blocking diode is used. Power 
propagates from PV panel to inverter. Blocking diode blocks reverse power flow to the PV 
panels and prevent unwanted damage of PV panel due to reverse power. 

 
 Peak inverse voltage (PIV) rating of the blocking diode must be greater than the maximum 
string voltage of the inverter. 

PIV rating ≥ ( 𝑉𝑂𝐶.𝑚𝑎𝑥 ×𝑁𝑃𝑉𝑠 ) 
 

Maximum possible short circuit current of the panel string, 

𝐼𝑆𝐶 .𝑚𝑎𝑥 =  (𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  (𝑇𝐴.𝑚𝑎𝑥  + (
𝑁𝑂𝐶𝑇 − 20

800
)𝐺𝑃𝑒𝑎𝑘 − 𝑇𝑟𝑒𝑓 )) ×

𝐺𝑃𝑒𝑎𝑘
1000

  
.. . . . . .  3.47 

 
Current rating of the blocking diode must be greater than  𝐼𝑆𝐶.𝑚𝑎𝑥  of the panel string. 

Current rating ≥ 𝐼𝑆𝐶.𝑚𝑎𝑥 . 
 
 

3.6.2.2 CONNECTION OF BYPASS DIODES WITH PANELS 

Shaded panel does not produce any significant amount of power and also shows high 
resistance. If shaded panel is connected in series with unshaded panels to make a panel string, 
large amount of current produced in the unshaded panels flow through panel string and hence 
large current through high resistive shaded panel produces significant amount of heat. Heat 
produced in the shaded panel can cause damage of the panel.  Bypass diode connected in 
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parallel with each PV panel of the panel string can compensate the production of heat in the 
shaded panel. If one panel is shaded, the current produced by the unshaded panel can flow 
through a by-pass diode to avoid heating in the high resistive shaded panel.  
 
Peak inverse voltage (PIV) rating of the bypass diode must be greater than the maximum 
open circuit voltage of a panel. 
PIV rating ≥  𝑉𝑂𝐶.𝑚𝑎𝑥 . 
Maximum possible short circuit current of the panel string, 

𝐼𝑆𝐶 .𝑚𝑎𝑥 =  (𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  (𝑇𝐴.𝑚𝑖𝑛  + (
𝑁𝑂𝐶𝑇 − 20

800
)𝐺𝑃𝑒𝑎𝑘 − 𝑇𝑟𝑒𝑓 )) ×

𝐺𝑃𝑒𝑎𝑘
1000

  
 . . . . . .  3.48 

 
Current rating of the blocking diode must be greater than  𝐼𝑆𝐶.𝑚𝑎𝑥  of the panel string. 
Current rating ≥ 𝐼𝑆𝐶.𝑚𝑎𝑥 . 
 
3.6.3 SCHEMATIC DIAGRAM OF PV ELECTRICITY SYSTEM 
 
One or more than one strings of PV panels are connected with each string terminal of the 
multi string inverter and PV power feeding to each string terminal of the inverter is 
maximized due to having embedded MPPT feature under each string using DC/DC converter. 
A central inverter having multi strings is a pure sine wave inverter and its output frequency is 
exactly same as the grid frequency. Output of the inverter is directly tied to the transformer to 
step up the voltage. High tension side of the transformer is tied with grid. High tension side 
and low tension side voltages of the transformer must be identical to the grid voltage and 
inverter output voltage respectively. 

 
 

Fig. 3.12 Schematic diagram of PV electricity system[29]. 
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3.7    CALCULATION OF REQUIRED LAND FOR PV SYSTEM 

 

 
Fig. 3.13 Inter row spacing of PV array[29]. 

 
Area of one block of PV array,  
𝑃𝑉𝑎𝑟𝑒𝑎𝑏𝑙𝑜𝑐𝑘 =𝑊𝑏𝑙𝑜𝑐𝑘 × 𝐿𝑏𝑙𝑜𝑐𝑘   . . . . . .  3.49 
 
Land used for each block of PV array, 
𝐿𝑎𝑛𝑑𝑏𝑙𝑜𝑐𝑘 = (𝐷𝑟𝑜𝑤 + 𝑊𝑏𝑙𝑜𝑐𝑘 × 𝐶𝑜𝑠 𝛽) × 𝐿𝑏𝑙𝑜𝑐𝑘   . . . . . .  3.50 
 
Area exploitation factor 𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡  is calculated as [30]. 

𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡 =
𝑃𝑉𝑎𝑟𝑒𝑎𝑏𝑙𝑜𝑐𝑘
𝐿𝑎𝑛𝑑𝑏𝑙𝑜𝑐𝑘

=
𝑊𝑏𝑙𝑜𝑐𝑘

𝐷𝑟𝑜𝑤 + 𝑊𝑏𝑙𝑜𝑐𝑘 × 𝐶𝑜𝑠 𝛽
 

.. . . . . .  3.51 

 
Number of PV panels required for a PV plant = 𝑁𝑝𝑎𝑛𝑒𝑙  
Area of each PV panel, 𝐴𝑟𝑒𝑎𝑝𝑎𝑛𝑒𝑙 = 𝐿𝑝𝑎𝑛𝑒𝑙 × 𝑊𝑝𝑎𝑛𝑒𝑙  
Area used for all panels, 𝐴𝑟𝑒𝑎𝑃𝑉 =

𝑁𝑝𝑎𝑛𝑒𝑙 ×𝐿𝑝𝑎𝑛𝑒𝑙 ×𝑊𝑝𝑎𝑛𝑒𝑙

𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡
 

Area used for PV substation = 𝐴𝑟𝑒𝑎𝑃𝑉𝑠𝑢𝑏  
Required land for PV plant, 𝐴𝑟𝑒𝑎𝑃𝑉𝑝𝑙𝑎𝑛𝑡 = 𝐴𝑟𝑒𝑎𝑃𝑉 + 𝐴𝑟𝑒𝑎𝑃𝑉𝑠𝑢𝑏  .. . . . . .  3.52 
  
3.8    COST ESTIMATION FOR THE GRID TIE PV SYSTEM 

Consider that, 
Purchasing price of PV panel per watt peak = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑝𝑢𝑟  
Purchasing price of grid tie PV inverter per watt = 𝑃𝑟𝑖𝑐𝑒𝑝𝑣𝑖𝑛𝑣𝑝𝑢𝑟  
Purchasing price of transformer per VA for PV plant = 𝑃𝑟𝑖𝑐𝑒𝑝𝑣𝑝𝑢𝑟𝑡𝑟𝑎𝑛𝑠  
Purchasing price of land per acre for PV plant = 𝑃𝑟𝑖𝑐𝑒𝑝𝑣𝑙𝑎𝑛𝑑  
Construction cost of panel mounting support per 𝑚2= 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑠𝑢𝑝  
Construction cost of PV grid substation per VA = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑠𝑢𝑏  
Land development cost per acre for PV plant = 𝑃𝑟𝑖𝑐𝑒𝑝𝑣𝑙𝑎𝑛𝑑𝑑𝑒𝑣  
Life time of PV panel in year= 𝑁𝑙𝑖𝑓𝑒𝑝𝑎𝑛𝑒𝑙  
Life time of grid tie PV inverter in year= 𝑁𝑙𝑖𝑓𝑒𝑝𝑣𝑖𝑛𝑣  
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Life time of panel mounting support in year = 𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝  
Life time of PV grid substation in year = 𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑏  
Life time of land for PV plant= 𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑙 𝑎𝑛𝑑  
Life time of PV plant project= 𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑝𝑟𝑜𝑗𝑒𝑐𝑡  
Percentage of salvage value of PV panels, of its initial investment=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑝𝑎𝑛𝑒𝑙  
Percentage of salvage value of grid inverter, of its initial investment=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑖𝑛𝑣  
Percentage of salvage value of panel mounting support, of its initial investment 
=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑠𝑢𝑝𝑝𝑜𝑟𝑡  
Percentage of salvage value of PV grid substation, of its initial investment 
=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑔𝑟𝑖𝑑𝑠𝑢𝑏  
Percentage of salvage value of transformer, of its initial investment=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑡𝑟𝑎𝑛𝑠  
Percentage of salvage value of land for PV plant, of its initial investment=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑙𝑎𝑛𝑑  
Annual maintenance cost of PV panel per watt =𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑝𝑎𝑛𝑒𝑙  

Annual maintenance cost of PV panel support per 𝑚2 = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑠𝑢𝑝  
Annual maintenance cost of PV inverter per watt =𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑖𝑛𝑣  
Annual maintenance cost of grid substation per VA = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑝𝑣𝑠𝑢𝑏  
Annual maintenance cost of land development per acre for PV plant =𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑙𝑎𝑛𝑑  
Inflation rate = 𝛽𝑖  
Interest rate=  𝛾𝑖𝑛𝑠  
Escalation rate = Ψ 
No. of technical staffs for PV plant= 𝑁𝑃𝑉𝑡𝑒𝑐   
No. of security staffs for PV plant= 𝑁𝑃𝑉𝑠𝑒𝑐𝑢  
Salary of each technical staff for PV plant= 𝑆𝑎𝑙𝑎𝑟𝑦𝑃𝑉𝑡𝑒𝑐   
Salary of each security guard for PV plant = 𝑆𝑎𝑙𝑎𝑟𝑦𝑃𝑉𝑠𝑒𝑐𝑢  

 
3.8.1 INITIAL INVESTMENT FOR PV PLANT 

Initial investment for purchasing PV panels,  
𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑝𝑢𝑟  = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑝𝑢𝑟 ×P𝑃𝑉𝑝𝑙𝑎𝑛𝑡    .. . . . . .  3.53 
 
Initial investment for PV inverter purchase, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑖𝑛𝑣  =𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑖𝑛𝑣𝑝𝑢𝑟 ×P𝑃𝑉𝑖𝑛𝑣  
 

 . . . . . .  3.54 

Initial investment for construction of panel supports for PV plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑠𝑢𝑝  =𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑠𝑢𝑝  ×𝐴𝑟𝑒𝑎𝑝𝑣𝑝𝑙𝑎𝑛𝑡     .. . . . . .  3.55 
   
Initial investment for purchasing transformer for PV plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑡𝑟𝑎𝑛𝑠 = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑡𝑟𝑎𝑛𝑠  ×  P𝑃𝑉𝑡𝑟𝑎𝑛𝑠   . . . . . .  3.56 
 
Initial investment for grid substation for PV plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑠𝑢𝑏 = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑠𝑢𝑏  ×𝑃𝑝𝑣𝑠𝑢𝑏      . . . . . .  3.57 
 
Initial investment for purchasing land for PV plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑙𝑎𝑛𝑑 =𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑙𝑎𝑛𝑑  ×𝐴𝑟𝑒𝑎 𝑃𝑉𝑝𝑙𝑎𝑛𝑡  

4046.8
  .. . . . . .  3.58 

 
Initial investment for land development, 
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𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑙𝑎𝑛𝑑𝑑𝑒𝑣 = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑙𝑎𝑛𝑑𝑑𝑒𝑣 ×𝐴𝑟𝑒𝑎 𝑃𝑉𝑝𝑙𝑎𝑛𝑡  

4046 .8
  . . . . . .  3.59 

 
3.8.2 PRESENT WORTH OF SALVAGE VALUE OF PV PLANT 

Present worth of salvage value is calculated as in [31] using following equations. 

Present worth of salvage value of PV panels, 

𝑃𝑆𝑉𝑝𝑎𝑛𝑒𝑙  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑝𝑎𝑛𝑒𝑙  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑝𝑢𝑟 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉

               . . . . . .  3.60 

                                                                                                                                  
Present worth of salvage value of PV inverter, 

𝑃𝑆𝑉𝑃𝑉𝑖𝑛𝑣  = %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑖𝑛𝑣  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑖𝑛𝑣  ×   1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣

  . . . . . .  3.61 

                                                                                                     
Present worth of salvage value of panel supports,  

 𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑝  = %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑠𝑢𝑝  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑠𝑢𝑝  × 1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝

  . . . . . .  3.62 

                                                                                                        
Present worth of salvage value of grid substation, 

𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑏  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑠𝑢𝑏  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑠𝑢𝑏 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑏

          . . . . . .  3.63 

  
Present worth of salvage value of transformer, 

 𝑃𝑆𝑉𝑃𝑉𝑡𝑟𝑎𝑛𝑠  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑡𝑟𝑎𝑛𝑠  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑡𝑟𝑎𝑛𝑠 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑡𝑟𝑎𝑛𝑠

  . . . . . .  3.64 

                                                                                                                                          
Present worth of salvage value of land, 

𝑃𝑆𝑉𝑃𝑉𝑙𝑎𝑛𝑑  = %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑙𝑎𝑛𝑑  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑙𝑎𝑛𝑑 × 1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑙𝑎𝑛𝑑

                 . . . . . .  3.65 

                                                                 
3.8.3 PRESENT WORTH OF MAINTENACE COST OF PV PLANT 
Present worth of maintenance cost is calculated as in [31] using following equations. 
Present worth of maintenance cost of PV panels, 

𝑂𝑀𝑝𝑎𝑛𝑒𝑙  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑝𝑎𝑛𝑒𝑙 ×P𝑃𝑉𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑝𝑣

𝑖=1
  . . . . . .  3.66 

 
Present worth of maintenance cost of PV inverter, 

𝑂𝑀𝑃𝑉𝑖𝑛𝑣    = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑖𝑛𝑣 × 𝑃𝑃𝑉𝑖𝑛𝑣    
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣

𝑖=1
 .. . . . . .  3.67 

  
Present worth of maintenance cost of PV panels supports, 

𝑂𝑀𝑃𝑉𝑠𝑢𝑝  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑠𝑢𝑝 ×𝐴𝑟𝑒𝑎𝑝𝑣   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝

𝑖=1
                                            .. . . . . .  3.68 

Present worth of maintenance cost of grid substation,  

𝑂𝑀𝑃𝑉𝑠𝑢𝑏  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑠𝑢𝑏 ×𝑃𝑃𝑉𝑠𝑢𝑏   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉 𝑠𝑢𝑏

𝑖=1
        . . . . . .  3.69 

Present worth of maintenance cost of transformer 
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𝑂𝑀𝑃𝑉𝑡𝑟𝑎𝑛𝑠  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑡𝑟𝑎𝑛𝑠 ×𝑃𝑃𝑉𝑡𝑟𝑎𝑛𝑠   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑡𝑟𝑎𝑛𝑠

𝑖=1
        .. . . . .  3.70 

Present worth of maintenance cost of land development, 

𝑂𝑀𝑃𝑉𝑙𝑎𝑛𝑑𝑑𝑒𝑣  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑙𝑎𝑛𝑑 ×𝐴𝑟𝑒𝑎𝑃𝑉𝑝𝑙𝑎𝑛𝑡 .  
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑏

𝑖=1
 

 

. . . . . .  3.71 

Present worth of operating cost (Salary of staffs), 

𝑂𝑀𝑃𝑉𝑠𝑎𝑙𝑎𝑟𝑦  = 

(𝑆𝑎𝑙𝑎𝑟𝑦𝑝𝑣𝑡𝑒𝑐  × 𝑁𝑃𝑉𝑡𝑒𝑐  + 𝑆𝑎𝑙𝑎𝑟𝑦𝑃𝑉𝑠𝑒𝑐𝑢 × 𝑁𝑃𝑉𝑠𝑒𝑐𝑢 )  
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑝𝑟𝑜𝑗𝑒𝑐𝑡

𝑖=1
        

 
.. . . . . .  3.72 

                             
3.8.4 ANNUAL TOTAL COST FOR PV PLANT 

 
Annual cost of PV plant is calculated using following equations [32]. 
 
Annual cost for solar panels, 𝐶𝑜𝑠𝑡𝑝𝑎𝑛𝑒𝑙  = 

𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑝𝑢𝑟 −𝑃𝑆𝑉𝑝𝑎𝑛𝑒𝑙 +𝑂𝑀𝑝𝑎𝑛𝑒𝑙  

𝑁𝑙𝑖𝑓𝑒𝑝𝑎𝑛𝑒𝑙  
  

 

 . . . . . .  3.73 

Annual cost for panel supports, 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑢𝑝  = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑠𝑢𝑝  −𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑝 +𝑂𝑀𝑃𝑉𝑠𝑢𝑝  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝  
  .. . . . . .  3.74 

 
Annual cost for PV inverter, 𝐶𝑜𝑠𝑡𝑃𝑉𝑖𝑛𝑣 = 

𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑖𝑛𝑣   −𝑃𝑆𝑉𝑃𝑉𝑖𝑛𝑣 +𝑂𝑀𝑃𝑉𝑖𝑛𝑣  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣  
  

 

 .. . . . .  3.75 

Annual cost for grid substation, 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑢𝑏 = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑠𝑢𝑏   −𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑏 +𝑂𝑀𝑃𝑉𝑠𝑢𝑏  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑏
  . . . . . .  3.76 

  
Annual cost for transformer, 𝐶𝑜𝑠𝑡𝑃𝑉𝑡𝑟𝑎𝑛𝑠 = 

𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑡𝑟𝑎𝑛𝑠   −𝑃𝑆𝑉𝑃𝑉𝑡𝑟𝑎𝑛𝑠 +𝑂𝑀𝑃𝑉𝑡𝑟𝑎𝑛𝑠  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑡𝑟𝑎𝑛𝑠
  . . . . . .  3.77 

 
Annual cost for land, 
        𝐶𝑜𝑠𝑡𝑃𝑉𝑙𝑎𝑛𝑑  =  𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑙𝑎𝑛𝑑 +𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑙𝑎𝑛𝑑𝑑𝑒𝑣   −𝑃𝑆𝑉𝑃𝑉𝑙𝑎𝑛𝑑 +𝑂𝑀𝑃𝑉𝑙𝑎𝑛𝑑𝑑𝑒𝑣  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑙𝑎𝑛𝑑  
 

 
. . . . . .  3.78 

  
Annual cost for salary of staffs, 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑎𝑙𝑎𝑟𝑦  = 𝑂𝑀𝑃𝑉𝑠𝑎𝑙𝑎𝑟𝑦  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑝𝑟𝑜𝑗𝑒𝑐𝑡  
                    . . . . . .  3.79 

 
Annual total cost, 𝐶𝑜𝑠𝑡𝑃𝑉𝑦𝑒𝑎𝑟 = 𝐶𝑜𝑠𝑡𝑝𝑎𝑛𝑒𝑙 + 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑢𝑝 + 𝐶𝑜𝑠𝑡𝑃𝑉𝑡𝑟𝑎𝑛𝑠 +

𝐶𝑜𝑠𝑡𝑃𝑉𝑖𝑛𝑣 + 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑢𝑏 + 𝐶𝑜𝑠𝑡𝑃𝑉𝑙𝑎𝑛𝑑 + 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑎𝑙𝑎𝑟𝑦      
 

 
.. . . . . .  3.80 

                                                                
3.8.5 PER UNIT ELECTRICITY GENERATION COST 

Per unit electricity generation cost in  𝐵𝐷𝑇 𝑘𝑊 , 

                                                                           𝑃𝑉𝑘𝑊𝑐𝑜𝑠𝑡  = 
𝐶𝑜𝑠𝑡𝑃𝑉𝑦𝑒𝑎𝑟

𝐸𝑃𝑦𝑎𝑣𝑔 /1000
    

 

.. . . . . .  3.81 
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CHAPTER 4 

DESIGN APPROACH FOR A GRID TIE WIND 
ELECTRICITY SYSTEM WITHOUT BATTERY BACK UP 

 
 
4.1  INTRODUCTION 

Renewable energy sources like PV, wind cannot give assurance of continual supply as it 
depends on the atmospheric nature conditions. Electricity generation system which produces 
electricity from renewable energy sources like PV, wind requires back up generation. When 
renewable energy sources fail to produce electricity, back up generation from alternative 
sources like storage battery diesel or gas engine etc produces electricity to meet the load. 
Back up generation from storage battery, diesel or gas engine is expensive. A grid tie wind 
electricity generation system may not require back up generation as grid can supply power to 
the load when wind speed is not sufficient to generate electricity and hence grid itself can 
work as a backup. Block diagram of grid tie wind electricity system without battery backup is 
shown below. 

 
 
 
 
 
 
 
 

 

Fig. 4.1 Block diagram of grid tie wind electricity system without battery backup. 

Three blade horizontal axis wind turbine has higher power co-efficient and hence it is more 
popular for utility scale wind generation system. Rotor of the wind turbine is directly or via 
gear box coupled with rotor of the wind generator. Most commonly used wind generators 
could be divided into two main categories: induction generator (IG) and synchronous 
generator (SG) [33]. The wind generators may be directly connected to the grid without 
power electronic converter (PEC) or using PEC. PECs are used for electrical power 
conversion at a wind turbine level or wind farm level or both. These help to control the 
steady-state and dynamic active and reactive power flows to and from the electrical 
generator. Converters are used to determine and control the phase and amplitude of voltage, 
frequency and many other parameters at the point of grid integration of wind generator [33]. 
The wind turbine generators based on their electrical and mechanical construction could be 
roughly classified as follows: wound rotor induction generator (WRIG), wound rotor 
synchronous generator (WRSG), squirrel cage induction generator (SCIG), doubly fed 
induction generator (DFIG), permanent magnet synchronous generator (PMSG), variable 
reluctance generator (VRG), DC generator etc. 

Wind Wind 
turbine 

Wind 
Generator 

AC 
Load 

Grid 

Transformer 

Wind electricity module 
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Wind turbine manufacturers manufacture both wind turbine and wind generator as a wind 
electricity module and commercially this wind electricity module is known as wind turbine. 
Commercial product wind turbine consists of wind turbine, wind generator and other 
interfacing accessories. Power curve provided by the manufactures are basically 
representation of power output from the wind electricity module for different wind speeds. 
Design approach of the above grid tie wind electricity system as shown in Fig.5.1 is 
described in the following sections. 

4.2   SELECTION OF REQUIRED LEVEL OF WIND ELECTRICITY 

Output of wind turbine (WT) power is not fixed as it depends on the wind speed. Wind speed 
varies from hour to hour of a day and also varies from season to season of a year. There is 
randomness in variation of wind speed and predicted wind speed varies from practical result 
of wind speed. Considering all statistical data of wind speed over a year, yearly average daily 
target amount of electricity can be selected as kWh/day.  

The target amount of electricity that is to be generated from WT system = 𝐸𝑊𝑇𝑟𝑒𝑞   kWh/day. 

4.3    SELECTION OF SITE 

The site where WT power plant is to be installed can be selected based on the following 
criteria. 

a) Availability of wind resource:   For utility scale WT power plant, horizontal axis wind 
turbines (HAWTs) are used as it has greater power coefficient (efficiency of wind 
turbine). HAWTs are suitable for higher wind speed. Location having higher wind 
speed is suitable for installation of WT power plant. 

b) Availability of vacant land: Large scale WT plants require huge vacant land. 
c) Distance from grid line: WT power plants are interfaced with grid for grid tie system. 

Site should be near to the grid line so that cost for evacuation of wind electricity to the 
grid is reduced. 

d) Soil condition of the site: For large size WT, the foundation for pole or tower should 
be sufficiently strong to support pole/ tower. Soil condition should be suitable for 
erection of heavy construction. 

e) Awareness about birds:  Wind turbine works as a bird trap and hence wind turbine 
should not be installed in the location where there is an abundance of birds. 

f) Accessibility to the site: Site area should be easily accessible and communication 
should be easy with urban area. 

Considering all criteria mentioned above the site is selected for installation of WT power 
plant. 

The geographical coordinates of the selected site are: 
Latitude = ⌀ °  

Longitude =  λ ° 
 
 

4.4    WIND SPEED AT HUB HEIGHT OF WIND TURBINE 

For planning of wind turbine power plant it is essential to know the wind speed at hub height 
of the wind turbine. Collected wind speed data for a particular location is given for a 
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particular height. To determine the power output of the wind turbine, wind speed at the hub 
height of the wind turbine is given as input. Collected wind speeds are converted for hub 
height of WT using well defined expression. The Hellmann approach which is wind profile 
power law is used to convert wind speed from one height to another height [34].According to 
wind profile power law, 

                  Vhub = Vdt  
Hhub

Hdt
 
α

 . . . . . . .  4.1 

Where wind speed, Vdt  is collected data at the height of  Hdt . Wind speed, Vhub  is converted 
for hub height, Hhub  of wind turbine. 
The wind profile power law exponent α is unit less value and depends upon the coastal 
location and the shape of the terrain on the ground, and the stability of the air. The exponent 
α is also known as Hellmann exponent, the roughness exponent. 
Hellmann exponent, α for different type of location is listed below [34]. 
 

Table 4.1  Hellmann exponent (α) for different types of locations. 
Location α 

Unstable air above open water surface 0.06 
Neutral air above open water surface 0.10 

Unstable air above flat open coast 0.11 
Neutral air above flat open coast 0.16 

Stable air above open water surface 0.27 
Unstable air above human inhabited areas 0.27 
Neutral air above human inhabited areas 0.34 

Stable air above flat open coast 0.40 
Stable air above human inhabited areas 0.60 

 

4.5     CALCULATION OF ANNUAL AVERAGE DAILY ELECTRICITY      
    PRODUCTION AND NUMBER OF WIND TURBINES 
 

4.5.1 CALCULATION OF ANNUAL AVERAGE DAILY ELECTRICITY 
PRODUCTION 

To calculate annual average daily electricity production by a WT, firstly annual production of 
electricity by a WT must be calculated. Summing up the daily produced electricity for 
different days in a year, annual production of electricity is calculated. Summing up the hourly 
produced electricity for 24 hours in a day, daily production of electricity is calculated. If 
annual production of electricity is calculated as summing up all hourly produced electricity 
over a year, 24×365=8760 number of calculations for hourly produced electricity should be 
take in account. This approach is tedious and sometimes exact hourly data may not be 
available. As diurnal variation of wind speeds for a month may be approximated as 
unchanged, annual production of electricity may be calculated from monthly average daily 
production of electricity. To calculate monthly average daily electricity it is essential to have 
monthly average daily wind speed data.  

Consider VWTjan  𝑡 , 0 ≤ t ≤ 24 as monthly average hourly wind speed data, which is a set of 
average hourly wind speed data for the month of January. 
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SimilarlyVWTfeb  𝑡 , VWTmar  𝑡 , VWTmar  𝑡 , VWTmar  𝑡 , VWTapr  𝑡 , VWTmay  𝑡 , VWTjun  𝑡 , 
VWTjul  𝑡 , VWTaug  𝑡 , VWTsep  𝑡 , VWToct  𝑡 , VWTnov  𝑡  and VWTdec  𝑡  are the monthly 
average hourly wind speeds for the months of February, March, April, May, June, July, 
August, September, October, November and December respectively. 

According to equation 2.23, 

Output of wind turbine Pwind = 1
2

× 𝐶𝑃ρA 𝑉3      . . . . . . .  4.2 
 

Where V is the wind speed at the hub height of wind turbine, 𝐶𝑃 is the power coefficient of 
wind turbine, ρ is the density of air, A is swept area of wind turbine. 

As power coefficient of wind turbine is not fixed for all operating speed, power may not be 
calculated using this expression stated in equation 2.23, if wind speed varies within very large 
range. Manufacturer provides power curve (wind speed versus electrical power) specification 
for each wind turbine. Electrical power output of wind turbine can be calculated directly from 
power curve for a given wind speed. 

 
Fig. 4.2 Typical power curve of a wind turbine. 

 

Electrical power output of wind turbine can be calculated directly from power curve for a 
given wind speed.  As hourly variation of wind speed is very small, production of wind 
power may be approximated as constant at a particular hour.  

𝑃(𝑉)≈ Power against the given wind speed V from the power curve. 

Wind electricity produced within the month of January is calculated as follows. 

                 𝐸𝑊𝑇𝑗𝑎𝑛 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.3 
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Where 𝑃 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡)  is calculated from power curve for given wind speed 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡) and 
ƞ𝑡𝑟𝑎𝑛𝑠  is the efficiency of the transformer which has LT connected to the WT and HT 
connected to the grid. 

It is considered that diurnal variation of wind speeds for all days in a particular month is 
same. 

Similarly 𝐸𝑊𝑇𝑓𝑒𝑏  , 𝐸𝑊𝑇𝑚𝑎𝑟  , 𝐸𝑊𝑇𝑎𝑝𝑟  , 𝐸𝑊𝑇𝑚𝑎𝑦  , 𝐸𝑊𝑇𝑗𝑢𝑛  , 𝐸𝑊𝑇𝑗𝑢𝑙  , 𝐸𝑊𝑇𝑎𝑢𝑔  , 𝐸𝑊𝑇𝑠𝑒𝑝  , 𝐸𝑊𝑇𝑜𝑐𝑡 , 
𝐸𝑊𝑇𝑛𝑜𝑣  and  𝐸𝑊𝑇𝑑𝑒𝑐   are calculated for the month of February, March, April, May, June, 
July, August, September, October, November and December respectively. 

                 𝐸𝑊𝑇𝑓𝑒𝑏 = 28 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑓𝑒𝑏 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.4 

                 𝐸𝑊𝑇𝑚𝑎𝑟 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑚𝑎𝑟 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.5 

                 𝐸𝑊𝑇𝑎𝑝𝑟 = 30 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑎𝑝𝑟 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.6 

                 𝐸𝑊𝑇𝑚𝑎𝑦 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑚𝑎𝑦 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.7 

                 𝐸𝑊𝑇𝑗𝑢𝑛 = 30 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑗𝑢𝑛 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.8 

                 𝐸𝑊𝑇𝑗𝑢𝑙 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑗𝑢𝑙 (𝑡) 24
𝑡=0  

 
. . . . . . .  4.9 

                 𝐸𝑊𝑇𝑎𝑢𝑔 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑎𝑢𝑔 (𝑡) 24
𝑡=0  

 
.. . . . . .  4.10 

                 𝐸𝑊𝑇𝑠𝑒𝑝 = 30 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑠𝑒𝑝 (𝑡) 24
𝑡=0  

 
.  . . . . .  4.11 

                 𝐸𝑊𝑇𝑜𝑐𝑡 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑜𝑐𝑡 (𝑡) 24
𝑡=0  

 
.. . . . . .  4.12 

                 𝐸𝑊𝑇𝑛𝑜𝑣 = 30 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑛𝑜𝑣 (𝑡) 24
𝑡=0  

 
.  . . . . .  4.13 

                 𝐸𝑊𝑇𝑑𝑒𝑐 = 31 × ƞ𝑡𝑟𝑎𝑛𝑠  𝑃 𝑉𝑊𝑇𝑑𝑒𝑐 (𝑡) 24
𝑡=0  

 
.  . . . . .  4.14 

Annual production of electricity by a wind turbine, 

 𝐸𝑊𝑇𝑦𝑒𝑎𝑟 =   𝐸𝑊𝑇𝑗𝑎𝑛 + 𝐸𝑊𝑇𝑓𝑒𝑏 + 𝐸𝑊𝑇𝑚𝑎𝑟 + 𝐸𝑊𝑇𝑎𝑝𝑟 + 𝐸𝑊𝑇𝑚𝑎𝑦 + 𝐸𝑊𝑇𝑗𝑢𝑛 +

                              𝐸𝑊𝑇𝑗𝑢𝑙 + 𝐸𝑊𝑇𝑎𝑢𝑔 + 𝐸𝑊𝑇𝑠𝑒𝑝 + 𝐸𝑊𝑇𝑜𝑐𝑡 + 𝐸𝑊𝑇𝑛𝑜𝑣 + 𝐸𝑊𝑇𝑑𝑒𝑐  
 
 . . . . . .  4.15 

Annual average daily electricity production by a WT is given by the following expression. 

𝐸𝑊𝑇𝑛𝑒𝑤𝑑𝑎𝑦 = 𝐸𝑊𝑇𝑦𝑒𝑎𝑟

365
        𝑘𝑊 𝑑𝑎𝑦  .. . . . . .  4.16 

𝐸𝑊𝑇𝑛𝑒𝑤𝑑𝑎𝑦  is the annual average daily electricity production by a lone wind turbine at lone 
condition. 
 
In a large wind turbine power plant, there are several wind turbines arranged in several rows 
and columns. Consider the following layout which is typically designed for orientation of 
wind turbines in a WT plant. 
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Fig. 4.3  Orientation of wind turbines in a wind turbine power plant. 

 
Since a wind turbine generates electricity from the energy in the wind, the wind leaving the 
turbine must have lower energy content than the wind arriving in front of the turbine. Wind 
leaves the wind turbine and gets mixed with neighboring wind and again enters into the next 
wind turbine. A wind turbine behind another wind turbine has lower performance due to wind 
shading by the front wind turbine. Optimal spacing in between two adjacent wind turbines 
towards the direction of prevailing wind is the 15 rotor diameter distance [35]. Due wind 
shading of a front wind turbine to a back wind turbine overall power conversion is reduced to 
95 % of the power that could be converted without wind shading [35]. 
 
Due to aging, energy conversion by a wind turbine may be derated. Consider the linear 
derating of energy conversion as mentioned in the graph below. 
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Fig. 4.4  Derated energy conversion curve of a wind turbine module. 
 
Where, NWTlife , EWT  and mwt  are the life time of wind turbine, energy converted by a new 
wind turbine and gradient of derated energy conversion curve respectively. 

Considering aging effect and wind shading, average daily electricity production by a wind 
turbine may be written as below. 

𝐸𝑊𝑇𝑑𝑎𝑦 =  
0.95×𝐸𝑊𝑇𝑛𝑒𝑤𝑑𝑎𝑦×ƞ𝑡𝑟𝑎𝑛𝑠 

 100−𝑚𝑤𝑡×𝑡 

100

𝑁𝑊𝑇𝑙𝑖𝑓𝑒 −1

𝑡=0  

𝑁𝑊𝑇𝑙𝑖𝑓𝑒
 

.. . . . . .  4.17 

 
Average yearly energy production by a wind turbine,  
𝐸𝑊𝑇𝑦𝑎𝑣𝑔 = 𝐸𝑊𝑇𝑑𝑎𝑦 × 365  .  . . . . .  4.18 
 
 
4.5.2 CALCULATION OF NUMBER OF WIND TURBINES 

Number of wind turbines for WT plant can be calculated using the expression given 
below. 

N𝑊𝑇 = 𝐶𝑒𝑖𝑙𝑖𝑛𝑔  
𝐷𝑎𝑖𝑙𝑦 𝑡𝑎𝑟𝑔𝑒𝑡 𝑜𝑓 𝑤𝑖𝑛𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝐸𝑊𝑇𝑟𝑒𝑞  )

𝐷𝑎𝑖𝑙𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑛 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦  𝑏𝑦 𝑎 𝑊𝑇(𝐸𝑊𝑇𝑑𝑎𝑦 ) 
  

𝐸𝑊𝑇 × (100 −𝑚𝑤𝑡 × 𝑁𝑊𝑇𝑙𝑖𝑓𝑒)

100
 

 

𝐸𝑊𝑇  

 

 

 

𝐸𝑊𝑇 × (100 −𝑚𝑤𝑡 × 𝑡)

100
 

 

𝑁𝑊𝑇𝑙𝑖𝑓𝑒  

En
er

gy
 

t=Year 
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N𝑊𝑇 = 𝐶𝑒𝑖𝑙𝑖𝑛𝑔  
𝐸𝑊𝑇𝑟𝑒𝑞

𝐸𝑊𝑇𝑑𝑎𝑦  
  

.. . . . . .  4.19 

 “Ceiling” an expression which is used for conversion of decimal value to immediate higher 
integer value. 

4.5.3 POWER RATING OF WIND TURBINE PLANT 

Consider that rated power of a wind turbine = PWT  (this is obtained from power curve of a 
wind turbine) 
Rated power determined of the wind turbine plant, PWTplant  = PWT × NWT  .. . . . . .  4.20 
 

4.6    SELECTION OF RATING TRANSFORMER 

High tension (HT) side of the transformer should be connected to the grid line and low 
tension (LT) side of the transformer should be connected with the output terminal of the wind 
turbine module. HT voltage and LT voltage of the transformer should be identical with the 
grid line voltage and output terminal voltage of wind turbine respectively. From power curve 
of a wind turbine module, rated power which is maximum power output of a wind turbine 
module can be identified.  

Rated apparent power of the transformer in VA, 

PWTtrans  = PWT × NWT × 1

𝑃𝑜𝑤𝑒𝑟  𝐹𝑎𝑐𝑡𝑜𝑟
 .. . . . . .  4.21 

 
 
4.7    CALCULATION OF REQUIRED LAND 

 

Fig. 4.5  Layout of sitting of wind turbines. 
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ɸWT  is the n times diameter of rotor of the wind turbine (i.e.; 
ɸWT =n×DWT ≈15DWT ). 

Area under a wind turbine in 𝑚2= ɸWT ×
ɸWT   

2
 = 
ɸ𝑊𝑇

2   

2
 

 
 . . . . . .  4.22 

 

Area of a wind turbine plant in 𝑚2 = 
NWT×ɸ

WT
2   

2
 

.. . . . . .  4.23 

 

Area of a wind turbine plant in acres = 
𝑁𝑊𝑇 ×ɸ𝑊𝑇

2  /2 

4046 .8
  

.. . . . . .  4.24 

15DWT  spacing is a large distance in between to two adjacent turbines sitting. The empty 
space of the wind turbine plant can be used for any other useful purposes except the erection 
of tall object that may hamper the flow of wind speed. 
For safety and security of the wind turbine, the space occupied by a wind 
turbine may be  = 2DWT × 2DWT = 4DWT

2  . 
 
.. . . . . .  4.25 

Wind turbine occupied area of a wind turbine plant in 𝑚2  =NWT × 4DWT
2  .  . . . . .  4.26 

Wind turbine occupied area of a wind turbine plant in acres =  NWT ×4DWT
2 .

4046 .8
 

.  . . . . .  4.27 

Land used for wind electricity substation in 𝑚2  = AreaWTsub  
Total occupied land  by the wind turbine plant in 𝑚2  
= AreaWTsub + NWT × 4DWT

2  
 
.  . . . . .  4.28 

Total occupied land area by the wind turbine plant in acres, 

 𝐴𝑟𝑒𝑎𝑊𝑇𝑝𝑙𝑎𝑛𝑡 = Area WTsub +NWT ×4DWT
2

4046.8
 

 
.. . . . . .  4.29 

 
4.8    COST ESTIMATION OF THE WIND ELECTRICITY SYSTEM 
 
Consider that, 
Purchasing price of wind turbine generator per watt = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑔𝑒𝑛𝑝𝑢𝑟  
Purchasing price of wind turbine support per watt = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑝𝑝𝑢𝑟  
Purchasing price of transformer per VA for WT plant = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑝𝑢𝑟𝑡𝑟𝑎𝑛𝑠  
Purchasing price of land per acre for WT plant = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑙𝑎𝑛𝑑  
Construction cost of support of wind turbine per watt = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑝  
Construction cost of WT grid substation per VA= 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑏  
Life time of wind turbine generator in year= 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑔𝑒𝑛  
Life time of wind turbine support in year = 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝  
Life time of WT grid substation in year = 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑏  
Life time of land for WT plant= 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑙𝑎𝑛𝑑  
Life time of WT plant project= 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑝𝑟𝑜𝑗𝑒𝑐 𝑡  
Percentage of salvage value of wind turbine generator, of its initial investment 
=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇  
Percentage of salvage value of wind turbine support, of its initial investment 
=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑠𝑢𝑝𝑝𝑜𝑟𝑡  
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Percentage of salvage value of wind turbine grid substation, of its initial investment 
=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑔𝑟𝑖𝑑𝑠𝑢𝑏  
Percentage of salvage value of transformer, of its initial investment=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑡𝑟𝑎𝑛𝑠  
Percentage of salvage value of land for WT plant, of its initial investment 
=  %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑙𝑎𝑛𝑑  
Annual maintenance cost of wind turbine per watt =𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇  
Annual maintenance cost of wind turbine support per watt = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑠𝑢𝑝  
Annual maintenance cost of wind turbine grid substation per VA = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑠𝑢𝑏  
Inflation rate = 𝛽𝑖  
Interest rate=  𝛾𝑖𝑛𝑠  
Escalation rate = Ψ 
No. of technical staffs for WT plant= 𝑁𝑊𝑇𝑡𝑒𝑐   
No. of security staffs for WT plant= 𝑁𝑊𝑇𝑠𝑒𝑐𝑢  
Salary of each technical staff for WT plant= 𝑆𝑎𝑙𝑎𝑟𝑦𝑊𝑇𝑡𝑒𝑐   
Salary of each security guard for WT plant = 𝑆𝑎𝑙𝑎𝑟𝑦𝑊𝑇𝑠𝑒𝑐𝑢  

 
4.8.1 INITIAL INVESTMENT FOR WT PLANT 

Initial investment for purchasing of wind turbine generator,  
𝐼𝑛𝑣𝑒𝑠𝑡𝑝𝑢𝑟𝑊𝑇  = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑔𝑒𝑛𝑝𝑢𝑟 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡    .. . . . . .  4.30 
 
Initial investment for construction of wind turbine supports for WT plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑝  =𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑝  ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡     .. . . . . .  4.31 
 
Initial investment for purchasing transformer for WT plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑡𝑟𝑎𝑛𝑠 = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑡𝑟𝑎𝑛𝑠  ×  P𝑊𝑇𝑡𝑟𝑎𝑛𝑠  .  . . . . .  4.32 
 
Initial investment for grid substation for WT plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑏 = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑏  ×𝑃𝑊𝑇𝑝𝑙𝑎𝑛𝑡     .. . . . . .  4.33 
 
Initial investment for purchasing land for WT plant, 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑙𝑎𝑛𝑑 =𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑙𝑎𝑛𝑑  × 𝐴𝑟𝑒𝑎𝑊𝑇𝑝𝑙𝑎𝑛𝑡   . . . . . .  4.34 
 
 
4.8.2 PRESENT WORTH OF SALVAGE VALUE OF WT PLANT 

Present worth of salvage value is calculated as in [12] using the following equations. 

Present worth of salvage value of wind turbine, 

𝑃𝑆𝑉𝑊𝑇  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑝𝑢𝑟 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇

               . . . . . .  4.35 

                                                                                                                                                  
Present worth of salvage value of WT supports,  

 𝑃𝑆𝑉𝑊𝑇𝑠𝑢𝑝  = %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑠𝑢𝑝  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑝  × 1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝

  . . . . . .  4.36 

                                                                                                        
Present worth of salvage value of WT grid substation, 

𝑃𝑆𝑉𝑊𝑇𝑠𝑢𝑏  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑠𝑢𝑏  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑏 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑏

          . . . . . .  4.37 
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Present worth of salvage value of transformer, 

 𝑃𝑆𝑉𝑊𝑇𝑡𝑟𝑎𝑛𝑠  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑡𝑟𝑎𝑛𝑠  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑡𝑟𝑎𝑛𝑠 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑡𝑟𝑎𝑛𝑠

 .. . . . . .  4.38 

                                                                                                                                          
Present worth of salvage value of land, 

𝑃𝑆𝑉𝑊𝑇𝑙𝑎𝑛𝑑  = %𝑆𝑎𝑙𝑣𝑎𝑔𝑒
𝑊𝑇𝑙𝑎𝑛𝑑

 × 𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑙𝑎𝑛𝑑 × 1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑙𝑎𝑛𝑑

                .. . . . . .  4.39 

                                                                       
 
4.8.3 PRESENT WORTH OF MAINTENACE COST OF WT PLANT 

 
Present worth of maintenance cost is calculated as in [12] using following equations. 
Present worth of maintenance cost of wind turbine generator, 

𝑂𝑀𝑊𝑇𝑔𝑒𝑛  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇

𝑖=1
 .. . . . . .  4.40 

  
Present worth of maintenance cost of wind turbine supports, 

𝑂𝑀𝑊𝑇𝑠𝑢𝑝  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑠𝑢𝑝 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝

𝑖=1
                                            .. . . . . .  4.41 

 

Present worth of maintenance cost of grid substation for wind turbine,  

𝑂𝑀𝑊𝑇𝑠𝑢𝑏  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑠𝑢𝑏 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑏

𝑖=1
       .. . . . . .  4.42 

Present worth of maintenance cost of transformer 

𝑂𝑀𝑊𝑇𝑡𝑟𝑎𝑛𝑠  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑡𝑟𝑎𝑛𝑠 ×𝑃𝑊𝑇𝑡𝑟𝑎𝑛𝑠   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑡𝑟𝑎𝑛𝑠

𝑖=1
       . . . . . .  4.43 

Present worth of operating cost (Salary of staffs), 

𝑂𝑀𝑊𝑇𝑠𝑎𝑙𝑎𝑟𝑦  = 
(𝑆𝑎𝑙𝑎𝑟𝑦𝑊𝑇𝑡𝑒𝑐  × 𝑁𝑊𝑇𝑡𝑒𝑐  + 𝑆𝑎𝑙𝑎𝑟𝑦𝑊𝑇𝑠𝑒𝑐𝑢 ×

𝑁𝑊𝑇𝑠𝑒𝑐𝑢 )  
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑝𝑟𝑜𝑗𝑒𝑐𝑡

𝑖=1
        

 
.  . . . . .  4.44 

                              

4.8.4 ANNUAL TOTAL COST FOR WT PLANT 

Annual cost of WT plant is calculated using following equations [13]. 
 
Annual cost for wind turbine generator, 
𝐶𝑜𝑠𝑡𝑊𝑇𝑔𝑒𝑛  = 

𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑔𝑒𝑛𝑝𝑢𝑟 −𝑃𝑆𝑉𝑊𝑇 +𝑂𝑀𝑊𝑇  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑔𝑒𝑛  
  

 

.  . . . . .  4.45 

Annual cost for wind turbine supports, 
𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑢𝑝  = 

𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑝  −𝑃𝑆𝑉𝑊𝑇𝑠𝑢𝑝 +𝑂𝑀𝑊𝑇𝑠𝑢𝑝  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝  
  

 
. .. . . . .  4.46 
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Annual cost for grid substation, 𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑢𝑏 = 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑏   −𝑃𝑆𝑉𝑊𝑇𝑠𝑢𝑏 +𝑂𝑀𝑊𝑇𝑠𝑢𝑏  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑏
  . . . . . .  4.47 

  
Annual cost for transformer, 
𝐶𝑜𝑠𝑡𝑊𝑇𝑡𝑟𝑎𝑛𝑠 = 

𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑡𝑟𝑎𝑛𝑠   −𝑃𝑆𝑉𝑊𝑇𝑡𝑟𝑎𝑛𝑠 +𝑂𝑀𝑊𝑇𝑡𝑟𝑎𝑛𝑠  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑡𝑟𝑎𝑛𝑠
  

. . . . . .  4.48 

 
Annual cost for land, 
        𝐶𝑜𝑠𝑡𝑊𝑇𝑙𝑎𝑛𝑑  =  𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑙𝑎𝑛𝑑   −𝑃𝑆𝑉𝑊𝑇𝑙𝑎𝑛𝑑  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑙𝑎𝑛𝑑  
 

 
.. . . . . .  4.49 

  
Annual cost for salary of staffs, 𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑎𝑙𝑎𝑟𝑦  = 𝑂𝑀𝑊𝑇𝑠𝑎𝑙𝑎𝑟𝑦  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑝𝑟𝑜𝑗𝑒𝑐𝑡  
                   .  . . . . .  4.50 

 
Annual total cost, 𝐶𝑜𝑠𝑡𝑊𝑇𝑦𝑒𝑎𝑟 = 𝐶𝑜𝑠𝑡𝑊𝑇𝑔𝑒𝑛 + 𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑢𝑝 + 𝐶𝑜𝑠𝑡𝑊𝑇𝑡𝑟𝑎𝑛𝑠 +

𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑢𝑏 + 𝐶𝑜𝑠𝑡𝑊𝑇𝑙𝑎𝑛𝑑 + 𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑎𝑙𝑎𝑟𝑦      
 
.. . . . . .  4.51 

 
                                                                                             
4.8.5 PER UNIT ELECTRICITY GENERATION COST 

Per unit electricity generation cost in𝐵𝐷𝑇 𝑘𝑊 , 

                                                                           𝑊𝑇𝑘𝑊𝑐𝑜𝑠𝑡  = 
𝐶𝑜𝑠𝑡𝑊𝑇𝑦𝑒𝑎𝑟

𝐸𝑊𝑇𝑦𝑎𝑣𝑔 /1000
    .. . . . . .  4.52 
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CHAPTER 5 

MULTICRITERIA FOR DESIGNING A GRID TIE PV-WT 
HYBRID ELECTRICITY SYSTEM 

 

5.1   INTRODUCTION 

Multisource hybrid power generation systems are a type of representative application of the 
renewable technology. In this thesis work, wind energy and solar energy are used to build 
hybrid generation of electricity. Wind turbines are adopted for utilization of wind energy and 
photovoltaic (PV) panels are adopted for utilization of solar energy. Both PV system and 
wind turbine system are combined to make hybrid generation of electricity. This hybrid 
system is interfaced to the national grid. Multiple criteria are defined and performances 
against the specified criteria are analyzed for both PV system and wind turbine system. 
Performances of both wind turbine and photovoltaic system are not the same, but evaluation 
of generation share to the total hybrid electricity generation should be made based on their 
relative performances between these two sources. Considering multiple criteria, performance 
of PV and wind turbine system is evaluated and optimization is adopted to make decision for 
generation share between wind turbine and PV system to the hybrid electricity generation 
system. In this thesis work, four design criteria which are technical criterion, economical 
criterion, environmental criterion and social criterion are defined to evaluate the PV and wind 
turbine system. 
 
5.2   TECHNICAL CRITERION 
 
In the thesis, reliability of the power generation is considered as technical criterion. 
Reliability of electricity generation system is identified as the capability of a source of 
electricity to supply power to the load at specified level for a particular duration of time. 
Hence technical criterion is defined as energy index of reliability (EIR).  
Consider the amount of electricity (in kWh) that is supposed to be supplied to a load for a 
particular duration of time is = E. 
Electricity (in kWh) supplied to the load by the generation system within that duration of 
time = Esupply . 
Expected electricity not supplied to the load within that duration of time, EENS = E - Esupply  
. 
When the generation source is capable to meet the load, EENS is considered to be zero. 

                EENS =  
E −  Esupply ,   E >  Esupply ;

0,                         E <  Esupply ; 
   

. . . . . . .  5.1 

 
Energy index of reliability (EIR) is expressed as [7]. 
            EIR=1- EENS

𝐸
 . . . . . . .  5.2 

 
Consider that EPVreq  and EWTreq  are the daily target of electricity (in kWh) that are to be 
generated from PV system and wind turbine system respectively.  Egridreq  is the daily net 
reception of electricity from grid. 
Daily target of electricity to be consumed,  



57 
 

                Ereq =EPVreq + EWTreq  +Egridreq . 
 

. . . . . . .  5.3 

 
Average hourly electricity that is supposed to be generated from a PV system within any hour  
= EPVreq

24
 

Average hourly electricity that is supposed to be generated from a wind turbine system within 
any hour = EWTreq

24
 

 
Consider a particular hour of a day, where hour t = t′  and 0 ≤ 𝑡′ ≤ 24; 
Average solar irradiance of that hour =G t′   kWh/𝑚2   
Ambient temperature of that hour = 𝑇𝐴   °C   
Reference temperature, 𝑇𝑟𝑒𝑓  = 25 °C   
Average wind speed of that hour = 𝑉𝑊𝑇(t′) 𝑚/𝑠 
 
Using equations 4.25, 4.26, 4.27 and 4.28, it is obtained that electricity supplied from the PV 
system to the load within the hour t = t′   is, 
 EPVsup (t′)= 𝑉𝑂𝐶𝑆𝑇𝐶  + 𝐾𝑣  ( 𝑇𝐴  + (

𝑁𝑂𝐶𝑇−20

800
) × 𝐺(t′) − 𝑇𝑟𝑒𝑓 )  ×

  𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  ( 𝑇𝐴  + (
𝑁𝑂𝐶𝑇−20

800
) × 𝐺(t′) − 𝑇𝑟𝑒𝑓 ) ×

𝐺(t′ )

1000
        × FF× 

ƞ𝑖𝑛𝑣 × ƞ𝑡𝑟𝑎𝑛𝑠 × 𝑁𝑝𝑎𝑛𝑒𝑙  
 

 
 
. . . . . . .  5.4 

Using power curve of the selected wind turbine,  
Electricity supplied from the wind turbine system to the load within the hour t = t′   is, 
                EWTsup (t′)= 𝑁𝑊𝑇 × ƞ𝑡𝑟𝑎𝑛𝑠 𝑃 𝑉𝑊𝑇(t′) . . . . . . . .  5.5 

Expected electricity not supplied by the PV system to the load within the hour t = t′  is 

 EENSPV (t′) =  

EPVreq

24
−  EPVsup (t′)  ,   

EPVreq

24
>   EPVsup (t′);

0                                       ,
EPVreq

24
<   EPVsup (t′); 

   

 
 
. . . . . . .  5.6 

 
Expected electricity not supplied by the wind turbine system to the load within the hour t = t′   
is 

   EENSWT (t′) =  

EWTreq

24
−  EWTsup (t′)  ,   

EWTreq

24
>   EWTsup (t′);

0                                      ,
EWTreq

24
<   EWTsup (t′); 

  
 
 
. . . . . . .  5.7 

 
Expected electricity not supplied by hybrid system to the load within a day is 
        EENSday (0 ≤ t′ ≤ 24) =  EENSPV (t′)24

t′ =0 +   EENSWT (t′)24
t′ =0  . . . . . . .  5.8 

Using this approach, expected electricity not supplied (EENS) by hybrid system to the load 
within a month is to be calculated 
Consider that  EENSjan   and  Ejanreq    are the monthly EENS and monthly target amount of 
electricity to be generated from the hybrid system for the month of January. 
  
Energy index of reliability (EIR) of the hybrid system for the month of January 

 EIRjan =1- 
 EENS jan

 Ejanreq    
 . . . . . . .  5.9 
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Similarly, Monthly energy index of reliability (EIR),which are  EIRfeb ,  EIRmar ,  EIRapr , 
 EIRmay ,  EIRjun ,  EIRjul ,  EIRaug ,  EIRsep ,  EIRoct ,  EIRnov  and  EIRdec   are to be calculated 
for the month of February, March, April, May, June, July, August, September, October, 
November and December respectively. 
 
Yearly energy index of reliability (EIR) is expressed as 
 
 Technical criterion:  
TecC=EIR= 
 EIR jan + EIR feb + EIR mar + EIR apr + EIR may + EIR jun + EIR jul + EIR aug + EIR sep + EIR oct + EIR nov + EIR dec

12
 

 
…..5.10 

 
5.3    ECONOMICAL CRITERION 
 
5.3.1 RELATION BETWEEN PRESENT VALUE AND FUTURE VALUE 
 

i. Relation between present value (PV) and future value (FV) for a fixed 
amount. 

Consider interest rate= 𝛾 
Inflation rate=β 
Present value (PV) of a fixed amount = PV 
Considering interest rate only, future worth after one year, = PV(1 + 𝛾) 
Considering interest rate and inflation rate, future worth after one year, = PV (1+𝛾)

(1+β)
 

Considering interest rate and inflation rate, future worth after two years, = 𝑃𝑉(1+𝛾)

(1+β)
×

(1+𝛾)

(1+β)
 

= PV  
1+γ

1+β
 

2

 

Considering interest rate and inflation rate, future worth after three years, = PV  
1+γ

1+β
 

2

×

(1+γ)

(1+β)
 =PV  

1+γ

1+β
 

3

 

Considering interest rate and inflation rate, future worth after n years, FV = PV  
1+γ

1+β
 

n

 

 Present value of fixed investment             PV = FV  
1+β

1+γ
 

n

 
 

. . . . . . . 5.11 

 
ii. Relation between present value (PV) and future value (FV) for yearly 

invested amount. 
 

 Consider yearly invested amount of P for every year. 
Amount P is invested in the 1st year, amount P is invested again in the 2nd year in addition 
with future worth of invested P and similarly investment is done for the  𝑛𝑡  year. 
 
Interest rate = 𝛾 
Escalation rate = Ψ  

Initial investment P1 = P = P   
(1+𝛾)

(1+Ψ)
 
𝑖

1−1
𝑖=0  

Future worth of P1 after one year, F1 = P(1+𝛾)

(1+Ψ)
 = P   

(1+𝛾)

(1+Ψ)
 
𝑖

1
𝑖=1  
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Investment after one year, P2  =P+P(1+𝛾)

(1+Ψ)
=P 1 +

(1+𝛾)

(1+Ψ)
  = P   

(1+𝛾)

(1+Ψ)
 
𝑖

2−1
𝑖=0  

Future worth of P2 after two years, F2 = P 1 +
(1+𝛾)

(1+Ψ)
 ×(1+𝛾)

(1+Ψ)
  =  

𝑃  
(1+𝛾)

(1+Ψ)
+  

(1+𝛾)

(1+Ψ)
 

2

  = P   
(1+𝛾)

(1+Ψ)
 
𝑖

2
𝑖=1  

 

Investment after two years, P3  =𝑃  (1+𝛾)

(1+Ψ)
+  

(1+𝛾)

(1+Ψ)
 

2

 +P 

= 𝑃  1 +
(1+𝛾)

(1+Ψ)
+  

(1+𝛾)

(1+Ψ)
 

2

  

=P×  
(1+𝛾)

(1+Ψ)
 
𝑖

3−1
𝑖=0  

 
Investment after (n-1) years from initial investment time or after project life time n years, 

                  Pn   = P×  
(1+𝛾)

(1+Ψ)
 
𝑖

𝑛−1
𝑖=0  . . . . . .   5.12 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1 Present value of yearly investment 
 
Present worth of  Pn   , PV= Pn   ×  1+Ψ

1+γ
 

n

 

= P×   
(1+𝛾)

(1+Ψ)
 
𝑖

𝑛−1
𝑖=0   ×  1+Ψ

1+γ
 

n

 

= P×  (1+𝛾)

(1+Ψ)
 

0

+  
(1+𝛾)

(1+Ψ)
 

1

+  
(1+𝛾)

(1+Ψ)
 

2

+  .   .   .   .   .   .   .  
(1+𝛾)

(1+Ψ)
 
𝑛−1

 ×  1+Ψ

1+γ
 

n

 

= P ×   
1+Ψ

1+γ
 

1

+  
1+Ψ

1+γ
 

2

+  
1+Ψ

1+γ
 

3

+  .   .   .   .   .   .   .  
1+Ψ

1+γ
 

n

  

Present value of yearly investment     PV=P×    
1+Ψ

1+γ
 

i
𝑛
𝑖=1    . . . . . . . 5.13 

 
5.3.2 CALCULATION OF PRESENT VALUE OF SALVAGE VALUE 
 
Salvage value is the estimated resale value of an asset at the end of its useful life. 
Consider the salvage value of a project at the end of its life time Nlife  is = SV 
Present value of the salvage of the project, 

              SVP  = SV×  1+β

1+γ
 

n

 . . . . . . . 5.14 

 
 

P1=P×

  
(1+𝛾)

(1+Ψ)
 
𝑖

1−1
𝑖=0  

P2=P×

  
(1+𝛾)

(1+Ψ)
 
𝑖

2−1
𝑖=0  

P3=P×

  
(1+𝛾)

(1+Ψ)
 
𝑖

3−1
𝑖=0  

Pn=P×

  
(1+𝛾)

(1+Ψ)
 
𝑖

𝑛−1
𝑖=0  

Investment 
Value: 

0 

Project 
Life 

In Year: 0 

1 2 3 n 
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5.3.3 CALCULATION OF PRESENT VALUE OF OPERATION AND 

MAINTENANCE COST 
 
Consider operation and maintenance cost (OMcost ) is expended for each year over the life 
time Nlife  of the project. Operation and maintenance cost is expended from the next year of 
the beginning year of the project and it is expended after each year. Present value of total 
operation and maintenance cost over the life time of the project, 

               OMP   = OMcost ×   
(1+Ψ)

(1+𝛾)
 
𝑖N life

𝑖=1  
 

. . . . . . . 5.15 

5.3.4 CALCULATION OF TOTAL COST 
 
Consider that, 
 Initial investment (fixed cost)  = Inv. 
Present value of total operation and maintenance cost (operating cost) = OMP  
Present value of salvage of the project = SVP . 
 
Total cost of the project, 
 𝐶𝑝𝑟𝑜𝑗𝑒𝑐𝑡 = fixed cost + operating cost − salvage value 
                𝐶𝑝𝑟𝑜𝑗𝑒𝑐𝑡 = Inv + OMP −  SVP  . . . . . . . 5.16 

 
5.3.5 CALCULATION OF COST FOR PER UNIT ELECTRICITY 
 
Per unit electricity (kWh) price for purchasing of grid electricity = 𝑃𝑒𝑔𝑟𝑖𝑑 . 
Daily share of grid electricity in kWh =𝐸𝑔𝑟𝑖𝑑𝑟𝑒𝑞 . 
 Total cost for purchasing grid electricity in a year, 
                                        𝐶𝑒𝑝𝑢𝑟 = 𝑃𝑒𝑔𝑟𝑖𝑑 ×𝐸𝑔𝑟𝑖𝑑𝑟𝑒𝑞 ×365. 

 
. . . . . . . 5.17 

 
Per unit electricity (kWh) cost for supplying electricity to the load is as below. 
          Economical criterion, EcoC = 

𝐶𝑝𝑟𝑜𝑗𝑒𝑐𝑡 +𝐶𝑒𝑝𝑢𝑟

𝐸𝑟𝑒𝑞 ×365
×103 

 

. . . . . . . 5.18 

 
5.4  ENVIRONMENTAL CRITERION 
 
In this thesis work, environmental criterion is evaluated as emission of total equivalent 
carbon dioxide ( eq. CO2 ) by the electricity generation system. Emission of eq. CO2  is 
estimated from the life cycle assessment (LCA) of the electricity generation system. LCA of 
an electricity generation system assesses the emission of eq. CO2  associated with all the 
stages of a product's life from material cultivation and fabrication, construction, operation, 
and decommissioning. Eq. CO2 is an amount used to compare the environmental impact from 
various green house gases (GHGs) based upon their global warming potential. Global 
warming potential (GWP) is a relative measure of how much heat a greenhouse gas traps in 
the atmosphere. It converts a certain mass of the gas in question to an equivalent mass of 
carbon dioxide trapping the same amount of heat. The Intergovernmental Panel on Climate 
Change (IPCC) provides the generally accepted values for GWP for different type of GHGs 
(water vapor, carbon dioxide, methane, nitrous oxide, and ozone etc). 
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In general, the material cultivation and fabrication stage represents the broadest group as it 
incorporates the full range of resource extraction, processing of materials, and the 
amalgamation of final products. Material cultivation encompasses mining, refining and 
purification of the silicon and /or other required metals and minerals for the cells, glass, 
frame, inverters, and other required electronics. Petroleum extraction for plastics, natural gas 
extraction used for heating and effectively any other material extraction and processing 
needed to create the PV module and finished electronics are also included. Finally, the 
wiring, encapsulation and any other processes by which the modules and electronics are 
fabricated and finished (up until the point of transportation to the site of operation) are all 
included in this part of the stage for PV. Applying essentially the same concept to wind 
energy means metal and petroleum extraction for steel, plastics, internal wiring, etc., are 
included. Furthermore, composition and production of the blades, gears (although there are 
also gearless turbines), rotors, nacelle, turbine, and tower are all part of this stage. 
 
A second stage involves the on-site construction of the generator and transportation of 
materials to the site. For PV, it encompasses transporting the panels, and installing them 
along with the balance of system (BOS), including mounting structures, cabling and inter 
connection components, and inverter (although the exact BOS assumptions vary by study). 
GHG emissions for this stage thus include the processing of BOS materials and fossil fuels 
burned in transporting and assembling the system. For wind power, transportation and BOS 
includes a significant amount of cement and iron rebar to support structures, as well as 
cabling and construction of substations, when necessary. 
 
Operation of PV panel is the third stage, and it includes maintenance, perhaps some minor 
replacements when necessary, cleaning of the modules and any other processes that occur 
while the panels are in use. Essentially the same applies for wind turbine, including regular 
maintenance and cleaning, possible replacement of parts such as blades and gear components, 
and required material inputs such as hydraulic oil and oil filters used to lubricate turbines. 
 
Decommissioning is the final stage that essentially involves the deconstruction processes, 
disposal, recycling and (possibly) land reclamation. 
 
Several life cycle assessment studies are performed for different PV and wind electricity 
generation systems in [36]. These studies give results that wind electricity emits 0.4 
g eq. CO2/kWh  to 364.8 g eq. CO2/kWh  and a mean of 34.11 g eq. CO2/kWh  and PV 
electricity emits 1.0 g eq. CO2/kWh to 218g eq. CO2/kWh and a mean of 49.91g eq. CO2/
kWh. 
 
In this thesis, it is considered that, 
Emission of   eq. CO2  for generation of 1 kWh electricity from PV system is, 
EmissionPV  = 49.91 g. 
Emission of  eq. CO2 for generation of 1 kWh  electricity from wind turbine system is, 
EmissionWT  = 34.11 g. 
According to Bangladesh Power Development Board (BPDB) report [37] on 24.01.2017, 
daily electricity generations in Bangladesh from different fuels are given below. 

Table 5.1  Daily grid electricity generation from different fuels in Bangladesh. 
Sl. No. Types of fuel. Generated electricity 

1 Gas  101.74×106 kWh 
2 Oil 26.10×106 kWh 
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Sl. No. Types of fuel. Generated electricity 
3 Coal 3.46×106 kWh 
4 Hydro 2.15×106 kWh 

Total 133.45×106 kWh 
 

According to World Nuclear Association (WNA) report [38], mean eq. 𝐶𝑂2emissions for 
using different types of fuels in power plants are given below. 

Table 5.2  Emission of eq. 𝐶𝑂2 for generation of unit electricity from different types of fuels. 
Sl. 
No. 

Types of fuel. Emission of eq. 𝐶𝑂2 
(g/ kWh) 

1 Gas 499 
2 Oil 733 
3 Coal 888 
4 Hydro 26 

 

Emission for per unit grid electricity, 

=
 101.74×106×499 + 26.10×106×733 + 3.46×106×888 + 2.15×106×26 

133.45×106 
 = 547.24 g 

Emission of  eq. CO2  for utilization of 1 kWh grid electricity, Emissiongrid = 547.24 g 
Daily generation of PV electricity in kWh = EPVreq   
Daily generation of wind electricity in kWh = EWTreq  
Daily utilization of grid electricity in kWh = Egridreq  
 
Total daily emission of  eq. CO2  in g, 

=  
 EPVreq × EmissionPV   +  EWTreq × EmissionWT  +

(Egridreq × Emissiongrid )
  

 
Environmental criterion, emission of   eq. CO2  in ton, 
 

. . . . . .  5.19 

EnvC =  
 49.91 × EPVreq  +  34.11 × EWTreq  +

(547.24 × Egridreq )
 

1

106 

 

. . . . . .  5.20 

5.5   SOCIAL CRITERION 
 
Social criterion is expressed as social acceptance of electricity generation system by the 
inhabitants considering land usage and emission of equivalent carbon dioxide (eq. CO2) for 
generation of electricity. Social acceptance is modeled using fuzzy logic in Matlab 
environment.  
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Fig. 5.2 Fuzzy logic inputs and output in Matlab environment. 
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A fussy inference process consists of the following five steps. 

    

 

 

 

 

 

 

 

 

 

                                        

 

Fig. 5.3  Flow chart of a fuzzy inference process. 

Step 1: Insert input variables: 
  
In this thesis input variables are land usage in acre for supplying daily electricity of 1 MWh 
by the power system and emission of eq. CO2 in kg for supplying daily electricity of 1 MWh. 
 
Input1: Land usage in acre for generation of daily 1MWh electricity  
Input1: Emission of eq. CO2 in kg for generation of daily 1MWh electricity 
 
Step 2: Fuzzification of input variables: 

Input variables are represented by several types of membership functions such as Z-shaped 
membership function (zmf), triangular shaped membership function (trimf) and S-shaped 
membership function (smf). Fuzzification of input variables is shown below. 

Fuzzification of input variables 

 

Application of fuzzy operators (AND, OR, 
NOT) 

 

Implication process 

 

rule) Aggregation of the 
consequents across the rules 

 

Defuzzifiaction 

Insert input variables 

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjkoKWFucvRAhUEVhQKHRDAAmQQFggbMAA&url=https%3A%2F%2Fwww.mathworks.com%2Fhelp%2Ffuzzy%2Fzmf.html&usg=AFQjCNH63QJSj_fjMkWKQoc-JdkZGrRPqA&sig2=rQlz5Qin876CILvXbBMgEg
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjkoKWFucvRAhUEVhQKHRDAAmQQFggbMAA&url=https%3A%2F%2Fwww.mathworks.com%2Fhelp%2Ffuzzy%2Fzmf.html&usg=AFQjCNH63QJSj_fjMkWKQoc-JdkZGrRPqA&sig2=rQlz5Qin876CILvXbBMgEg
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Fig. 5.4 Input 1 (Land usage in acres for daily 1 MWh electricity supply) 

 

Fig. 5.5  Input 2 (Emission of equivalent carbon dioxide (eq. CO2) in kg for daily 1 MWh 
electricity supply). 

Step 3: Application of fuzzy operators. 

The output variable is represented by triangular shaped membership (trimf) as below. 

 

Fig. 5.6 Output (value ranges from 0 to 100). 
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As each input or output  is segemented into several ranges and each range is represented by a 
function. There must be certain rules for input and output functions to correlate inputs and to 
generate output. In this modelling fuzzy logic AND operator is used to produce rules which 
corelate between inputs and output. Fuzzy rules which are proposed in this thesis to model 
social criterion are shown in table below. 

Table  5.3 : Rule matrix for social acceptance. 

Em
is
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  L
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Low 
Small 

Average 
Small 

High 
Small 

Low 
Medium 

Average 
Medium 

High 
Medium 

Low 
Large 

Average 
Large 

High 
Large 

Low Small High 
Large 

Average 
Large 

Low 
Large 
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Medium 

Average 
Medium 
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Medium 
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Small 
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Small 
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Small 

Average 
Small 
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Large 
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Medium 
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Medium 
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Medium 

High 
Small 
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Small 
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Small 
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Small 

High Small Low 
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Small 
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Small 
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Small 

High Large Low 
Small 

Low 
Small 

Low 
Small 
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Small 

Low 
Small 

Low 
Small 

Low 
Small 

Low 
Small 

Low 
Small 

 

Step 4: Implication and aggregation process 

Implication method is used to produce output for each rule. In this modeling „Mamdani‟ 
implication method is used. Mamdani method is illustrated with example. 

Let, input 1: Land usage = 0.4813 acres/ MWh-day and input 2: Emission of eq. CO2  = 
194.37 kg/MWh-day. 
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Land usage value lies in two regions of the membership function of input 1, these regions are 
high small and average small. Emission of eq. CO2  value lies in two regions of the 
membership function of input 2, these regions are high small and low medium. Four rules of 
the rule matrix shown in table 5.3 is applicable for generation of output of the given example. 

Rule 1: If input 1 is „low small‟ and input 2 is „high small‟ output is „low large‟. 

Rule 2: If input 1 is „low small‟ and input 2 is „average small‟ output is „average large‟. 

Rule 3: If input 1 is „averag small‟ and input 2 is „high small‟ output is „high medium‟. 

Rule 4: If input 1 is „average small‟ and input 2 is „average small‟ output is „low large‟. 

Output of each rule using „Mamdani‟ implication method is shown in figure below. 

 

Fig. 5.7 Application of „ Mamdani‟ implication method  for modelling of social criterion. 

Aggregation of outputs (red shaded area) is the union of all the outputs of individual rules. 

Step 5: Defuzzifiaction  

Final output of the fuzzy inference system is obtained from deffuzification of aggregated 
output.In this modeling „Centre of Area (COA)‟ defuzzyfication method is used. In this 
defuzzfication process, centre of area (COA)of the aggregated output is determined and 
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horizontal distance of COA from the origin of the output memebership function is calculated 
and this distance is the final output of the fuzzy inference system. 

 

Fig. 5.8  Defuzzification of the aggregated output. 

Surface view of the inputs and output relationship of the social acceptance criterion is shown 
in the figure below. 

 

Fig. 5.9  Surface view of the fussy inference process for modeling of social acceptance. 
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CHAPTER 6 

DATA ANALYSIS AND PRODUCTION OF ELECTRICITY BY 
EACH PV PANEL AND WT MODULE 

 

6.1   LOCAL DEMAND OF ELECTRICITY AT KUTUBDIA ISLAND AND 
SELECTION OF GENERATION TARGET 

 Local demand of electricity at Kutubdia Island is assumed as in [39]. 

 

Fig. 6.1  Daily load curve of Kutubdia Island for winter season (left) and summer season        
(right). 

Daily requirement of electricity for winter season [39],  𝐸𝑑𝑎𝑦𝑤𝑖𝑛 = 
(5×1000)+(1×1200)+(1×1300)+(1×1450)+(1×1500)+(1×1600)+(1×1500)+(4×1400)+(1×160
0)+(1×1800)+(1×2000)+(1×2200)+(2×2500)+(1×2250)+(1×2000)+(1×1500) = 37300 kWh. 

Average load for winter, 𝑃𝑑𝑎𝑦𝑤𝑖𝑛 = 37300  kWh .

24 
 = 1554 kW. 

Daily requirement of electricity for summer season [39], 𝐸𝑑𝑎𝑦𝑠𝑢𝑚 = 
(5×4500)+(1×4750)+(1×5000)+(2×5250)+(2×4800)+(4×4750)+(1×5250)+(1×5500)+(1×600
0)+(1×6500)+(2×7000)+(1×6500)+(1×5500)+(1×5250) = 125850 kWh. 

Average load for winter, 𝑃𝑑𝑎𝑦𝑠𝑢𝑚 = 125850  kWh .

24 
 = 5243.75 kW =5.24375 MW. 

In this thesis, the target is to install PV-WT hybrid power plant which can generate daily 
average electricity of 5244 kW. 

Generation target, Ereq  = 5244×24 = 125856 kWh. 
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6.2 SOLAR DATA ANALYSIS 
 

6.2.1 LOCATION DATA 

Name of site location: Kutubdia Island, Bangladesh; 
 Latitude, ø = 21.8167°N   , Longitude, λ = 91.8583°E, GMT = +6. 
Ground albedo for reflection of solar irradiance from ground surface ,  𝜌 =0.2. 
 

6.2.2 SOLAR IRRADIANCE ON THE HORIZONTAL SURFACE 
 

Table 6.1 Monthly average global horizontal irradiance (GHI) data for the location of 
Kutubdia Island [40]. 

Sl. 
No. 

Name of Months Average daily total 
GHI, 𝐺𝐻𝐼𝑑𝑎𝑦  

(in 𝑘𝑊 𝑚2 − 𝑑𝑎𝑦)  
1 January 4.75 
2 February 5.33 
3 March 5.93 
4 April 6.09 
5 May 5.52 
6 June 4.41 
7 July 3.81 
8 August 4.03 
9 September 4.15 
10 October 4.53 
11 November 4.48 
12 December 4.56 
 Annual average 

daily total GHI 
4.77 

 

Table 6.2 Monthly average diffuse horizontal irradiance (DHI) data for the location of 
Kutubdia Island [40]. 

Sl. 
No. 

Name of Months Average daily total 
DHI, 𝐷𝐻𝐼𝑑𝑎𝑦  

(in 𝑘𝑊 𝑚2 − 𝑑𝑎𝑦)  
1 January 1.03 
2 February 1.30 
3 March 1.72 
4 April 2.15 
5 May 2.12 
6 June 1.46 
7 July 1.43 
8 August 1.32 
9 September 1.19 
10 October 1.17 
11 November 1.27 
12 December 0.98 
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 Annual average 
daily total DHI 

1.43 

 

6.2.3 DIURNAL VARIATION OF SOLAR IRRADIANCE ON THE 
HORIZONTAL SURFACE 

Using equations 3.11 and 3.13 in Matlab@version 15.0 environment, diurnal variation 
(hourly solar irradiance) of solar irradiance is calculated from daily total solar irradiance. 

Table 6.3  Monthly average hourly solar global horizontal irradiance, GHI(t) (in 𝑊 𝑚2  ) data. 
Hours 
in a 
day 
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𝑔
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Se
pt

em
be

r
𝐺
𝐻
𝐼 𝑠
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 (
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O
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𝐺
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N
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𝐺
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D
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𝐺
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𝐼 𝑑
𝑒𝑐
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0:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6:00 0.0 0.0 0.0 24.1 71.1 58.6 40.1 22.0 6.0 0.0 0.0 0.0 
7:00 28.2 58.6 135.0 211.2 224.4 167.3 143.0 139.8 141.7 148.4 116.3 61.4 
8:00 228.8 262.0 332.8 387.1 368.0 269.5 240.4 251.2 268.7 305.2 290.4 255.5 
9:00 405.2 442.3 506.9 540.0 491.9 358.3 325.6 348.6 378.2 438.3 438.1 422.8 
10:00 545.4 587.2 645.5 659.3 587.7 427.6 393.0 425.5 462.7 538.6 549.2 551.9 
11:00 639.8 686.9 739.2 737.0 648.9 472.6 437.9 476.5 516.6 599.1 616.4 634.0 
12:00 682.0 734.4 781.7 767.7 671.4 490.4 457.2 498.2 536.1 615.9 634.9 663.6 
13:00 669.1 726.7 769.9 749.4 653.6 479.6 449.6 489.0 519.8 587.8 603.6 638.5 
14:00 602.0 664.2 704.7 683.3 596.6 441.1 415.7 449.7 469.0 516.7 524.5 560.5 
15:00 485.3 551.1 590.6 573.9 504.5 377.5 357.8 382.9 387.1 407.4 403.1 435.0 
16:00 326.9 395.3 435.3 428.7 383.5 293.0 279.7 293.2 279.6 267.3 247.6 270.5 
17:00 137.6 207.2 249.4 257.6 241.7 193.5 186.8 186.6 153.9 106.1 68.6 78.1 
18:00 0.0 0.0 45.6 72.1 89.0 85.7 85.5 70.4 18.5 0.0 0.0 0.0 
19:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Fig. 6.2  Solar GHI (𝑊 𝑚2  ) at location of Kutubdia for the months January to June (Left) 
and July to December (Right). 

Table 6.4 Monthly average hourly solar diffuse horizontal irradiance, DIF (𝑊 𝑚2  ) data 
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0:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6:00 0.0 0.0 0.0 8.5 27.3 20.8 15.1 6.5 1.7 0.0 0.0 0.0 
7:00 6.1 14.3 39.2 74.6 86.2 59.4 53.7 41.3 40.6 41.6 33.0 13.2 
8:00 49.6 63.9 96.5 136.7 141.3 95.7 90.2 74.2 77.1 85.6 82.3 54.9 
9:00 87.9 107.9 147.0 190.6 188.9 127.3 122.2 102.9 108.4 122.9 124.2 90.9 
10:00 118.3 143.2 187.2 232.8 225.7 151.9 147.5 125.6 132.7 151.0 155.7 118.6 
11:00 138.7 167.5 214.4 260.2 249.2 167.9 164.4 140.7 148.1 168.0 174.7 136.3 
12:00 147.9 179.1 226.7 271.0 257.9 174.2 171.6 147.1 153.7 172.7 180.0 142.6 
13:00 145.1 177.2 223.3 264.6 251.0 170.4 168.8 144.4 149.1 164.8 171.1 137.2 
14:00 130.5 162.0 204.4 241.2 229.1 156.7 156.0 132.8 134.5 144.8 148.7 120.5 
15:00 105.2 134.4 171.3 202.6 193.8 134.1 134.3 113.1 111.0 114.2 114.3 93.5 
16:00 70.9 96.4 126.3 151.3 147.3 104.1 105.0 86.6 80.2 74.9 70.2 58.1 
17:00 29.8 50.5 72.4 90.9 92.8 68.7 70.1 55.1 44.1 29.8 19.4 16.8 
18:00 0.0 0.0 13.2 25.5 34.2 30.4 32.1 20.8 5.3 0.0 0.0 0.0 
19:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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6.2.4 SOLAR PANEL ORIENTATION 

In this thesis work, solar panels are considered to be oriented to  a fixed angle, so that annual 
solar irradiance reception by PV panels will be maximum. Genetic algorithm (GA) which is a 
built in optimization tool in Matlab software@ version 15.0 is used to find optimal tilt angle 
and azimuth orientation of PV panels using data in table 6.3, 6.4 and equations 3.15 to 3.24. 

Table 6.5 Solar panel orientation. 
Optimal tilt angle of PV panel, (β) PV Panel azimuth orientation with 

respect to the South axis, (Ɵ𝐴𝑧𝑝𝑣𝑠 ) 
22.570 00 

 

6.2.5 SOLAR IRRADIANCE ON THE TILTED PV PANEL 

Using data in table 6.3, 6.4, 6.5 and equations 6.15 to 6.18, hourly total (summation of direct, 
diffuse and ground reflected beam) solar irradiance on the tilted PV panel is calculated. 

Solar irradiances on the tilted PV panels are given below. 

Table 6.6 Hourly solar irradiance on the tilted PV panel G(t) (in 𝑊 𝑚2  ) data. 
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0:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
5:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6:00 0.0 0.0 0.0 8.1 25.8 19.7 14.3 6.2 1.6 0.0 0.0 0.0 
7:00 139.5 125.2 150.7 182.9 175.5 120.7 103.4 109.4 138.2 189.9 199.3 186.0 
8:00 350.4 338.7 356.5 364.3 322.8 226.1 203.5 225.3 270.5 353.4 380.5 389.4 
9:00 535.9 527.7 537.7 521.9 450.0 317.7 291.3 326.7 384.6 492.2 534.3 565.4 
10:00 683.4 679.4 682.0 644.9 548.4 389.1 360.5 406.7 472.7 596.8 650.2 701.2 
11:00 782.6 783.8 779.5 725.0 611.2 435.6 406.7 459.8 528.8 660.0 720.2 787.6 
12:00 827.0 833.6 823.6 756.6 634.3 453.9 426.6 482.4 549.1 677.6 739.6 818.7 
13:00 813.3 825.4 811.3 737.7 615.9 442.8 418.8 472.9 532.3 648.3 707.0 792.3 
14:00 742.6 759.7 743.3 669.5 557.5 403.1 384.0 432.0 479.4 574.2 624.6 710.2 
15:00 619.7 641.2 624.5 556.6 462.8 337.5 324.4 362.5 394.1 460.4 498.2 578.0 
16:00 452.8 477.7 462.7 406.7 338.5 250.4 244.1 269.2 282.2 314.5 336.2 404.7 
17:00 252.8 280.4 269.1 230.2 193.0 147.8 148.6 158.3 151.3 146.9 150.3 201.3 
18:00 0.0 0.0 56.7 39.1 36.5 36.8 44.4 37.1 9.5 0.0 0.0 0.0 
19:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
21:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23:00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Fig. 6.3  Solar irradiance (𝑊 𝑚2  ) on surface of the tilted PV panel at Kutubdia for the 
months ofJanuary to June (Left) and July to December (Right). 

6.3    WIND SPEED DATA 

Wind speeds at 25 m height from the ground surface for a location of Kutubdia Island are 
obtained from [41].  

Table 6.7 Wind speeds at 25 m height from the ground surface for the location of Kutubdia 
Island [41]. 

Sl. 
No. 

Name of Months Monthly average daily 
wind speed 𝑉𝑊𝑇  

(in 𝑚 𝑠)  
1 January 4.3 
2 February 3.9 
3 March 4.00 
4 April 3.85 
5 May 5.5 
6 June 6.3 
7 July 6.5 
8 August 6.0 
9 September 4.2 
10 October 4.5 
11 November 3.8 
12 December 3.9 

 

Wind speed at larger height from the ground level is greater. Considering Hellman exponent, 
α=0.27 and using equation 5.1, wind speeds at 75 m height from the ground level are 
calculated. 
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Table 6.8  Wind speeds at 75 m height from the ground surface for the location of Kutubdia 
Island. 

Sl. 
No. 

Name of Months Monthly average daily 
wind speed 𝑉𝑊𝑇  

(in 𝑚 𝑠)  
1 January 5.78 
2 February 5.24 
3 March 5.38 
4 April 5.18 
5 May 7.39 
6 June 8.46 
7 July 8.74 
8 August 8.07 
9 September 5.55 
10 October 6.05 
11 November 5.11 
12 December 5.25 

 

Hourly wind speed data are important to calculate daily electricity production from wind. In 
reference [39], hourly wind speeds are calculated for Kutubdia Island using HOMER (Hybrid 
Optimization Model for Electric Renewables) software. In this paper [39] Weibul parameter 
k is considered 2.17. Autocorrelation measures the randomness of the wind which is 
considered 0.914. Diurnal pattern measures how strongly wind speed depends on the time of 
the day. This is considered 0.161 and peak time wind speed is considered at 15:00 hour for a 
location of Kutubdia Island. 
 
Table 6.9  Hourly wind speed data  at 75 m height for the location of Kutubdia Island for different 

months , 𝑉𝑊𝑇(𝑡) in m/s. 
Hours 
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day 
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𝑇
𝑑
𝑒𝑐
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0:00 5.11 5.30 4.80 4.60 6.70 7.30 7.50 7.10 5.00 5.25 4.50 4.70 
1:00 4.9 4.80 4.70 4.40 6.40 7.00 8.00 7.00 4.50 5.25 4.50 4.60 
2:00 4.80 4.50 4.6 4.25 6.25 7.00 8.00 6.80 4.50 5.40 4.40 4.50 
3:00 4.70 4.50 4.60 4.40 6.25 7.00 7.50 6.70 4.70 5.30 4.30 4.50 
4:00 4.60 4.60 4.60 4.50 6.20 7.20 7.40 6.70 4.60 5.40 4.30 4.60 
5:00 5.00 4.50 4.60 4.60 6.20 7.40 7.50 7.00 4.50 5.50 4.50 4.60 
6:00 5.10 4.60 4.70 4.60 6.40 7.60 7.60 7.50 4.50 5.80 4.50 4.80 
7:00 5.10 4.70 5.00 4.70 6.60 8.00 8.00 8.00 4.50 6.25 4.60 5.20 
8:00 5.25 5.00 5.10 5.00 7.00 8.40 8.50 8.50 4.70 6.40 4.80 5.40 
9:00 5.70 5.25 5.30 5.20 7.40 8.50 9.00 8.60 5.10 6.50 4.90 5.50 

10:00 5.80 5.50 5.70 5.40 7.60 8.75 9.40 8.80 5.50 6.30 5.10 5.60 
11:00 6.10 5.75 5.80 5.40 8.10 9.2 10.0 8.90 5.80 6.20 5.30 5.70 
12:00 6.50 6.00 6.00 5.70 8.40 9.60 10.2 8.80 6.80 6.20 5.50 5.80 
13:00 7.00 6.20 6.10 6.00 8.40 9.80 10.2 9.00 6.25 6.40 5.60 5.80 
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14:00 7.25 6.10 6.20 6.10 8.30 9.80 10.1 9.25 6.40 6.40 5.80 5.60 
15:00 7.20 5.80 6.20 6.10 8.50 9.90 10.0 9.30 6.40 6.5 6.00 5.60 
16:00 6.80 5.90 6.25 6.10 8.40 10.0 9.75 9.00 6.30 6.70 6.00 5.70 
17:00 6.70 6.00 6.25 6.00 8.50 9.70 9.60 8.70 6.25 6.80 6.00 5.60 
18:00 6.80 5.90 5.80 5.90 8.50 9.20 9.50 8.70 6.10 6.60 6.10 5.50 
19:00 6.50 5.50 5.70 5.70 8.25 8.80 9.00 8.50 5.80 6.50 5.80 5.50 
20:00 6.25 5.25 5.70 5.50 7.90 8.70 8.90 8.40 5.60 6.50 5.50 5.50 
21:00 5.75 5.10 5.20 5.40 7.50 8.50 8.50 8.00 5.50 6.40 5.30 5.30 
22:00 5.50 4.90 5.10 5.00 7.00 8.20 8.00 7.50 5.40 6.30 5.0 5.2 
23:00 5.25 4.70 5.00 4.50 6.80 7.90 7.80 7.00 5.10 5.50 4.70 4.90 

 
6.4   SPECIFICATIONS OF SOLAR PANEL 

In this thesis work, PV panel model number „Sunmodule SW 350 XL MONO‟ which is 
manufactured by the „Solar World‟ company in Germany is selected. Specifications of the 
solar panel are given below. 

Watt peak rating of PV panel, 𝑃𝑝𝑎𝑛𝑒𝑙 = 350W. 
Open circuit voltage of PV panel under standard test conditions (ambient temperature=25°C 
and exposure of irradiance =1000𝑊 𝑚2  ), 𝑉𝑂𝐶𝑆𝑇𝐶= 48 V. 
Maximum power point voltage under standard test conditions (ambient temperature=25°C 
and exposure of irradiance =1000𝑊 𝑚2  ), 𝑉𝑀.𝑆𝑇𝐶= 38.4V. 
Temperature coefficient of open circuit voltage, 𝐾𝑣= -0.1459 V/°C 
Short circuit current of PV panel under standard test conditions (ambient temperature=25°C 
and exposure of irradiance =1000𝑊 𝑚2  ), 𝐼𝑆𝐶𝑆𝑇𝐶= 9.82A. 
Temperature coefficient of short circuit current, 𝐾𝑖= 0.004124 A/°C. 
Reference temperature as defined by the manufacturer, 𝑇𝑟𝑒𝑓= 25°C. 
Nominal operating cell temperature, NOCT = 46°C   
Fill factor of V-I characteristic curve of a PV panel, FF= 0.747 
Gradient of the de-rated efficiency curve, 𝑀𝑃𝑉= 0.7 𝑦−1 
Life time of PV panel, 𝑁𝑝𝑣𝑙𝑖𝑓𝑒 = 25 y. 
Length of PV panel, 𝐿𝑝𝑎𝑛𝑒𝑙 = 1.993 m. 
Width of PV panel, 𝑊𝑝𝑎𝑛𝑒𝑙 = 1.001 m. 
 

6.5    SPECIFICATION OF GRID TIE INVERTER 

In this thesis, grid tie PV inverter model number „SolarMax 3×330TS-SV Multi MPPT 
990kW‟ manufactured by the „SolarMax‟ company of Germany is selected. Specifications of 
the grid tie PV inverter are given below. 
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Rated power rating of the inverter, PPVinv = 990 kW. 
No. of MPPT embedded string = 9. 
Rated power rating of each string of the inverter, PPsinv = 110kW. 
Efficiency of inverter, ƞPVinv = 0.95. 
Maximum limit of MPP voltage of the inverter, 𝑉𝑖.𝑚𝑎𝑥 = 800V. 
Minimum limit of MPP voltage of the inverter, 𝑉𝑖 .𝑚𝑖𝑛 = 450. 
Maximum limit of DC voltage across the string of the inverter, 𝑉𝐷𝐶 .𝑚𝑎𝑥 = 900V. 
Minimum limit of DC voltage across the string of the inverter, 𝑉𝐷𝐶 .𝑚𝑖𝑛 = 450V. 
Output voltage of inverter, 𝑉𝑎𝑐 .𝑖𝑛𝑣  = 3phase, 280 V (line to neutral voltage). 
 

6.6   SPECIFICATION OF TRANSFORMER 

Low tension (LT) side voltage of transformer, 𝑉𝐿𝑇 =𝑉𝑎𝑐 .𝑖𝑛𝑣  =3phase, 400 V (line to line 
voltage). 
High tension (HT) side voltage of transformer, 𝑉𝐻𝑇 =3phase, 33000V (line to line voltage). 
Efficiency of the transformer, ƞtrans = 0.97. 
 

6.7    SPECIFICATION OF WIND TURBINE MODULE 

In this thesis, grid tie wind turbine module model number „EWT 500kW Direct Drive Wind 
Turbine‟ manufactured by the „EWT‟ company of Netherland is selected. Specifications of 
the grid tie wind turbine module are given below. 
Hub height, 𝐻𝑢𝑏  =75m 
Rotor diameter, 𝐷𝑊𝑇= 54m 
Cut in wind speed = 3 m/s 
Rated wind speed =10 m/s 
Cut-out wind speed = 25 m/s 
Survival wind speed = 59.5 m/s 
Gradient of derated energy conversion curve, 𝑚𝑊𝑇  = 0.5 𝑦−1 
Power curve of the wind turbine module is shown below. 

 
 

Fig.  6. 4 Power curve of wind turbine module. 
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Table 6.10 Wind speeds versus power output of WT module. 
Sl. No. Wind speed 

in m/s 
Power output 

in kW 
1 0 0 
2 1 0 
3 2 0 
4 3 12 
5 4 39 
6 5 78 
7 6 138 
8 7 222 
9 8 337 
10 9 477 
11 10 500 
12 11 500 
13 12 to 25 500 

 
 

6.8   ANNUAL AVERAGE DAILY ELECTRICITY PRODUCTION BY EACH PV  
 PANEL 

 
For the month of January, monthly average daily electricity production by a new panel is 
calculated using equation 3.28, 3.29 and solar data from table 6.6.  
 
Monthly average daily electricity production by a new panel for the month of January, 
𝐸𝑝𝑑𝑎𝑦𝑛𝑒𝑤 = 1.7795 kWh 
Using equation 4.30,  
Monthly electricity production by a new panel for the month of January,  
𝐸𝑝𝑗𝑎𝑛𝑛𝑒𝑤  = 55.163 kWh 
Similarly, 
Monthly electricity production by a new panel for the month of February, 
 𝐸𝑝𝑓𝑒𝑏𝑛𝑒𝑤  = 51.64kWh. 
Monthly electricity production by a new panel for the month of March, 
 𝐸𝑝𝑚𝑎𝑟𝑛𝑒𝑤  = 58.19 kWh. 
Monthly electricity production by a new panel for the month of April, 
 𝐸𝑝𝑎𝑝𝑟𝑛𝑒𝑤  = 53.007 kWh. 
Monthly electricity production by a new panel for the month of May, 
 𝐸𝑝𝑚𝑎𝑦𝑛𝑒𝑤  = 46.94 kWh. 
Monthly electricity production by a new panel for the month of June, 
 𝐸𝑝𝑗𝑢𝑛𝑛𝑒𝑤  = 31.933 kWh. 
Monthly electricity production by a new panel for the month of July, 
 𝐸𝑝𝑗𝑢𝑙𝑦𝑛𝑒𝑤  = 31.1 kWh. 
Monthly electricity production by a new panel for the month of August, 
 𝐸𝑝𝑎𝑢𝑔𝑛𝑒𝑤  = 34.519 kWh. 
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Monthly electricity production by a new panel for the month of September, 
 𝐸𝑝𝑠𝑒𝑝𝑛𝑒𝑤  =37.13 kWh. 
Monthly electricity production by a new panel for the month of October, 
 𝐸𝑝𝑜𝑐𝑡𝑛𝑒𝑤  = 45.924 kWh. 
Monthly electricity production by a new panel for the month of November,  
𝐸𝑝𝑛𝑜𝑣𝑛𝑒𝑤  = 48.30 kWh. 
Monthly electricity production by a new panel for the month of December, 
 𝐸𝑝𝑑𝑒𝑐𝑛𝑒𝑤  = 56.762 kWh. 
 
Electricity production in the first year by a new panel 𝐸𝑝𝑦𝑛𝑒𝑤  is calculated as below. 
𝐸𝑃𝑦𝑛𝑒𝑤 =𝐸𝑃𝑗𝑎𝑛𝑛𝑒𝑤 + 𝐸𝑃𝑓𝑒𝑏𝑛𝑒𝑤 +𝐸𝑃𝑚𝑎𝑟𝑛𝑒𝑤 + 𝐸𝑃𝑎𝑝𝑟𝑛𝑒𝑤 +𝐸𝑃𝑚𝑎𝑦𝑛𝑒𝑤 + 𝐸𝑃𝑗𝑢𝑛𝑛𝑒𝑤 + 𝐸𝑃𝑗𝑢𝑙𝑛𝑒𝑤 + 
𝐸𝑃𝑎𝑢𝑔𝑛𝑒𝑤 +𝐸𝑃𝑠𝑒𝑝𝑛𝑒𝑤 + 𝐸𝑃𝑜𝑐𝑡𝑛𝑒𝑤 + 𝐸𝑃𝑛𝑜𝑣𝑛𝑒𝑤 +𝐸𝑃𝑑𝑒𝑐𝑛𝑒𝑤 = 550.63 kWh. 
 
Due to aging, efficiency of PV panel reduces (derated) and hence electricity production also 
reduces with the course of time. Considering the aging effect of PV panel, life time average 
of yearly production of electricity, 𝐸𝑃𝑦𝑎𝑣𝑔   by a panel is calculated using equation 3.32. 
𝐸𝑃𝑦𝑎𝑣𝑔   = 482.35 kWh. 
Annual average daily electricity production by a panel,  
                                                                  𝐸𝑃𝑑𝑎𝑦   = 𝐸𝑃𝑦𝑎𝑣𝑔

365
 = 1.344 kWh. 

 
. . . . . . .  6.1 

 
6.9   ANNUAL AVERGE DAILY ELECTRICITY PRODUCTION BY EACH WT 

MODULE 
 

Monthly average diurnal variation of wind speeds are listed in table 6.9 for different months 
of a year. Monthly average diurnal wind speeds, 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡)  for the month of January is used 
to calculate monthly average daily electricity production for the month of January. 
 
 Monthly average daily electricity by a new WT module, 
 = 𝑃 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡) 24

𝑡=0  = 3107.904 kWh 
Where, 𝑃 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡)  is calculated from power curve for given wind speed𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡). 

It is approximated that diurnal variation of wind speeds for all days in a particular month is 
the same. Using equation 4.3, monthly electricity production by a new WT module for the 
month of January is, 𝐸𝑊𝑇𝑗𝑎𝑛 = 31 ×  𝑃 𝑉𝑊𝑇𝑗𝑎𝑛 (𝑡) 24

𝑡=0 = 96345.024 kWh. 

Similarly, using equations 4.4 to 4.14, 
Monthly electricity production by a WT module for the month of February, 
 𝐸𝑊𝑇𝑓𝑒𝑏  = 62318.592 kWh. 
Monthly electricity production by a WT module for the month of March, 
 𝐸𝑊𝑇𝑚𝑎𝑟  = 73745.280 kWh. 
Monthly electricity production by a WT module for the month of April, 
 𝐸𝑊𝑇𝑎𝑝𝑟  = 65482.560 kWh. 
Monthly electricity production by a WT module for the month of May, 
 𝐸𝑊𝑇𝑚𝑎𝑦  = 198076.608 kWh. 
Monthly electricity production by a WT module for the month of June, 
 𝐸𝑊𝑇𝑗𝑢𝑛  =265409.280 kWh. 
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Monthly electricity production by a WT module for the month of July, 
 𝐸𝑊𝑇𝑗𝑢𝑙  = 290133.216 kWh. 
Monthly electricity production by a WT module for the month of August,  
𝐸𝑊𝑇𝑎𝑢𝑔  = 253251.648 kWh. 
Monthly electricity production by a WT module for the month of September, 
 𝐸𝑊𝑇𝑠𝑒𝑝  = 72515.520 kWh. 
Monthly electricity production by a WT module for the month of October, 
 𝐸𝑊𝑇𝑜𝑐𝑡  = 107421.696 kWh. 
Monthly electricity production by a WT module for the month of November, 
 𝐸𝑊𝑇𝑛𝑜𝑣  = 62190.720 kWh. 
Monthly electricity production by a WT module for the month of December,  
𝐸𝑊𝑇𝑑𝑒𝑐  = 67102.848 kWh. 
 
Electricity production in the first year by a new WT module 𝐸𝑊𝑇  𝑦𝑒𝑎𝑟  is calculated as below. 
𝐸𝑊𝑇𝑦𝑒𝑎𝑟 =𝐸𝑊𝑇𝑗𝑎𝑛 + 𝐸𝑊𝑇𝑓𝑒𝑏 +𝐸𝑊𝑇𝑚𝑎𝑟 + 𝐸𝑊𝑇𝑎𝑝𝑟 +𝐸𝑊𝑇𝑚𝑎𝑦 + 𝐸𝑊𝑇𝑗𝑢𝑛 + 𝐸𝑊𝑇𝑗𝑢𝑙  + 
𝐸𝑊𝑇𝑎𝑢𝑔 +𝐸𝑊𝑇𝑠𝑒𝑝 + 𝐸𝑊𝑇𝑜𝑐𝑡 + 𝐸𝑊𝑇𝑛𝑜𝑣 +𝐸𝑊𝑇𝑑𝑒𝑐  = 1614×103 kWh. 
 
Annual average daily electricity production by a new WT module, 
 𝐸𝑊𝑇  𝑛𝑒𝑤𝑑𝑎𝑦 = 𝐸𝑊𝑇𝑦𝑒𝑎𝑟

365
 = 4421.9 kWh. 

Considering aging effect and wind shading, average daily electricity production by a WT 
module, 𝐸𝑊𝑇  𝑑𝑎𝑦  is calculated using equation 4.17. 
Annual average daily electricity production by a WT module,  
                                                                  𝐸𝑊𝑇  𝑑𝑎𝑦 = 3780.7 kWh. 
 

 
. . . . . . .  6.2 
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CHAPTER 7  

CALCULATING THE PERFORMANCE VALUES FOR GRID 
TIE PV-WT HYBRID ELECTRICITY GENERATION 

SYSTEM FOR DIFFERENT CRITERIA 

 

7.1  INTRODUCTION 

Several alternatives are formed for different sharing of electricity among PV, WT and grid 
sources to meet the local demand of electricity. Each alternative consists of individually 
different integration of percentile sharing of electricity sources. Performance evaluation of 
technical, economical, environmental and social criteria for each alternative is done using 
practical data.  Data is collected for a physical location of Kutubdia Island, Bangladesh. 

In this thesis, the target is to install grid tie PV-WT hybrid power plant which can provide 
daily average electricity of 125856 kWh. 

7.2  FORMATION OF ALTERNATIVES 

Alternatives are generated, basing them on a fixed step size variation of the shared electricity 
between PV and WT system for a particular grid share. Starting from 100% dependence on 
the grid system, next alternative is generated by adding a certain step size to the WT system 
and subtracting the same amount from grid system, continuing on this procedure until 100% 
dependence on PV system. In the thesis, 10% step size is selected and 66 numbers of 
alternatives are formed.  

Table 7.1  List of alternatives for generation of daily electricity of 125856 kWh. 
Alternatives PV electricity share 

(in kWh/Day) 
WT electricity share  

(in kWh/Day) 
Grid electricity share 

(in kWh/Day) 
𝐴𝑙𝑡𝑒𝑟1 125856×0% 125856×0% 125856×100% 
𝐴𝑙𝑡𝑒𝑟2 125856×0% 125856×10% 125856×90% 
𝐴𝑙𝑡𝑒𝑟3 125856×0% 125856×20% 125856×80% 
𝐴𝑙𝑡𝑒𝑟4 125856×0% 125856×30% 125856×70% 
𝐴𝑙𝑡𝑒𝑟5 125856×0% 125856×40% 125856×60% 
𝐴𝑙𝑡𝑒𝑟6 125856×0% 125856×50% 125856×50% 
𝐴𝑙𝑡𝑒𝑟7 125856×0% 125856×60% 125856×40% 
𝐴𝑙𝑡𝑒𝑟8 125856×0% 125856×70% 125856×30% 
𝐴𝑙𝑡𝑒𝑟9 125856×0% 125856×80% 125856×20% 
𝐴𝑙𝑡𝑒𝑟10 125856×0% 125856×90% 125856×10% 
𝐴𝑙𝑡𝑒𝑟11 125856×0%  125856×100% 125856×0% 
𝐴𝑙𝑡𝑒𝑟12 125856×10% 125856×0% 125856×90% 
𝐴𝑙𝑡𝑒𝑟13 125856×10% 125856×10% 125856×80% 
𝐴𝑙𝑡𝑒𝑟14 125856×10% 125856×20% 125856×70% 
𝐴𝑙𝑡𝑒𝑟15 125856×10% 125856×30% 125856×60% 
𝐴𝑙𝑡𝑒𝑟16 125856×10% 125856×40% 125856×50% 
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Alternatives PV electricity share 
(in kWh/Day) 

WT electricity share  
(in kWh/Day) 

Grid electricity share 
(in kWh/Day) 

𝐴𝑙𝑡𝑒𝑟17 125856×10% 125856×50% 125856×40% 
𝐴𝑙𝑡𝑒𝑟18 125856×10% 125856×60% 125856×30% 
𝐴𝑙𝑡𝑒𝑟19 125856×10% 125856×70% 125856×20% 
𝐴𝑙𝑡𝑒𝑟20  125856×10% 125856×80% 125856×10% 
𝐴𝑙𝑡𝑒𝑟21  125856×10% 125856×90% 125856×0% 
𝐴𝑙𝑡𝑒𝑟22  125856×20% 125856×0% 125856×80% 
𝐴𝑙𝑡𝑒𝑟23  125856×20% 125856×10% 125856×70% 
𝐴𝑙𝑡𝑒𝑟24  125856×20% 125856×20% 125856×60% 
𝐴𝑙𝑡𝑒𝑟25  125856×20% 125856×30% 125856×50% 
𝐴𝑙𝑡𝑒𝑟26  125856×20% 125856×40% 125856×40% 
𝐴𝑙𝑡𝑒𝑟27  125856×20% 125856×50% 125856×30% 
𝐴𝑙𝑡𝑒𝑟28  125856×20% 125856×60% 125856×20% 
𝐴𝑙𝑡𝑒𝑟29 125856×20% 125856×70% 125856×10% 
𝐴𝑙𝑡𝑒𝑟30  125856×20% 125856×80% 125856×0% 
𝐴𝑙𝑡𝑒𝑟31  125856×30% 125856×0% 125856×70% 
𝐴𝑙𝑡𝑒𝑟32  125856×30% 125856×10% 125856×60% 
𝐴𝑙𝑡𝑒𝑟33  125856×30% 125856×20% 125856×50% 
𝐴𝑙𝑡𝑒𝑟34  125856×30% 125856×30% 125856×40% 
𝐴𝑙𝑡𝑒𝑟35  125856×30% 125856×40% 125856×30% 
𝐴𝑙𝑡𝑒𝑟36  125856×30% 125856×50% 125856×20% 
𝐴𝑙𝑡𝑒𝑟37  125856×30% 125856×60% 125856×10% 
𝐴𝑙𝑡𝑒𝑟38  125856×30% 125856×70% 125856×0% 
𝐴𝑙𝑡𝑒𝑟39 125856×40% 125856×0% 125856×60% 
𝐴𝑙𝑡𝑒𝑟40  125856×40% 125856×10% 125856×50% 
𝐴𝑙𝑡𝑒𝑟41  125856×40% 125856×20% 125856×40% 
𝐴𝑙𝑡𝑒𝑟42  125856×40% 125856×30% 125856×30% 
𝐴𝑙𝑡𝑒𝑟43  125856×40% 125856×40% 125856×20% 
𝐴𝑙𝑡𝑒𝑟44  125856×40% 125856×50% 125856×10% 
𝐴𝑙𝑡𝑒𝑟45  125856×40% 125856×60% 125856×0% 
𝐴𝑙𝑡𝑒𝑟46  125856×50% 125856×0% 125856×50% 
𝐴𝑙𝑡𝑒𝑟47  125856×50% 125856×10% 125856×40% 
𝐴𝑙𝑡𝑒𝑟48  125856×50% 125856×20% 125856×30% 
𝐴𝑙𝑡𝑒𝑟49 125856×50% 125856×30% 125856×20% 
𝐴𝑙𝑡𝑒𝑟50  125856×50% 125856×40% 125856×10% 
𝐴𝑙𝑡𝑒𝑟51  125856×50% 125856×50% 125856×0% 
𝐴𝑙𝑡𝑒𝑟52  125856×60% 125856×0% 125856×40% 
𝐴𝑙𝑡𝑒𝑟53  125856×60% 125856×10% 125856×30% 
𝐴𝑙𝑡𝑒𝑟54  125856×60% 125856×20% 125856×20% 
𝐴𝑙𝑡𝑒𝑟55  125856×60% 125856×30% 125856×10% 
𝐴𝑙𝑡𝑒𝑟56  125856×60% 125856×40% 125856×0% 
𝐴𝑙𝑡𝑒𝑟57  125856×70% 125856×0% 125856×30% 
𝐴𝑙𝑡𝑒𝑟58  125856×70% 125856×10% 125856×20% 
𝐴𝑙𝑡𝑒𝑟59 125856×70% 125856×20% 125856×10% 
𝐴𝑙𝑡𝑒𝑟60  125856×70% 125856×30% 125856×0% 
𝐴𝑙𝑡𝑒𝑟61  125856×80% 125856×0% 125856×20% 
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Alternatives PV electricity share 
(in kWh/Day) 

WT electricity share  
(in kWh/Day) 

Grid electricity share 
(in kWh/Day) 

𝐴𝑙𝑡𝑒𝑟62  125856×80% 125856×10% 125856×10% 
𝐴𝑙𝑡𝑒𝑟63  125856×80% 125856×20% 125856×0% 
𝐴𝑙𝑡𝑒𝑟64  125856×90% 125856×0% 125856×10% 
𝐴𝑙𝑡𝑒𝑟65  125856×90% 125856×10% 125856×0% 
𝐴𝑙𝑡𝑒𝑟66  125856×100% 125856×0% 125856×0% 

 

7.3 MULTICRITERIA PERFORMANCE EVALUATION OF AN ALTERNATIVE 

There are 66 alternatives and each alternative will be evaluated based on performances 
against technical, economical, environmental and social criteria. Among 66 alternatives, 
multicriteria performances will be calculated for one alternative and remaining 65 
alternatives will follow the same approach of calculation for evaluation of multicriteria 
performances. For illustration, multicriteria performances will be calculated for alternative 
no.42 (“𝐴𝑙𝑡𝑒𝑟42”).  
For alternative “𝐴𝑙𝑡𝑒𝑟42”, daily total electricity to be supplied to the load, 𝐸𝑟𝑒𝑞 =125856 kWh. 
Electricity share from PV system is  𝐸𝑃𝑉𝑟𝑒𝑞  = 125856×40%= 50342.4 kWh. 
Electricity share from WT system is  𝐸𝑊𝑇𝑟𝑒𝑞  = 125856×30%= 37756.8 kWh. 
Electricity share from grid is  𝐸𝑔𝑟𝑖𝑑𝑟𝑒𝑞  = 125856×30%= 37756.8 kWh. 
Specifications of PV panel are as mentioned in section 6.4, specifications of grid tie inverter 
are as mentioned in section in 6.5, specifications of transformer are as mentioned in section 
6.6 and specifications of WT module are as mentioned in section 6.7. Input solar irradiance 
data are as listed in table 6.6, wind speed data are as listed in table 6.9. 
 
7.3.1 PERFORMANCE EVALUATION OF TECHNICAL CRITERION FOR  
ALTERNATIVE “𝑨𝒍𝒕𝒆𝒓𝟒𝟐” 
 
Average hourly electricity that is supposed to be supplied from a PV system within any hour  
= EPVreq

24
 = 50342 .4

24
 = 2097.30 kWh. 

 
Average hourly electricity that is supposed to be supplied from a WT system within any hour  
= EWTreq

24
 = 37756 .8

24
 = 1573.20 kWh. 

 
Average hourly electricity that is supposed to be supplied from grid within any hour  
= 

Egridreq

24
 = 37756 .8

24
 = 1573.20 kWh. 

From equation 7.1, 

 Annual average daily electricity production by a panel, 𝐸𝑃𝑑𝑎𝑦   = 1.344 kWh. 

No. of required PV panels, 𝑁𝑝𝑎𝑛𝑒𝑙 = 𝐸𝑃𝑉𝑟𝑒𝑞  

𝐸𝑃𝑑𝑎𝑦
 = 50342 .4 

1.344
 = 37433. 

Using solar data (in table 6.6), PV panel and inverter specification data and transformer (in 
section 6.4, 6.5 and 6.6) in equation 5.4, hourly electricity supplied to the load is calculated as 
below. 
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 EPVsup (t) =  𝑉𝑂𝐶𝑆𝑇𝐶  + 𝐾𝑣  ( 𝑇𝐴  + (
𝑁𝑂𝐶𝑇−20

800
) × 𝐺(𝑡) − 𝑇𝑟𝑒𝑓 )  ×

  𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  ( 𝑇𝐴  + (
𝑁𝑂𝐶𝑇−20

800
) × 𝐺(𝑡) − 𝑇𝑟𝑒𝑓 ) ×

𝐺(𝑡)

1000
        ×  FF× ƞ𝑃𝑉𝑖𝑛𝑣 ×

ƞ𝑡𝑟𝑎𝑛𝑠 × 𝑁𝑝𝑎𝑛𝑒𝑙  

 
 
 
. . . . . . .  7.1 

 

Where, 𝑉𝑂𝐶𝑆𝑇𝐶 =48V , 𝐾𝑣=-0.1459 V/°C , 𝑇𝐴= 30°C, 𝑁𝑂𝐶𝑇= 46°C, 𝑇𝑟𝑒𝑓=25°C,            
𝐼𝑆𝐶𝑆𝑇𝐶= 9.821 A , 𝐾𝑖= 0.004124 A/°C, FF=0.747 , ƞ𝑃𝑉𝑖𝑛𝑣 =95% , ƞ𝑡𝑟𝑎𝑛𝑠 = 97% ,G(t) is the 
hourly solar irradiances which are listed in table 6.6. 

Expected electricity not supplied by the PV system to the load for different hours in a day is 
calculated using equation 5.6. 

 EENSPV (t) =  

EPVreq

24
−  EPVsup (t)  ,   

EPVreq

24
>   EPVsup (t);

0                                       ,
EPVreq

24
<   EPVsup (t); 

   

 
 
. . . . . . .  7.2 

Calculated values of hourly electricity supplied to the load and expected electricity not 
supplied (EENS) to the load by the PV system for the month of January are listed in the table 
below. 

Table 7.2 Hourly electricity supplied to the load and expected electricity not supplied (EENS) 
to the load by the PV system for the month of January. 

Hours in 
a day 

Solar Hourly data 
for the month of 

January 
𝐺(𝑡)   

(in 𝑊 𝑚2            

Hourly electricity supplied 
to the load for the month of 
January, EPVsup (t) 
          (in kWh) 

Expected electricity not 
supplied (EENS) to the load by 
the PV system for the month 
of January,  EENSPV (t) 
              (in kWh) 

0:00 0.0 0.0 2.097×103 
1:00 0.0 0.0 2.097×103 
2:00 0.0 0.0 2.097×103 
3:00 0.0 0.0 2.097×103 
4:00 0.0 0.0 2.097×103 
5:00 0.0 0.0 2.097×103 
6:00 0.0 0.0 2.097×103 
7:00 139.5 1.5124×103 585.2413 
8:00 350.4 3.9399×103 0.0 
9:00 535.9 5.9980×103 0.0 
10:00 683.4 7.5175×103 0.0 
11:00 782.6 8.6187×103 0.0 
12:00 827.0 9.0794×103 0.0 
13:00 813.3 8.9131×103 0.0 
14:00 742.6 8.2032×103 0.0 
15:00 619.7 6.9037×103 0.0 
16:00 452.8 5.0853×103 0.0 
17:00 252.8 2.8298×103 0.0 
18:00 0.0 0.0 2.097×103 
19:00 0.0 0.0 2.097×103 
20:00 0.0 0.0 2.097×103 
21:00 0.0 0.0 2.097×103 
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Hours in 
a day 

Solar Hourly data 
for the month of 

January 
𝐺(𝑡)   

(in 𝑊 𝑚2            

Hourly electricity supplied 
to the load for the month of 
January, EPVsup (t) 
          (in kWh) 

Expected electricity not 
supplied (EENS) to the load by 
the PV system for the month 
of January,  EENSPV (t) 
              (in kWh) 

22:00 0.0 0.0 2.097×103 
23:00 0.0 0.0 2.097×103 

Total daily EENS by the PV system for the month of 
January, 𝐸𝐸𝑁𝑆𝑃𝑉𝑗𝑎𝑛 =  

 
27846.28 kWh 

 

From equation 6.2, Annual average daily electricity production by a WT module,𝐸𝑊𝑇  𝑑𝑎𝑦 = 
3780.7 kWh.. 

No. of required WT modules, N𝑊𝑇 =
𝐸𝑊𝑇𝑟𝑒𝑞

𝐸𝑊𝑇𝑑𝑎𝑦  
 = 37756 .8

3780 .7
 = 9.986 ≈ 10. 

Using wind speed data (in table 6.9) and transformer, WT module specification data (in 
section 6.6 and 6.7) in equation 5.5, hourly electricity supplied to the load is calculated as 
below. 
 EWTsup (t)= 𝑁𝑊𝑇 × ƞ𝑡𝑟𝑎𝑛𝑠 × 𝑃 𝑉𝑊𝑇(t) . . . . . . . .  7.3 

Where ƞ𝑡𝑟𝑎𝑛𝑠 = 0.97 and 𝑃 𝑉𝑊𝑇(t)  is obtained from power curve of the wind module for the 
given wind speed, 𝑉𝑊𝑇(t). V (t) is the hourly wind speeds which are listed in table 6.9. 

Expected electricity not supplied by the WT system to the load for different hours in a day is 
calculated using equation 5.7. 

 EENSWT (t) =  

EWTreq

24
−  EWTsup (t)  ,   

EWTreq

24
>   EWTsup (t);

0                                       ,
EWTreq

24
<   EWTsup (t); 

   

 
 
. . . . . . .  7.4 

Calculated values of hourly electricity supplied to the load and expected electricity not 
supplied (EENS) to the load by the WT system for the month of January are listed in the table 
below. 

Table 7.3 Hourly electricity supplied to the load and expected electricity not supplied (EENS) 
to the load by the WT system for the month of January. 

Hours in 
a day 

Wind speed 
hourly data for the 
month of January 

𝑉𝑊𝑇(𝑡)   
(in 𝑚 𝑠            

Hourly electricity supplied 
to the load for the month of 
January, EWTsup (t) 
          (in kWh) 

Expected electricity not 
supplied (EENS) to the load by 
the WT system for the month 
of January,  EENSWT (t) 
              (in kWh) 

0:00 5.10 806.40 766.80 
1:00 4.90 711.36 861.84 
2:00 4.80 673.920 899.28 
3:00 4.70 636.48 936.72 
4:00 4.60 599.04 974.16 
5:00 5.0 748.8 824.4 
6:00 5.10 806.4 766.80 
7:00 5.10 806.4 766.80 
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Hours in 
a day 

Wind speed 
hourly data for the 
month of January 

𝑉𝑊𝑇(𝑡)   
(in 𝑚 𝑠            

Hourly electricity supplied 
to the load for the month of 
January, EWTsup (t) 
          (in kWh) 

Expected electricity not 
supplied (EENS) to the load by 
the WT system for the month 
of January,  EENSWT (t) 
              (in kWh) 

8:00 5.25 864.0 709.20 
9:00 5.70 1152 421.20 
10:00 5.80 1.2096×103 363.60 
11:00 6.10 1.4054×103 167.76 
12:00 6.50 1.728×103 0 
13:00 7.0 2.1312×103 0 
14:00 7.25 2.352×103 0 
15:00 720 2.352×103 0 
16:00 6.80 1.9699×103 0 
17:00 6.70 1.8893×103 0 
18:00 6.80 1.9699×103 0 
19:00 6.50 1.728×103 0 
20:00 6.25 1.486×103 87.12 
21:00 5.75 1.152×103 421.20 
22:00 5.5 1.0368×103 536.40 
23:00 5.25 864.00 709.20 

Total daily EENS by the WT system for the month of 
January, 𝐸𝐸𝑁𝑆𝑊𝑇𝑗𝑎𝑛 =  

 
10212.48 kWh 

 

It is assumed that grid electricity is available in whole day and hence daily EENS by the grid 
for any month is zero. Total daily EENS for alternative “𝐴𝑙𝑡𝑒𝑟42” for the month of January, 
𝐸𝐸𝑁𝑆𝑗𝑎𝑛  is calculated as below. 

EENSjan =EENSPVjan +EENSWTjan =27846.24+10212.48 =38058.72 kWh. 

Daily required electricity, Ereq = 125856 kWh. 

Energy index of reliability (EIR) for the month of January, 

 EIRjan = 1-
EENS jan

Ereq
 = 1 – 38058 .72

125856
 =0.6976. 

Similarly, energy index of reliability EIRfeb , EIRmar , EIRapr , EIRmay , EIRjun , EIRjul , 
EIRaug , EIRsep , EIRoct , EIRnov , and EIRdec  are calculated for the month of February, March, 
April, May, June, July, August, September, October, November and December respectively 
using the corresponding monthly solar and wind data. 
In this work, calculation is done using Matlab@version R2015a software. Calculated EIR for 
the month of February to December is given below. 
 
EIRfeb = 0.6550 EIRjun = 0.7758 EIRoct = 0.7411 
EIRmar = 0.6699 EIRjul = 0.7742 EIRnov = 0.6450 
EIRapr = 0.6568 EIRaug = 0.7755 EIRdec = 0.6553 
EIRmay = 0.7806 EIRsep = 0.6681  
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Performance value of technical criterion which is energy index of reliability is calculated as 
below,  

TecC=EIR=
 EIR jan +EIR feb +EIR mar +EIR apr +EIR may + EIR jun + EIR jul +EIR aug + EIR sep +EIR oct +EIR nov + EIR dec

12
 

=
0.6976+0.6550+0.6699+0.6568+7806+0.7758+0.7742+0.7755+0.6681+0.7411+0.6450+0.6553

12
  

= 0.7079 

 

7.3.2 PERFORMANCE EVALUATION OF ECONOMICAL CRITERION FOR  
ALTERNATIVE “𝑨𝒍𝒕𝒆𝒓𝟒𝟐” 
 

A. CALCULATION OF TOTAL LAND AREA OF THE POWER PLANT 
 

Area of each PV panel surface, 𝐴𝑟𝑒𝑎𝑝𝑎𝑛𝑒𝑙 =1.993 m×1.001 m= 1.994 𝑚2 
Area of total surface of the PV panels, 𝐴𝑟𝑒𝑎𝑃𝑉= 𝐴𝑟𝑒𝑎𝑝𝑎𝑛𝑒𝑙  ×𝑁𝑝𝑎𝑛𝑒𝑙 = 1.994 𝑚2× 37433  
= 74641𝑚2. 
Area exploitation factor for Bangladesh, 𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡 = 0.6. 

Land used by the PV panels, 𝐴𝑟𝑒𝑎𝑝𝑙𝑎𝑛𝑡 =𝐴𝑟𝑒𝑎 𝑃𝑉

𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡
 = 74641  𝑚2

0.6
 = 124403 𝑚2. 

Diameter of each wind turbine, 𝐷𝑊𝑇  =54 m. 
Land used by each WT module, 𝐴𝑟𝑒𝑎𝑊𝑇= (2𝐷𝑊𝑇  × 2𝐷𝑊𝑇 ) = 11664 𝑚2. 
Land used of WT plant, 𝐴𝑟𝑒𝑎𝑊𝑇𝑃𝑙𝑎𝑛𝑡 = 𝐴𝑟𝑒𝑎𝑊𝑇×𝑁𝑊𝑇   = 11664 𝑚2×10 = 116640 𝑚2 
Land used by the grid substation, 𝐴𝑟𝑒𝑎𝑠𝑢𝑏= 4046.8 𝑚2. 
Total land area of the plant 𝐴𝑟𝑒𝑎𝑃𝑙𝑎𝑛𝑡  = 𝐴𝑟𝑒𝑎𝑃𝑉𝑃𝑙𝑎𝑛𝑡 + 𝐴𝑟𝑒𝑎𝑊𝑇𝑃𝑙𝑎𝑛𝑡 +𝐴𝑟𝑒𝑎𝑠𝑢𝑏= 245089 𝑚2 
Total land area of the plant in acre = 245089

4046.8
 = 60.571 acres. 

 
B. WATTPEAK RATING OF PV SYSTEM 

 
Wattpeak rating of each PV panel = 350Wp. 
Wattpeak rating of PVsystem, 𝑃𝑃𝑉𝑝𝑙𝑎𝑛𝑡  =350Wp×𝑁𝑝𝑎𝑛𝑒𝑙 = 13101550 Wp. 

C. RATED WATT RATING OF WT SYSTEM 
 

Rated power rating of each WT module= 500000 W. 
Rated power rating of WT system, 𝑃𝑊𝑇𝑝𝑙𝑎𝑛𝑡 = 500000×𝑁𝑊𝑇= 500000×10 = 5000000 W. 

D. RATED WATT RATING OF INVERTER SYSTEM 

Using equations 3.45, maximum PV power under record highest irradiance exposure at 
record low temperature is calculated. 
𝑃𝑃𝑉 .𝑚𝑎𝑥 =𝑁𝑝𝑎𝑛𝑒𝑙 ×  𝑉𝑂𝐶𝑆𝑇𝐶  + 𝐾𝑣  (𝑇𝐴.𝑚𝑖𝑛  + (

𝑁𝑂𝐶𝑇−20

800
) × 𝐺𝑃𝑒𝑎𝑘   − 𝑇𝑟𝑒𝑓 ) ×

 (𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  (𝑇𝐴.𝑚𝑖𝑛  + (
𝑁𝑂𝐶𝑇−20

800
) − 𝑇𝑟𝑒𝑓 )) ×

𝐺𝑃𝑒𝑎𝑘

1000
 ×FF. 

 
. . . . . . .  7.5 
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Consider that, recorded highest irradiance is, 𝐺𝑃𝑒𝑎𝑘 =950𝑊 𝑚2  and record lowest 
temperature is 𝑇𝐴.𝑚𝑖𝑛 = 4°C for the location of Kutubdia Island, Bangladesh. 
Others parameters, 𝑉𝑂𝐶𝑆𝑇𝐶 =48V , 𝐾𝑣=-0.1459 V/°C , 𝑁𝑂𝐶𝑇= 46°C, 𝑇𝑟𝑒𝑓=25°C ,         
𝐼𝑆𝐶𝑆𝑇𝐶= 9.821 A , 𝐾𝑖= 0.004124 A/°C, FF=0.747 and 𝑁𝑝𝑎𝑛𝑒𝑙 = 37433. 

𝑃𝑃𝑉 .𝑚𝑎𝑥 =12196×103 W = 12196 kW  
Rated rating of the PV inverter should be, 𝑃𝑃𝑉𝑖𝑛𝑣   = 𝑃𝑃𝑉 .𝑚𝑎𝑥 = 12196 kW. 
Power Factor = 0.90  
 

E. RATED APPARENT POWER RATING OF THE SUBSTATION 

Power rating of the transformer, 𝑃𝑡𝑟𝑎𝑛𝑠  = ( 𝑃𝑃𝑉𝑖𝑛𝑣  ×ƞ𝑃𝑉𝑖𝑛𝑣 + 𝑃𝑊𝑇𝑝𝑙𝑎𝑛𝑡 ) × 1

𝑃𝑜𝑤𝑒𝑟  𝐹𝑎𝑐𝑡𝑜𝑟
 

= 1.6586×107 VA. 
Power rating of the substation, 𝑃𝑠𝑢𝑏  =𝑃𝑡𝑟𝑎𝑛𝑠 = 1.6586×107 VA. 
 
 

F. NUMBER OF STAFFS 
 

For determination of number of staffs, 2 no. of technical and 1 security staff per MW is 
considered. 
No. of technical staff, 𝑁𝑡𝑒𝑐 𝑠𝑡𝑎𝑓𝑓 = 2×𝑃𝑠𝑢𝑏𝑠 

1000000
 = 2×1.6586×107 

1000000
 = 34 men. 

No. of security staff, 𝑁𝑠𝑒𝑐𝑢𝑠𝑡𝑎𝑓𝑓 = 1×1.6586×107

1000000
 = 17 men. 

 
G. INPUT COST ESTIMATION DATA 

Input data for estimation of cost for the alternative “𝐴𝑙𝑡𝑒𝑟42” are listed in table below. 

Table 7.4 Cost estimation data 
Sl. No. Input data for cost estimation 

1 Inflation rate, 𝛽𝑖=0.06  
2 Interest rate, 𝛾𝑖𝑛𝑠  = 0.08 
3 Escalation rate, Ψ=0.08 
4 Purchasing price of PV panel per watt peak, 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑝𝑢𝑟 = BDT 100.00 
5 Construction cost of panel mounting support per 𝑚2, 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑠𝑢𝑝 = BDT 5000.00 
6 Purchasing price of grid tie PV inverter per watt, 𝑃𝑟𝑖𝑐𝑒𝑝𝑣𝑖𝑛𝑣𝑝𝑢𝑟  = BDT 20.00 
7 Purchasing price of WT generator per watt , 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑝𝑢𝑟 = BDT 80.00 
8 Construction cost of WT turbine tower and support per watt, 

 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑝 = BDT 160.00 
9 Purchasing price of transformer per VA, 𝑃𝑟𝑖𝑐𝑒𝑡𝑟𝑎𝑛𝑠𝑝𝑢𝑟 = BDT 10.00 
10 Construction cost of substation per VA, 𝑃𝑟𝑖𝑐𝑒𝑠𝑢𝑏  = BDT 10.00 
11 Purchasing price of land per acre, 𝑃𝑟𝑖𝑐𝑒𝑙𝑎𝑛𝑑  = BDT 50000000.00 
12 Land development price per acre, 𝑃𝑟𝑖𝑐𝑒𝑙𝑎𝑛𝑑𝑑𝑒𝑣 = BDT 500000.00 
13 Salvage value of PV panels of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉  =20%=0.2 
14 Salvage value of PV supports of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑠𝑢𝑝  =20%=0.2 
15 Salvage value of PV inverter of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑖𝑛𝑣  =20%=0.2 
16 Salvage value of WT generator of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑔𝑒𝑛 =20%=0.2 
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Sl. No. Input data for cost estimation 
17 Salvage value of WT supports of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑠𝑢𝑝  =20%=0.2 
18 Salvage value of transformer of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑡𝑟𝑎𝑛𝑠  =20%=0.2 
19 Salvage value of substation of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑠𝑢𝑏  =40%=0.4 
20 Salvage value of land of its initial investment, %𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑙𝑎𝑛𝑑  =100%=1.00 
21 Annual maintenance cost of PV panel per watt, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑝𝑎𝑛𝑒𝑙 = BDT 2.00 
22 Annual maintenance cost of PV supports per 𝑚2, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑝𝑣𝑠𝑢𝑝 = BDT 200.00 
23 Annual maintenance cost of PV inverter per watt, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑝𝑣𝑖𝑛𝑣 = BDT 1.00 
24 Annual maintenance cost of WT generator per watt, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑔𝑒𝑛 = BDT 8.00 
25 Annual maintenance cost of WT supports per watt, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑠𝑢𝑝 = BDT 4.00 
26 Annual maintenance cost of transformer per VA, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑡𝑟𝑎𝑛𝑠 = BDT 2.00 
27 Annual maintenance cost of substation per VA, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑠𝑢𝑏 = BDT 2.00 
28 Annual maintenance cost for land development per acre, 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑙𝑎𝑛𝑑 = BDT 50000 
29 Life time of PV panels in year, 𝑁𝑙𝑖𝑓𝑒𝑃𝑉  = 25 
30 Life time of PV panel supports in year, 𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝 = 25 
31 Life time of PV inverter in year, 𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣 = 5 
32 Life time of WT generator in year, 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑔𝑒𝑛 = 5 
33 Life time of WT supports in year, 𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝 = 25 
34 Life time of transformer in year, 𝑁𝑙𝑖𝑓𝑒𝑡𝑟𝑎𝑛𝑠 = 25 
35 Life time of substation in year, 𝑁𝑙𝑖𝑓𝑒𝑠𝑢𝑏 = 25 
36 Life time of land in year, 𝑁𝑙𝑖𝑓𝑒𝑙𝑎𝑛𝑑 = 25 
37 Life time of project, 𝑁𝑙𝑖𝑓𝑒𝑝𝑟𝑜𝑗𝑒𝑐𝑡 = 25 
38 Salary of each technical staff, 𝑆𝑎𝑙𝑎𝑟𝑦𝑡𝑒𝑐𝑠𝑡𝑎𝑓𝑓 = 30000 
39 Salary of each security staff, 𝑆𝑎𝑙𝑎𝑟𝑦𝑠𝑒𝑐𝑢𝑠𝑡𝑎𝑓𝑓  = 20000 
40 Per unit imported grid electricity per Wh, 𝐸𝑝𝑟𝑖𝑐𝑒 = 0.010. 
 

H. INITIAL INVESTMENT OF POWER PLANT 

Initial investment for purchasing PV panels, 𝐼𝑛𝑣𝑒𝑠𝑡𝑝𝑢𝑟𝑝𝑣  = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑝𝑢𝑟 ×P𝑃𝑉𝑝𝑙𝑎𝑛𝑡  
= 100× 13101550 =BDT 1310155000. 
 
Initial investment for construction of PV panel supports, 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑠𝑢𝑝  = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑠𝑢𝑝 ×Area𝑃𝑉  
= 5000×74641 = BDT 373205000  
 
Initial investment for purchasing of PV inverter, 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑖𝑛𝑣  = 𝑃𝑟𝑖𝑐𝑒𝑃𝑉𝑖𝑛𝑣 ×P𝑃𝑉𝑖𝑛𝑣  
= 20× 12196000 = BDT 243920000 

Initial investment for purchasing of WT generator, 𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑔𝑒𝑛  = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑔𝑒𝑛 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡     
=  80× 5000000= BDT 400000000 

Initial investment for construction of WT supports,  𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑝  = 𝑃𝑟𝑖𝑐𝑒𝑊𝑇𝑠𝑢𝑝 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡  
= 160 ×5000000 = BDT 800000000 
 
Initial investment for purchasing of transformer, 𝐼𝑛𝑣𝑒𝑠𝑡𝑡𝑟𝑎𝑛𝑠  = 𝑃𝑟𝑖𝑐𝑒𝑡𝑟𝑎𝑛𝑠 ×P𝑡𝑟𝑎𝑛𝑠  
= 10× 1.6586×107  = BDT 165860000 
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Initial investment for construction of substation, 𝐼𝑛𝑣𝑒𝑠𝑡𝑠𝑢𝑏  = 𝑃𝑟𝑖𝑐𝑒𝑠𝑢𝑏×P𝑠𝑢𝑏  
= 10× 1.6586×107  = BDT 165860000 
 
Initial investment for purchasing land, 𝐼𝑛𝑣𝑒𝑠𝑡𝑙𝑎𝑛𝑑  = 𝑃𝑟𝑖𝑐𝑒𝑙𝑎𝑛𝑑 ×Area𝑃𝑙𝑎𝑛𝑡  
= 50000000×60.57 = BDT 3028500000 
 
Initial investment for land development, 𝐼𝑛𝑣𝑒𝑠𝑡𝑙𝑎𝑛𝑑𝑑𝑒𝑣  = 𝑃𝑟𝑖𝑐𝑒𝑙𝑎𝑛𝑑𝑑𝑒𝑣 ×Area𝑃𝑙𝑎𝑛𝑡  
= 500000×60.57 = BDT 30285000 
 
 

I. PRESENT WORTH OF SALVAGE VALUE 
 

Present worth of salvage value of PV panels, 𝑃𝑆𝑉𝑃𝑉  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑝𝑢𝑟 × 

 
1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉

  = 0.2× 1310155000×  1+0.06

1+0.08
 

25

  = BDT 164210000 
 
Present worth of salvage value of PV panel supports, 𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑝  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑠𝑢𝑝  × 

𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑠𝑢𝑝 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝

  =   0.2×373205000 ×  1+0.06

1+0.08
 

25

  = BDT 46799000 
     
Present worth of salvage value of PV inverter, 𝑃𝑆𝑉𝑃𝑉𝑖𝑛𝑣  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑃𝑉𝑖𝑛𝑣  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑃𝑉𝑖𝑛𝑣 × 

 
1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣

  = 0.2×243920000×  1+0.06

1+0.08
 

5

 = BDT 44430000   
 
 Present worth of salvage value of WT generator, 𝑃𝑆𝑉𝑊𝑇𝑔𝑒𝑛  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑔𝑒𝑛  × 

𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑔𝑒𝑛 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑔𝑒𝑛

 = 0.2×400000000×  1+0.06

1+0.08
 

5

 = BDT 72862000 
  
Present worth of salvage value of WT supports, 𝑃𝑆𝑉𝑊𝑇𝑠𝑢𝑝  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑊𝑇𝑠𝑢𝑝  × 

𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑝 ×  1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝

  = 0.2×800000000×  1+0.06

1+0.08
 

25

 = BDT 100270000 
      
 Present worth of salvage value of transformer 𝑃𝑆𝑉𝑡𝑟𝑎𝑛𝑠  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑡𝑟𝑎𝑛𝑠  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑡𝑟𝑎𝑛 𝑠× 

 
1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑡𝑟𝑎𝑛𝑠

= 0.2×165860000×  1+0.06

1+0.08
 

25

 = BDT 20788000 
 
 Present worth of salvage value of substation, 𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑏  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑠𝑢𝑏  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑠𝑢𝑏× 

 
1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑠𝑢𝑏

 = 0.4×165860000×  1+0.06

1+0.08
 

25

 = BDT 41577000 
 
Present worth of salvage value of land, 𝑃𝑆𝑉𝑙𝑎𝑛𝑑  =%𝑆𝑎𝑙𝑣𝑎𝑔𝑒𝑙𝑎𝑛𝑑  × 𝐼𝑛𝑣𝑒𝑠𝑡𝑙𝑎𝑛𝑑 × 

 
1+𝛽𝑖

1+𝛾𝑖𝑛𝑠
 
𝑁𝑙𝑖𝑓𝑒𝑙𝑎𝑛𝑑

 =1.00×3028500000×  1+0.06

1+0.08
 

25

= BDT 1898200000 
     
  

J. PRESENT WORTH OF OPERATION AND MAINTENACE COST  
 
Present worth of maintenance cost of PV panels, 

𝑂𝑀𝑃𝑉  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉 ×P𝑃𝑉𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑝𝑣

𝑖=1
=2×13101550 ×   

1+0.08

1+0.08
 
𝑖

25
𝑖=1 = BDT 

655060000 
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Present worth of maintenance cost of PV panel supports, 

𝑂𝑀𝑃𝑉𝑠𝑢𝑝  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑠𝑢𝑝 ×Area𝑃𝑉   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝

𝑖=1
= 200×60.571×   

1+0.08

1+0.08
 
𝑖

25
𝑖=1 = BDT 

373380000 
 
Present worth of maintenance cost of PV inverter, 

𝑂𝑀𝑃𝑉𝑖𝑛𝑣  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑃𝑉𝑖𝑛𝑣 ×P𝑃𝑉𝑖𝑛𝑣   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣

𝑖=1
= 1×12196000×  

1+0.08

1+0.08
 
𝑖

5
𝑖=1 = BDT 

60978000 
 
Present worth of maintenance cost of WT generator, 

𝑂𝑀𝑊𝑇𝑔𝑒𝑛  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑔𝑒𝑛 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑔𝑒𝑛

𝑖=1
= 8×50000000×  

1+0.08

1+0.08
 
𝑖

5
𝑖=1 = 

BDT 200000000 
 
Present worth of maintenance cost of WT supports, 

𝑂𝑀𝑊𝑇𝑠𝑢𝑝  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑊𝑇𝑠𝑢𝑝 ×P𝑊𝑇𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝

𝑖=1
= 4×50000000×  

1+0.08

1+0.08
 
𝑖

25
𝑖=1 = 

BDT 500000000 
 
Present worth of maintenance cost of transformer, 

𝑂𝑀𝑡𝑟𝑎𝑛𝑠  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑡𝑟𝑎𝑛𝑠 ×P𝑡𝑟𝑎𝑛𝑠   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑡𝑟𝑎𝑛𝑠

𝑖=1
=2×16586000×  

1+0.08

1+0.08
 
𝑖

25
𝑖=1 =  

BDT 829290000 
 
Present worth of maintenance cost of substation, 

𝑂𝑀𝑠𝑢𝑏  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑠𝑢𝑏 ×P𝑠𝑢𝑏   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑠𝑢𝑏

𝑖=1
= 1×16586000×  

1+0.08

1+0.08
 
𝑖

25
𝑖=1 =  

BDT 414640000 
 
Present worth of maintenance cost of land development, 

𝑂𝑀𝑙𝑎𝑛𝑑  = 𝑃𝑟𝑖𝑐𝑒𝑜𝑚𝑙𝑎𝑛𝑑 ×Area𝑝𝑙𝑎𝑛𝑡   
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑙𝑎𝑛𝑑

𝑖=1
= 50000×60.571×  

1+0.08

1+0.08
 
𝑖

25
𝑖=1 =  

BDT 75713750 
 
Present worth of operating cost for staff salary, 
𝑂𝑀𝑠𝑡𝑎𝑓𝑓  = 

14.2 𝑁𝑡𝑒𝑐𝑠𝑡𝑎𝑓𝑓 × 𝑆𝑎𝑙𝑎𝑟𝑦𝑡𝑒𝑐𝑠𝑡𝑎𝑓𝑓 +  𝑁𝑠𝑒𝑐𝑢𝑠𝑡𝑎𝑓𝑓 × 𝑆𝑎𝑙𝑎𝑟𝑦𝑠𝑒𝑐𝑢𝑠𝑡𝑎𝑓𝑓    
1+ψ

1+𝛾𝑖𝑛𝑠
 
𝑖𝑁𝑙𝑖𝑓𝑒𝑝𝑟𝑜𝑗𝑒𝑐𝑡

𝑖=1
 

= 14.2 34 × 30000 + 14 × 20000 ×  
1+0.08

1+0.08
 
𝑖

25
𝑖=1 = BDT 472150000  

 
 

K. ANNUAL COST OF POWER PLANT 

Annual cost for solar panels, 

 𝐶𝑜𝑠𝑡𝑃𝑉  = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑝𝑢𝑟𝑝𝑣 −𝑃𝑆𝑉𝑃𝑉 +𝑂𝑀𝑃𝑉  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉  
 = 1310155000 −164210000 +655060000  

25
 = BDT 72040200 

Annual cost for solar panel supports, 
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 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑢𝑝  = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑠𝑢𝑝 −𝑃𝑆𝑉𝑃𝑉𝑠𝑢𝑝 +𝑂𝑀𝑃𝑉𝑠𝑢𝑝  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑠𝑢𝑝  
 = 373205000 −46799000 +373380000  

25
 = BDT 27991440 

Annual cost for PV inverter, 

 𝐶𝑜𝑠𝑡𝑃𝑉𝑖𝑛𝑣  = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑃𝑉𝑖𝑛𝑣 −𝑃𝑆𝑉𝑃𝑉𝑖𝑛𝑣 +𝑂𝑀𝑃𝑉𝑖𝑛𝑣  

𝑁𝑙𝑖𝑓𝑒𝑃𝑉𝑖𝑛𝑣  
 = 24392000−44430000 +60978000  

5
 = BDT 52092000 

 Annual cost for WT generator,  

𝐶𝑜𝑠𝑡𝑊𝑇𝑔𝑒𝑛  = 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑔𝑒𝑛 −𝑃𝑆𝑉𝑊𝑇𝑔𝑒𝑛 +𝑂𝑀𝑊𝑇𝑔𝑒𝑛  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑔𝑒𝑛  
 = 400000000 −72862000 +200000000  

5
 =  

BDT 105430000 
 
Annual cost for WT supports, 
 

 𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑢𝑝  = 
𝐼𝑛𝑣𝑒𝑠𝑡𝑊𝑇𝑠𝑢𝑝 −𝑃𝑆𝑉𝑊𝑇𝑠𝑢𝑝 +𝑂𝑀𝑊𝑇𝑠𝑢𝑝  

𝑁𝑙𝑖𝑓𝑒𝑊𝑇𝑠𝑢𝑝  
 = 800000000 −100270000 +500000000  

25
 =  

BDT 47989000 
 
Annual cost for transformer, 
 𝐶𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠  = 

𝐼𝑛𝑣𝑒𝑠𝑡 𝑡𝑟𝑎𝑛𝑠 −𝑃𝑆𝑉𝑡𝑟𝑎𝑛𝑠 +𝑂𝑀𝑡𝑟𝑎𝑛 𝑠  

𝑁𝑙𝑖𝑓𝑒𝑡𝑟𝑎𝑛𝑠  
 =  165860000 −20788000 +829290000

25
 = BDT 38974000 

 Annual cost for substation, 

𝐶𝑜𝑠𝑡𝑠𝑢𝑏  = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑠𝑢𝑏 −𝑃𝑆𝑉𝑠𝑢𝑏 +𝑂𝑀𝑠𝑢𝑏  

𝑁𝑙𝑖𝑓𝑒𝑠𝑢𝑏  
 = 165860000 −41577000 +414640000

25
 = BDT 21557000. 

Annual cost for land, 

𝐶𝑜𝑠𝑡𝑙𝑎𝑛𝑑  = 
𝐼𝑛𝑣𝑒𝑠𝑡 𝑙𝑎𝑛𝑑 +𝐼𝑛𝑣𝑒𝑠𝑡 𝑙𝑎𝑛𝑑𝑑𝑒𝑣 −𝑃𝑆𝑉𝑙𝑎𝑛𝑑 +𝑂𝑀𝑙𝑎𝑛𝑑  

𝑁𝑙𝑖𝑓𝑒𝑙𝑎𝑛𝑑  
  

= 3028500000 +30285000 −1898200000 +75713750

25
 = BDT 49451950. 

Annual cost for salary of staffs, 𝐶𝑜𝑠𝑡𝑠𝑡𝑎𝑓𝑓  = 
𝑂𝑀𝑠𝑎𝑙𝑎𝑟𝑦  

𝑁𝑙𝑖𝑓𝑒𝑝𝑟𝑜𝑗𝑒𝑐𝑡  
 = 472150000  

25 
 = BDT 18886000 

 Annual cost for purchasing imported grid electricity, 

 𝐶𝑜𝑠𝑡𝑔𝑟𝑖𝑑𝑖𝑚𝑝 = 365×𝐸𝑔𝑟𝑖𝑑𝑟𝑒𝑞 ×1000×𝐸𝑝𝑟𝑖𝑐𝑒 = 365×37756.8×1000×0.01= BDT 137812320 

Total annual cost, 𝐶𝑜𝑠𝑡= 𝐶𝑜𝑠𝑡𝑃𝑉+ 𝐶𝑜𝑠𝑡𝑃𝑉𝑠𝑢𝑝 + 
𝐶𝑜𝑠𝑡𝑃𝑉𝑖𝑛𝑣 +𝐶𝑜𝑠𝑡𝑊𝑇𝑔𝑒𝑛 +𝐶𝑜𝑠𝑡𝑊𝑇𝑠𝑢𝑝 +𝐶𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠 +𝐶𝑜𝑠𝑡𝑠𝑢𝑏+𝐶𝑜𝑠𝑡𝑙𝑎𝑛𝑑 +𝐶𝑜𝑠𝑡𝑠𝑡𝑎𝑓𝑓  + 𝐶𝑜𝑠𝑡𝑔𝑟𝑖𝑑𝑖𝑚𝑝  
= BDT 598290000 
 
Performance value of economical criterion which is cost for per unit electricity is calculated 
as below,   
EcoC =  𝐶𝑜𝑠𝑡

𝐸𝑟𝑒𝑞 ×365
 = 598290000

125856000 ×365
 =0.0130189 𝐵𝐷𝑇 𝑊  = 13.0189 𝐵𝐷𝑇 𝑘𝑊 . 
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7.3.3 PERFORMANCE EVALUATION OF ENVIRONMENTAL CRITERION FOR  
ALTERNATIVE “𝑨𝒍𝒕𝒆𝒓𝟒𝟐” 
 
From equation 5.20, daily total emission of  eq. CO2   in ton is calculated below. 

EnvC =  
 49.91 × EPVreq  +  34.11 × EWTreq  +

(547.24 × Egridreq )
 × 1

106 

 

. . . . . .  7.6 

EnvC =  
 49.91 × 50342.4  +  34.11 × 37756.8 +

(547.24 × 37756.8)
 × 1

106 = 24.4625 ton. 

Performance value of environmental criterion which is daily total emission of  eq. CO2  per 
MWh in ton for the alternative “𝐴𝑙𝑡𝑒𝑟42” is EnvC =24.4625 ton. 

7.3.4 PERFORMANCE EVALUATION OF SOCIAL CRITERION FOR  
ALTERNATIVE “𝑨𝒍𝒕𝒆𝒓𝟒𝟐” 
 
Social criterion which is the acceptance of electricity generation system by the inhabitants is 
modeled using fuzzy logic. Inputs of the fuzzy inference system are land usage in acre and 
emission of  eq. CO2  in ton and output ranges from zero to hundred. 

For alternative “𝐴𝑙𝑡𝑒𝑟42”: 

Input 1: Land usage in acre for generation of daily 1.0 MWh electricity =𝐴𝑟𝑒𝑎 𝑝𝑙𝑎𝑛𝑡  

𝐸𝑟𝑒𝑞 /106   

=  60.571 

125856000 /106 = 0.4813 
 
Input 2: Emission of  eq. CO2  in kg for generation of daily 1.0 MWh electricity = 
𝐷𝑎𝑖𝑙𝑦  𝑡𝑜𝑡𝑎𝑙  𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝑖𝑛  𝑡𝑜𝑛×1000 

𝐸𝑟𝑒𝑞 /106  = 24.4625 ×1000

125856000 /106 =194.37. 

 
Using fuzzy logic in Matlab@Version 2015a environment, social acceptance is modeled and 
it is described in section 5.5 for input 1=0.4813 and input 2 =197.37.Fussy logic output is 
69.71. 

Social acceptance of alternative “𝐴𝑙𝑡𝑒𝑟42” = 69.71. 

Performance value of social criterion, SocC= 69.71. 

7.4  MULTICRITERIA PERFORMANCE EVALUATION OF ALL ALTERNATIVES 

In the article no. 7.3, a detailed approach of calculation is described to determine the 
performance value against technical, economical, environmental and social criteria for an 
alternative “𝐴𝑙𝑡𝑒𝑟42 ”. Using similar approach of calculation in Matlab@version R2015a 
software, multicriteria performances of other alternatives are determined. Multicriteria 
performances of all alternatives are listed in a table below. 
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Table 7.5 Multicriteria performance value of all alternatives 
Alternatives Performance 

value of 
technical 
criterion 
(TecC) 

Performance 
value of 

economical 
criterion 
(EcoC) 

Performance 
value of social 

criterion 
(SocC) 

Performance 
value of 

environmental 
criterion 
(EnvC) 

𝐴𝑙𝑡𝑒𝑟1 1 10.02714 31.27221 68.87344 
𝐴𝑙𝑡𝑒𝑟2 0.972327 10.52705 36.30827 62.37286 
𝐴𝑙𝑡𝑒𝑟3 0.956018 11.16536 40.01961 56.00121 
𝐴𝑙𝑡𝑒𝑟4 0.928624 11.6652 46.54489 49.50063 
𝐴𝑙𝑡𝑒𝑟5 0.901134 12.18125 51.17765 43.00006 
𝐴𝑙𝑡𝑒𝑟6 0.884654 12.7863 57.99578 36.6284 
𝐴𝑙𝑡𝑒𝑟7 0.857247 13.30195 63.91733 30.12783 
𝐴𝑙𝑡𝑒𝑟8 0.829758 13.83411 70.37773 23.62725 
𝐴𝑙𝑡𝑒𝑟9 0.813291 14.40596 70.02587 17.2556 
𝐴𝑙𝑡𝑒𝑟10 0.785871 14.93738 79.80177 10.75502 
𝐴𝑙𝑡𝑒𝑟11 0.758382 15.48563 79.39354 4.254448 
𝐴𝑙𝑡𝑒𝑟12 0.944815 10.36802 36.14852 62.61411 
𝐴𝑙𝑡𝑒𝑟13 0.917142 10.86509 40.55717 56.11353 
𝐴𝑙𝑡𝑒𝑟14 0.900833 11.49665 46.34 49.74188 
𝐴𝑙𝑡𝑒𝑟15 0.873439 12.00594 50.92921 43.2413 
𝐴𝑙𝑡𝑒𝑟16 0.845949 12.51915 58.05635 36.74073 
𝐴𝑙𝑡𝑒𝑟17 0.829469 13.11747 63.67187 30.36908 
𝐴𝑙𝑡𝑒𝑟18 0.802062 13.64256 70.18038 23.8685 
𝐴𝑙𝑡𝑒𝑟19 0.774573 14.17188 76.58195 17.36792 
𝐴𝑙𝑡𝑒𝑟20  0.758106 14.737 79.94097 10.99627 
𝐴𝑙𝑡𝑒𝑟21  0.730686 15.27786 79.5106 4.495695 
𝐴𝑙𝑡𝑒𝑟22  0.88963 10.7089 40.55211 56.35478 
𝐴𝑙𝑡𝑒𝑟23  0.861957 11.20938 46.57352 49.8542 
𝐴𝑙𝑡𝑒𝑟24  0.845648 11.83406 50.65842 43.48255 
𝐴𝑙𝑡𝑒𝑟25  0.818253 12.34669 57.86337 36.98198 
𝐴𝑙𝑡𝑒𝑟26  0.790764 12.8633 63.55252 30.4814 
𝐴𝑙𝑡𝑒𝑟27  0.774284 13.45475 69.981 24.10975 
𝐴𝑙𝑡𝑒𝑟28  0.746877 13.98317 76.33276 17.60917 
𝐴𝑙𝑡𝑒𝑟29 0.719388 14.51589 80.59569 11.1086 
𝐴𝑙𝑡𝑒𝑟30  0.702921 15.07415 79.63253 4.736942 
𝐴𝑙𝑡𝑒𝑟31  0.834445 11.04051 46.3835 50.09545 
𝐴𝑙𝑡𝑒𝑟32  0.806772 11.54429 50.92274 43.59488 
𝐴𝑙𝑡𝑒𝑟33  0.790462 12.1623 57.66469 37.22322 
𝐴𝑙𝑡𝑒𝑟34  0.763068 12.67817 63.29469 30.72265 
𝐴𝑙𝑡𝑒𝑟35  0.735579 13.19808 69.94803 24.22207 
𝐴𝑙𝑡𝑒𝑟36  0.719099 13.78286 76.09979 17.85042 
𝐴𝑙𝑡𝑒𝑟37  0.691692 14.31452 80.75526 11.34984 
𝐴𝑙𝑡𝑒𝑟38  0.664203 14.85054 80.35131 4.849267 
𝐴𝑙𝑡𝑒𝑟39 0.77926 11.38139 50.88074 43.83612 
𝐴𝑙𝑡𝑒𝑟40  0.751586 11.88858 57.74736 37.33555 
𝐴𝑙𝑡𝑒𝑟41  0.735277 12.49972 63.05032 30.96389 
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Alternatives Performance 
value of 
technical 
criterion 
(TecC) 

Performance 
value of 

economical 
criterion 
(EcoC) 

Performance 
value of social 

criterion 
(SocC) 

Performance 
value of 

environmental 
criterion 
(EnvC) 

𝐴𝑙𝑡𝑒𝑟42  0.707883 13.01892 69.71453 24.46332 
𝐴𝑙𝑡𝑒𝑟43  0.680394 13.54223 75.99053 17.96274 
𝐴𝑙𝑡𝑒𝑟44  0.663914 14.12014 80.90105 11.59109 
𝐴𝑙𝑡𝑒𝑟45  0.636507 14.65513 80.47281 5.090514 
𝐴𝑙𝑡𝑒𝑟46  0.724074 11.71609 57.50625 37.57679 
𝐴𝑙𝑡𝑒𝑟47  0.696401 12.23287 62.93497 31.07622 
𝐴𝑙𝑡𝑒𝑟48  0.680092 12.83713 69.47684 24.70457 
𝐴𝑙𝑡𝑒𝑟49 0.652698 13.35348 75.7443 18.20399 
𝐴𝑙𝑡𝑒𝑟50  0.625209 13.88638 83.68373 11.70341 
𝐴𝑙𝑡𝑒𝑟51  0.608729 14.45742 80.59227 5.331761 
𝐴𝑙𝑡𝑒𝑟52  0.66889 12.05698 62.67177 31.31753 
𝐴𝑙𝑡𝑒𝑟53  0.641217 12.57715 69.46123 24.81696 
𝐴𝑙𝑡𝑒𝑟54  0.624907 13.17454 75.47599 18.4453 
𝐴𝑙𝑡𝑒𝑟55  0.597513 13.69422 83.67719 11.94473 
𝐴𝑙𝑡𝑒𝑟56  0.570024 14.23051 81.32193 5.444153 
𝐴𝑙𝑡𝑒𝑟57  0.613705 12.39787 69.23348 25.0582 
𝐴𝑙𝑡𝑒𝑟58  0.586032 12.92144 75.34951 18.55763 
𝐴𝑙𝑡𝑒𝑟59 0.569722 13.51196 83.6757 12.18598 
𝐴𝑙𝑡𝑒𝑟60  0.542328 14.03497 81.44551 5.6854 
𝐴𝑙𝑡𝑒𝑟61  0.558519 12.72947 75.08639 18.79888 
𝐴𝑙𝑡𝑒𝑟62  0.530846 13.25635 83.70289 12.2983 
𝐴𝑙𝑡𝑒𝑟63  0.514537 13.84019 81.57306 5.926647 
𝐴𝑙𝑡𝑒𝑟64  0.503334 13.07036 83.71543 12.53955 
𝐴𝑙𝑡𝑒𝑟65  0.475661 13.60064 82.34424 6.038971 
𝐴𝑙𝑡𝑒𝑟66  0.448149 13.41124 84.88063 6.280219 
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CHAPTER 8 
 

MULTICRITERIA OPTIMIZATION FOR GENERATION 
SHARE AMONG GRID, PV AND WT ELECTRICITY 

SYSTEM 
 

 
8.1   INTRODUCTION 
 
Multiple criteria decision analysis (MCDA) refers to making decisions in the presence of 
multiple, usually conflicting, criteria. In general, there exist two distinctive types of MCDA 
problems due to the different problems settings: one type having a finite number of 
alternative solutions and the other an infinite number of solutions [42]. Normally in problems 
associated with selection and assessment, the number of alternative solutions is limited. In 
problems related to design, an attribute may take any value in a range. Therefore the potential 
alternative solutions could be infinite. If this is the case, the problem is referred to as multiple 
objective optimization problems instead of multi criteria optimization problems. In this 
research focus will be on the problems with a finite number of alternatives and multi criteria 
optimization will be performed to select the best alternative. The “Technique for Order of 
Preference by Similarity to Ideal Solution (TOPSIS)” is an algorithm, which is suitable for 
solution of multriciteria optimization problem. In this research work “TOPSIS” is used for 
selection of optimum alternative considering performances of technical, economical, social 
and environmental criteria. 
 
8.2   MULTICRITERIA OPTIMIZATION USING TOPSIS 

 
The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a multi-
criteria optimization method, based on the concept that the chosen alternative should have the 
shortest geometric distance from the positive ideal solution (PIS) and the longest geometric 
distance from the negative ideal solution (NIS) [43]. It is a method of compensatory 
aggregation that compares a set of alternatives by identifying weights for each criterion, 
normalizing scores for each criterion and calculating the geometric distance between each 
alternative and the ideal alternative, which is the best score in each criterion. TOPSIS is used 
for ranking the alternatives as follows. A performance matrix is formed which consists of m 
number of alternatives and n number of alternatives, with the intersection of each alternative 
and criterion given as Xij . 

 Ai m×1   =  Xij m×n
 Where,  Ai m×1   = Matrix for alternatives   = 

 
 
 
 
 
𝐴1
𝐴2
⋮
⋮
𝐴𝑚 
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 Xij m×n
   = Performance matrix= 

 
 
 
 
 

 

𝑋11 𝑋12 ⋯ ⋯ 𝑋1𝑛

𝑋21 𝑋22 ⋯ ⋯ 𝑋2𝑛

⋮
⋮

𝑋𝑚1

⋮
⋮

𝑋𝑚2

⋯ ⋯ ⋮
⋯ ⋯ ⋮

⋯ ⋯ 𝑋𝑚𝑛  
 
 
 
 

   

Where, i= 1, 2,……… ,𝑚  and j= 1, 2,……… , 𝑛  
 

Alternatives, 𝐴 =  

 
 
 
 
 
𝐴1
𝐴2
⋮
⋮
𝐴𝑚 

 
 
 
 

=

 
 
 
 
 

 

𝑋11 𝑋12 ⋯ ⋯ 𝑋1𝑛

𝑋21 𝑋22 ⋯ ⋯ 𝑋2𝑛

⋮
⋮

𝑋𝑚1

⋮
⋮

𝑋𝑚2

⋯ ⋯ ⋮
⋯ ⋯ ⋮

⋯ ⋯ 𝑋𝑚𝑛  
 
 
 
 

 

Step 1: Normalization of performance matrix: 

a) Determination of    𝑋𝑖𝑗
2𝑚

𝑖=1       

b) Normalized performance matrix is given by: 
rij =

𝑋𝑖𝑗

  𝑋𝑖𝑗
2𝑚

𝑖=1

   

 
Step 2: Determination of the weighted normalized decision matrix: 
 

a) Weight of criteria is given by   𝑊𝑗= [ 𝑊1 𝑊2  ……   𝑊𝑛   ]   
b) Weighted normalized decision  matrix, Vij =Wj × rij  

Step 3: Determination of ideal solution and negative ideal solution 

a) Set of  criteria having benefit attributes (i.e.; larger value is better)  = 𝐽+  
b) Set of criteria having negative attributes (i.e.; smaller value is better) = 𝐽− 
c) Ideal solution: 

Vj
∗=      max(  Vij  𝑖 = 1,2,… .𝑚 ) 𝑗𝜖𝐽+ ,  min(  Vij  𝑖 = 1,2,… .𝑚 ) 𝑗𝜖𝐽−     

d) Negative ideal solution: 
Vj
′=      min(  Vij  𝑖 = 1,2,… .𝑚 ) 𝑗𝜖𝐽+ ,  max(  Vij  𝑖 = 1,2,… .𝑚 ) 𝑗𝜖𝐽−        

Step 4: Determination of separation of a target alternative from ideal solution    

Separation of a target alternative from ideal solution is given by Si
∗=  (Vj

∗ −  Vij  ) 2𝑛
𝑗=1   

 
Step 5: Determination of separation of target alternative from negative ideal solution. 

Separation of a target alternative from negative ideal solution is given by 

Si
′=  (Vj

′ −  Vij  ) 2𝑛
𝑗=1   

 
Step 6 : Determination of the relative closeness of alternatives (similarity of alternative) to 
the ideal solution   

Relative closeness of alternatives to the ideal solution is given by Ci
∗= S i

′

(Si
∗+Si

′ )
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Step 7: Identification of the best alternative (TOPSIS optimal solution)   

Matrix for degree of closeness, Ci
∗= 

 
 
 
 
 
𝐶1

𝐶2

⋮
⋮
𝐶𝑚  

 
 
 
 

 

Best alternative is one, for which Ci
∗=max ( Ci

∗ )  
𝑖𝑛𝑑𝑒𝑥 = 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓max(  Ci

∗) 
Best alternative = 𝐴𝑖𝑛𝑑𝑒𝑥  
 
8.3    MULTICRITERIA OPTIMIZATION FOR GENERATION SHARE AMONG  

  GRID, PV AND WT ELECTRICITY SYSTEM 
 

In the thesis work, 66 no of alternatives are formed as mentioned in the article no. 7.2. 
Multicriteria performances are evaluated and performance matrix is formed in the article no. 
7.4. Among 66 alternatives, best alternative is identified using TOPSIS. Among four criteria, 
economic criterion is given double preference in the thesis work than any other criterion. 
Hence weighting matrix of the criteria is, 𝑊𝑗= [1 2 1 1]. Detailed approach of calculation of 
TOPSIS based multicriteria optimization for generation share among grid, PV and WT 
electricity system is described below. 

 
Table 8.1  Multicriteria performance matrix of 66 alternatives. 

Alternatives TecC 

(𝑋𝑖1) 

EcoC 

(𝑋𝑖2) 

SocC 

(𝑋𝑖3) 

EnvC 

(𝑋𝑖4) 

𝐴𝑙𝑡𝑒𝑟1 1 10.02714 31.27221 68.87344 

𝐴𝑙𝑡𝑒𝑟2 0.972327 10.52705 36.30827 62.37286 

𝐴𝑙𝑡𝑒𝑟3 0.956018 11.16536 40.01961 56.00121 

𝐴𝑙𝑡𝑒𝑟4 0.928624 11.6652 46.54489 49.50063 

𝐴𝑙𝑡𝑒𝑟5 0.901134 12.18125 51.17765 43.00006 

𝐴𝑙𝑡𝑒𝑟6 0.884654 12.7863 57.99578 36.6284 

𝐴𝑙𝑡𝑒𝑟7 0.857247 13.30195 63.91733 30.12783 

𝐴𝑙𝑡𝑒𝑟8 0.829758 13.83411 70.37773 23.62725 

𝐴𝑙𝑡𝑒𝑟9 0.813291 14.40596 70.02587 17.2556 

𝐴𝑙𝑡𝑒𝑟10 0.785871 14.93738 79.80177 10.75502 

𝐴𝑙𝑡𝑒𝑟11 0.758382 15.48563 79.39354 4.254448 

𝐴𝑙𝑡𝑒𝑟12 0.944815 10.36802 36.14852 62.61411 
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Alternatives TecC 

(𝑋𝑖1) 

EcoC 

(𝑋𝑖2) 

SocC 

(𝑋𝑖3) 

EnvC 

(𝑋𝑖4) 

𝐴𝑙𝑡𝑒𝑟13 0.917142 10.86509 40.55717 56.11353 

𝐴𝑙𝑡𝑒𝑟14 0.900833 11.49665 46.34 49.74188 

𝐴𝑙𝑡𝑒𝑟15 0.873439 12.00594 50.92921 43.2413 

𝐴𝑙𝑡𝑒𝑟16 0.845949 12.51915 58.05635 36.74073 

𝐴𝑙𝑡𝑒𝑟17 0.829469 13.11747 63.67187 30.36908 

𝐴𝑙𝑡𝑒𝑟18 0.802062 13.64256 70.18038 23.8685 

𝐴𝑙𝑡𝑒𝑟19 0.774573 14.17188 76.58195 17.36792 

𝐴𝑙𝑡𝑒𝑟20  0.758106 14.737 79.94097 10.99627 

𝐴𝑙𝑡𝑒𝑟21  0.730686 15.27786 79.5106 4.495695 

𝐴𝑙𝑡𝑒𝑟22  0.88963 10.7089 40.55211 56.35478 

𝐴𝑙𝑡𝑒𝑟23  0.861957 11.20938 46.57352 49.8542 

𝐴𝑙𝑡𝑒𝑟24  0.845648 11.83406 50.65842 43.48255 

𝐴𝑙𝑡𝑒𝑟25  0.818253 12.34669 57.86337 36.98198 

𝐴𝑙𝑡𝑒𝑟26  0.790764 12.8633 63.55252 30.4814 

𝐴𝑙𝑡𝑒𝑟27  0.774284 13.45475 69.981 24.10975 

𝐴𝑙𝑡𝑒𝑟28  0.746877 13.98317 76.33276 17.60917 

𝐴𝑙𝑡𝑒𝑟29 0.719388 14.51589 80.59569 11.1086 

𝐴𝑙𝑡𝑒𝑟30  0.702921 15.07415 79.63253 4.736942 

𝐴𝑙𝑡𝑒𝑟31  0.834445 11.04051 46.3835 50.09545 

𝐴𝑙𝑡𝑒𝑟32  0.806772 11.54429 50.92274 43.59488 

𝐴𝑙𝑡𝑒𝑟33  0.790462 12.1623 57.66469 37.22322 

𝐴𝑙𝑡𝑒𝑟34  0.763068 12.67817 63.29469 30.72265 

𝐴𝑙𝑡𝑒𝑟35  0.735579 13.19808 69.94803 24.22207 

𝐴𝑙𝑡𝑒𝑟36  0.719099 13.78286 76.09979 17.85042 
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Alternatives TecC 

(𝑋𝑖1) 

EcoC 

(𝑋𝑖2) 

SocC 

(𝑋𝑖3) 

EnvC 

(𝑋𝑖4) 

𝐴𝑙𝑡𝑒𝑟37  0.691692 14.31452 80.75526 11.34984 

𝐴𝑙𝑡𝑒𝑟38  0.664203 14.85054 80.35131 4.849267 

𝐴𝑙𝑡𝑒𝑟39 0.77926 11.38139 50.88074 43.83612 

𝐴𝑙𝑡𝑒𝑟40  0.751586 11.88858 57.74736 37.33555 

𝐴𝑙𝑡𝑒𝑟41  0.735277 12.49972 63.05032 30.96389 

𝐴𝑙𝑡𝑒𝑟42  0.707883 13.01892 69.71453 24.46332 

𝐴𝑙𝑡𝑒𝑟43  0.680394 13.54223 75.99053 17.96274 

𝐴𝑙𝑡𝑒𝑟44  0.663914 14.12014 80.90105 11.59109 

𝐴𝑙𝑡𝑒𝑟45  0.636507 14.65513 80.47281 5.090514 

𝐴𝑙𝑡𝑒𝑟46  0.724074 11.71609 57.50625 37.57679 

𝐴𝑙𝑡𝑒𝑟47  0.696401 12.23287 62.93497 31.07622 

𝐴𝑙𝑡𝑒𝑟48  0.680092 12.83713 69.47684 24.70457 

𝐴𝑙𝑡𝑒𝑟49 0.652698 13.35348 75.7443 18.20399 

𝐴𝑙𝑡𝑒𝑟50  0.625209 13.88638 83.68373 11.70341 

𝐴𝑙𝑡𝑒𝑟51  0.608729 14.45742 80.59227 5.331761 

𝐴𝑙𝑡𝑒𝑟52  0.66889 12.05698 62.67177 31.31753 

𝐴𝑙𝑡𝑒𝑟53  0.641217 12.57715 69.46123 24.81696 

𝐴𝑙𝑡𝑒𝑟54  0.624907 13.17454 75.47599 18.4453 

𝐴𝑙𝑡𝑒𝑟55  0.597513 13.69422 83.67719 11.94473 

𝐴𝑙𝑡𝑒𝑟56  0.570024 14.23051 81.32193 5.444153 

𝐴𝑙𝑡𝑒𝑟57  0.613705 12.39787 69.23348 25.0582 

𝐴𝑙𝑡𝑒𝑟58  0.586032 12.92144 75.34951 18.55763 

𝐴𝑙𝑡𝑒𝑟59 0.569722 13.51196 83.6757 12.18598 

𝐴𝑙𝑡𝑒𝑟60  0.542328 14.03497 81.44551 5.6854 
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Alternatives TecC 

(𝑋𝑖1) 

EcoC 

(𝑋𝑖2) 

SocC 

(𝑋𝑖3) 

EnvC 

(𝑋𝑖4) 

𝐴𝑙𝑡𝑒𝑟61  0.558519 12.72947 75.08639 18.79888 

𝐴𝑙𝑡𝑒𝑟62  0.530846 13.25635 83.70289 12.2983 

𝐴𝑙𝑡𝑒𝑟63  0.514537 13.84019 81.57306 5.926647 

𝐴𝑙𝑡𝑒𝑟64  0.503334 13.07036 83.71543 12.53955 

𝐴𝑙𝑡𝑒𝑟65  0.475661 13.60064 82.34424 6.038971 

𝐴𝑙𝑡𝑒𝑟66  0.448149 13.41124 84.88063 6.280219 

 

Performance matrix of all alternatives  =  

 
 
 
 
 
𝐴𝑙𝑡𝑒𝑟1

𝐴𝑙𝑡𝑒𝑟2

⋮
⋮

𝐴𝑙𝑡𝑒𝑟66 
 
 
 
 

=  

𝑋11 𝑋12

𝑋21 𝑋22

⋮
𝑋661

⋮
𝑋662

   

𝑋13 𝑋14

𝑋23 𝑋24

⋮
𝑋663

⋮
𝑋664

  

Step 1: Normalization of performance matrix: 

a) Determination of    𝑋𝑖𝑗
2

𝑖        

Where, X= performance values of criteria, i = ith  alternatives and j = jth  criteria. 

Table 8.2 Determination of   𝑋𝑖𝑗
2

𝑖    

Alternatives  TecC 

(𝑋𝑖12 ) 

 EcoC 

(𝑋𝑖22 ) 

 SocC 

(𝑋𝑖32 ) 

 EnvC 

(𝑋𝑖42 ) 

𝐴𝑙𝑡𝑒𝑟1 1 100.5435 977.9511 4743.55 

𝐴𝑙𝑡𝑒𝑟2 0.94542 110.8189 1318.29 3890.374 

𝐴𝑙𝑡𝑒𝑟3 0.91397 124.6652 1601.569 3136.135 

𝐴𝑙𝑡𝑒𝑟4 0.862342 136.0768 2166.427 2450.313 

𝐴𝑙𝑡𝑒𝑟5 0.812043 148.3828 2619.152 1849.005 

𝐴𝑙𝑡𝑒𝑟6 0.782613 163.4896 3363.51 1341.64 

𝐴𝑙𝑡𝑒𝑟7 0.734873 176.9417 4085.425 907.686 

𝐴𝑙𝑡𝑒𝑟8 0.688498 191.3825 4953.026 558.2471 
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Alternatives  TecC 

(𝑋𝑖12 ) 

 EcoC 

(𝑋𝑖22 ) 

 SocC 

(𝑋𝑖32 ) 

 EnvC 

(𝑋𝑖42 ) 

𝐴𝑙𝑡𝑒𝑟9 0.661442 207.5318 4903.622 297.7557 

𝐴𝑙𝑡𝑒𝑟10 0.617593 223.1254 6368.323 115.6705 

𝐴𝑙𝑡𝑒𝑟11 0.575143 239.8047 6303.334 18.10033 

𝐴𝑙𝑡𝑒𝑟12 0.892675 107.4958 1306.715 3920.527 

𝐴𝑙𝑡𝑒𝑟13 0.841149 118.0502 1644.884 3148.729 

𝐴𝑙𝑡𝑒𝑟14 0.8115 132.173 2147.396 2474.255 

𝐴𝑙𝑡𝑒𝑟15 0.762895 144.1427 2593.784 1869.81 

𝐴𝑙𝑡𝑒𝑟16 0.71563 156.7292 3370.54 1349.881 

𝐴𝑙𝑡𝑒𝑟17 0.688019 172.068 4054.107 922.2807 

𝐴𝑙𝑡𝑒𝑟18 0.643304 186.1193 4925.286 569.7053 

𝐴𝑙𝑡𝑒𝑟19 0.599963 200.8421 5864.795 301.6448 

𝐴𝑙𝑡𝑒𝑟20  0.574724 217.1792 6390.558 120.918 

𝐴𝑙𝑡𝑒𝑟21  0.533902 233.413 6321.935 20.21127 

𝐴𝑙𝑡𝑒𝑟22  0.791441 114.6805 1644.473 3175.861 

𝐴𝑙𝑡𝑒𝑟23  0.742969 125.6501 2169.093 2485.442 

𝐴𝑙𝑡𝑒𝑟24  0.71512 140.0451 2566.275 1890.732 

𝐴𝑙𝑡𝑒𝑟25  0.669539 152.4408 3348.17 1367.667 

𝐴𝑙𝑡𝑒𝑟26  0.625308 165.4645 4038.922 929.1157 

𝐴𝑙𝑡𝑒𝑟27  0.599516 181.0303 4897.341 581.2799 

𝐴𝑙𝑡𝑒𝑟28  0.557825 195.529 5826.69 310.0829 

𝐴𝑙𝑡𝑒𝑟29 0.517519 210.7109 6495.666 123.4009 

𝐴𝑙𝑡𝑒𝑟30  0.494097 227.23 6341.34 22.43862 

𝐴𝑙𝑡𝑒𝑟31  0.696298 121.8928 2151.429 2509.554 

𝐴𝑙𝑡𝑒𝑟32  0.65088 133.2707 2593.125 1900.513 
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Alternatives  TecC 

(𝑋𝑖12 ) 

 EcoC 

(𝑋𝑖22 ) 

 SocC 

(𝑋𝑖32 ) 

 EnvC 

(𝑋𝑖42 ) 

𝐴𝑙𝑡𝑒𝑟33  0.624831 147.9216 3325.217 1385.568 

𝐴𝑙𝑡𝑒𝑟34  0.582273 160.7359 4006.217 943.881 

𝐴𝑙𝑡𝑒𝑟35  0.541077 174.1894 4892.727 586.7087 

𝐴𝑙𝑡𝑒𝑟36  0.517103 189.9671 5791.179 318.6374 

𝐴𝑙𝑡𝑒𝑟37  0.478438 204.9053 6521.411 128.8189 

𝐴𝑙𝑡𝑒𝑟38  0.441165 220.5384 6456.332 23.51539 

𝐴𝑙𝑡𝑒𝑟39 0.607245 129.5361 2588.85 1921.606 

𝐴𝑙𝑡𝑒𝑟40  0.564882 141.3383 3334.758 1393.943 

𝐴𝑙𝑡𝑒𝑟41  0.540633 156.2429 3975.343 958.7627 

𝐴𝑙𝑡𝑒𝑟42  0.501099 169.4922 4860.116 598.4539 

𝐴𝑙𝑡𝑒𝑟43  0.462936 183.392 5774.561 322.6601 

𝐴𝑙𝑡𝑒𝑟44  0.440782 199.3783 6544.98 134.3534 

𝐴𝑙𝑡𝑒𝑟45  0.405141 214.7728 6475.873 25.91333 

𝐴𝑙𝑡𝑒𝑟46  0.524284 137.2668 3306.969 1412.015 

𝐴𝑙𝑡𝑒𝑟47  0.484975 149.643 3960.81 965.7314 

𝐴𝑙𝑡𝑒𝑟48  0.462525 164.792 4827.032 610.3156 

𝐴𝑙𝑡𝑒𝑟49 0.426015 178.3156 5737.199 331.3852 

𝐴𝑙𝑡𝑒𝑟50  0.390886 192.8315 7002.966 136.9699 

𝐴𝑙𝑡𝑒𝑟51  0.370551 209.0171 6495.114 28.42768 

𝐴𝑙𝑡𝑒𝑟52  0.447413 145.3709 3927.75 980.7879 

𝐴𝑙𝑡𝑒𝑟53  0.411159 158.1848 4824.862 615.8814 

𝐴𝑙𝑡𝑒𝑟54  0.390509 173.5686 5696.625 340.2292 

𝐴𝑙𝑡𝑒𝑟55  0.357022 187.5318 7001.872 142.6765 

𝐴𝑙𝑡𝑒𝑟56  0.324927 202.5075 6613.256 29.6388 
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Alternatives  TecC 

(𝑋𝑖12 ) 

 EcoC 

(𝑋𝑖22 ) 

 SocC 

(𝑋𝑖32 ) 

 EnvC 

(𝑋𝑖42 ) 

𝐴𝑙𝑡𝑒𝑟57  0.376633 153.7071 4793.274 627.9136 

𝐴𝑙𝑡𝑒𝑟58  0.343433 166.9635 5677.549 344.3856 

𝐴𝑙𝑡𝑒𝑟59 0.324584 182.573 7001.623 148.498 

𝐴𝑙𝑡𝑒𝑟60  0.29412 196.9804 6633.371 32.32377 

𝐴𝑙𝑡𝑒𝑟61  0.311944 162.0395 5637.966 353.3977 

𝐴𝑙𝑡𝑒𝑟62  0.281798 175.7309 7006.174 151.2482 

𝐴𝑙𝑡𝑒𝑟63  0.264749 191.5509 6654.164 35.12514 

𝐴𝑙𝑡𝑒𝑟64  0.253345 170.8342 7008.273 157.2402 

𝐴𝑙𝑡𝑒𝑟65  0.226254 184.9774 6780.574 36.46918 

𝐴𝑙𝑡𝑒𝑟66  0.200838 179.8614 7204.721 39.44114 

  

 𝑋𝑖𝑗
2

66

𝑖=1

 
36.89378 11215.58 307692.9 65565.45 

  𝑋𝑖𝑗
2

66

𝑖=1

 
6.074025 105.9036 554.7007 256.0575 

 

b) Normalized performance matrix is given by:  rij =
𝑋𝑖𝑗

  𝑋𝑖𝑗
266

𝑖=1

 

Table 8.3 Determination of rij  
Alternatives  TecC 

ri1

=

 

 
𝑋𝑖1

  𝑋𝑖𝑗
266

𝑖=1  

  

 EcoC 

ri2

=

 

 
𝑋𝑖2

  𝑋𝑖𝑗
266

𝑖=1  

  

 SocC 

ri3

=

 

 
𝑋𝑖3

  𝑋𝑖𝑗
266

𝑖=1  

  

 EnvC 

ri4

=

 

 
𝑋𝑖4

  𝑋𝑖𝑗
266

𝑖=1  

  

𝐴𝑙𝑡𝑒𝑟1 0.164635 0.094682 0.056377 0.268976 
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Alternatives  TecC 

ri1

=

 

 
𝑋𝑖1

  𝑋𝑖𝑗
266

𝑖=1  

  

 EcoC 

ri2

=

 

 
𝑋𝑖2

  𝑋𝑖𝑗
266

𝑖=1  

  

 SocC 

ri3

=

 

 
𝑋𝑖3

  𝑋𝑖𝑗
266

𝑖=1  

  

 EnvC 

ri4

=

 

 
𝑋𝑖4

  𝑋𝑖𝑗
266

𝑖=1  

  

𝐴𝑙𝑡𝑒𝑟2 0.16008 0.099402 0.065456 0.243589 

𝐴𝑙𝑡𝑒𝑟3 0.157394 0.105429 0.072146 0.218706 

𝐴𝑙𝑡𝑒𝑟4 0.152884 0.110149 0.08391 0.193318 

𝐴𝑙𝑡𝑒𝑟5 0.148359 0.115022 0.092262 0.167931 

𝐴𝑙𝑡𝑒𝑟6 0.145645 0.120735 0.104553 0.143048 

𝐴𝑙𝑡𝑒𝑟7 0.141133 0.125604 0.115229 0.11766 

𝐴𝑙𝑡𝑒𝑟8 0.136608 0.130629 0.126875 0.092273 

𝐴𝑙𝑡𝑒𝑟9 0.133897 0.136029 0.126241 0.06739 

𝐴𝑙𝑡𝑒𝑟10 0.129382 0.141047 0.143865 0.042002 

𝐴𝑙𝑡𝑒𝑟11 0.124857 0.146224 0.143129 0.016615 

𝐴𝑙𝑡𝑒𝑟12 0.15555 0.097901 0.065168 0.244531 

𝐴𝑙𝑡𝑒𝑟13 0.150994 0.102594 0.073115 0.219144 

𝐴𝑙𝑡𝑒𝑟14 0.148309 0.108558 0.083541 0.194261 

𝐴𝑙𝑡𝑒𝑟15 0.143799 0.113367 0.091814 0.168873 

𝐴𝑙𝑡𝑒𝑟16 0.139273 0.118213 0.104662 0.143486 

𝐴𝑙𝑡𝑒𝑟17 0.13656 0.123862 0.114786 0.118603 

𝐴𝑙𝑡𝑒𝑟18 0.132048 0.12882 0.126519 0.093215 

𝐴𝑙𝑡𝑒𝑟19 0.127522 0.133819 0.13806 0.067828 

𝐴𝑙𝑡𝑒𝑟20  0.124811 0.139155 0.144115 0.042945 

𝐴𝑙𝑡𝑒𝑟21  0.120297 0.144262 0.14334 0.017557 

𝐴𝑙𝑡𝑒𝑟22  0.146465 0.101119 0.073106 0.220086 
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Alternatives  TecC 

ri1

=

 

 
𝑋𝑖1

  𝑋𝑖𝑗
266

𝑖=1  

  

 EcoC 

ri2

=

 

 
𝑋𝑖2

  𝑋𝑖𝑗
266

𝑖=1  

  

 SocC 

ri3

=

 

 
𝑋𝑖3

  𝑋𝑖𝑗
266

𝑖=1  

  

 EnvC 

ri4

=

 

 
𝑋𝑖4

  𝑋𝑖𝑗
266

𝑖=1  

  

𝐴𝑙𝑡𝑒𝑟23  0.141909 0.105845 0.083962 0.194699 

𝐴𝑙𝑡𝑒𝑟24  0.139224 0.111744 0.091326 0.169816 

𝐴𝑙𝑡𝑒𝑟25  0.134714 0.116584 0.104315 0.144428 

𝐴𝑙𝑡𝑒𝑟26  0.130188 0.121462 0.114571 0.119041 

𝐴𝑙𝑡𝑒𝑟27  0.127475 0.127047 0.12616 0.094158 

𝐴𝑙𝑡𝑒𝑟28  0.122962 0.132037 0.137611 0.06877 

𝐴𝑙𝑡𝑒𝑟29 0.118437 0.137067 0.145296 0.043383 

𝐴𝑙𝑡𝑒𝑟30  0.115726 0.142338 0.143559 0.0185 

𝐴𝑙𝑡𝑒𝑟31  0.137379 0.104251 0.083619 0.195641 

𝐴𝑙𝑡𝑒𝑟32  0.132823 0.109008 0.091802 0.170254 

𝐴𝑙𝑡𝑒𝑟33  0.130138 0.114843 0.103956 0.145371 

𝐴𝑙𝑡𝑒𝑟34  0.125628 0.119714 0.114106 0.119983 

𝐴𝑙𝑡𝑒𝑟35  0.121102 0.124624 0.1261 0.094596 

𝐴𝑙𝑡𝑒𝑟36  0.118389 0.130145 0.137191 0.069713 

𝐴𝑙𝑡𝑒𝑟37  0.113877 0.135165 0.145583 0.044325 

𝐴𝑙𝑡𝑒𝑟38  0.109351 0.140227 0.144855 0.018938 

𝐴𝑙𝑡𝑒𝑟39 0.128294 0.107469 0.091726 0.171196 

𝐴𝑙𝑡𝑒𝑟40  0.123738 0.112258 0.104105 0.145809 

𝐴𝑙𝑡𝑒𝑟41  0.121053 0.118029 0.113665 0.120926 

𝐴𝑙𝑡𝑒𝑟42  0.116543 0.122932 0.12568 0.095538 

𝐴𝑙𝑡𝑒𝑟43  0.112017 0.127873 0.136994 0.070151 
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Alternatives  TecC 

ri1

=

 

 
𝑋𝑖1

  𝑋𝑖𝑗
266

𝑖=1  

  

 EcoC 

ri2

=

 

 
𝑋𝑖2

  𝑋𝑖𝑗
266

𝑖=1  

  

 SocC 

ri3

=

 

 
𝑋𝑖3

  𝑋𝑖𝑗
266

𝑖=1  

  

 EnvC 

ri4

=

 

 
𝑋𝑖4

  𝑋𝑖𝑗
266

𝑖=1  

  

𝐴𝑙𝑡𝑒𝑟44  0.109304 0.13333 0.145846 0.045268 

𝐴𝑙𝑡𝑒𝑟45  0.104792 0.138382 0.145074 0.01988 

𝐴𝑙𝑡𝑒𝑟46  0.119208 0.11063 0.103671 0.146751 

𝐴𝑙𝑡𝑒𝑟47  0.114652 0.115509 0.113458 0.121364 

𝐴𝑙𝑡𝑒𝑟48  0.111967 0.121215 0.125251 0.096481 

𝐴𝑙𝑡𝑒𝑟49 0.107457 0.126091 0.13655 0.071093 

𝐴𝑙𝑡𝑒𝑟50  0.102932 0.131123 0.150863 0.045706 

𝐴𝑙𝑡𝑒𝑟51  0.100218 0.136515 0.14529 0.020823 

𝐴𝑙𝑡𝑒𝑟52  0.110123 0.113849 0.112983 0.122307 

𝐴𝑙𝑡𝑒𝑟53  0.105567 0.11876 0.125223 0.096919 

𝐴𝑙𝑡𝑒𝑟54  0.102882 0.124401 0.136066 0.072036 

𝐴𝑙𝑡𝑒𝑟55  0.098372 0.129308 0.150851 0.046649 

𝐴𝑙𝑡𝑒𝑟56  0.093846 0.134372 0.146605 0.021261 

𝐴𝑙𝑡𝑒𝑟57  0.101038 0.117067 0.124812 0.097862 

𝐴𝑙𝑡𝑒𝑟58  0.096482 0.122011 0.135838 0.072474 

𝐴𝑙𝑡𝑒𝑟59 0.093797 0.127587 0.150848 0.047591 

𝐴𝑙𝑡𝑒𝑟60  0.089286 0.132526 0.146828 0.022204 

𝐴𝑙𝑡𝑒𝑟61  0.091952 0.120199 0.135364 0.073417 

𝐴𝑙𝑡𝑒𝑟62  0.087396 0.125174 0.150897 0.048029 

𝐴𝑙𝑡𝑒𝑟63  0.084711 0.130687 0.147058 0.023146 

𝐴𝑙𝑡𝑒𝑟64  0.082867 0.123417 0.15092 0.048972 
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Alternatives  TecC 

ri1

=

 

 
𝑋𝑖1

  𝑋𝑖𝑗
266

𝑖=1  

  

 EcoC 

ri2

=

 

 
𝑋𝑖2

  𝑋𝑖𝑗
266

𝑖=1  

  

 SocC 

ri3

=

 

 
𝑋𝑖3

  𝑋𝑖𝑗
266

𝑖=1  

  

 EnvC 

ri4

=

 

 
𝑋𝑖4

  𝑋𝑖𝑗
266

𝑖=1  

  

𝐴𝑙𝑡𝑒𝑟65  0.078311 0.128425 0.148448 0.023584 

𝐴𝑙𝑡𝑒𝑟66  0.073781 0.126636 0.153021 0.024527 

 

Step 2: Determination of the weighted normalized decision matrix: 
a) Weight of criteria is given by  𝑊𝑗= [1 2 1 1] . 
b) Weighted normalized decision matrix, Vij  = Wj × rij . 

 
Table 8.4 Determination of Vij  

Alternatives  TecC 

Vi1= 
 1 × ri1  

 EcoC 

Vi2= 
 2 × ri2  

 SocC 

Vi3= 
 1 × ri3  

 EnvC 

Vi4= 
 1 × ri4  

𝐴𝑙𝑡𝑒𝑟1 0.164635 0.189363 0.056377 0.268976 

𝐴𝑙𝑡𝑒𝑟2 0.16008 0.198804 0.065456 0.243589 

𝐴𝑙𝑡𝑒𝑟3 0.157394 0.210859 0.072146 0.218706 

𝐴𝑙𝑡𝑒𝑟4 0.152884 0.220298 0.08391 0.193318 

𝐴𝑙𝑡𝑒𝑟5 0.148359 0.230044 0.092262 0.167931 

𝐴𝑙𝑡𝑒𝑟6 0.145645 0.241471 0.104553 0.143048 

𝐴𝑙𝑡𝑒𝑟7 0.141133 0.251208 0.115229 0.11766 

𝐴𝑙𝑡𝑒𝑟8 0.136608 0.261258 0.126875 0.092273 

𝐴𝑙𝑡𝑒𝑟9 0.133897 0.272058 0.126241 0.06739 

𝐴𝑙𝑡𝑒𝑟10 0.129382 0.282094 0.143865 0.042002 

𝐴𝑙𝑡𝑒𝑟11 0.124857 0.292448 0.143129 0.016615 

𝐴𝑙𝑡𝑒𝑟12 0.15555 0.195801 0.065168 0.244531 

𝐴𝑙𝑡𝑒𝑟13 0.150994 0.205188 0.073115 0.219144 
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Alternatives  TecC 

Vi1= 
 1 × ri1  

 EcoC 

Vi2= 
 2 × ri2  

 SocC 

Vi3= 
 1 × ri3  

 EnvC 

Vi4= 
 1 × ri4  

𝐴𝑙𝑡𝑒𝑟14 0.148309 0.217115 0.083541 0.194261 

𝐴𝑙𝑡𝑒𝑟15 0.143799 0.226733 0.091814 0.168873 

𝐴𝑙𝑡𝑒𝑟16 0.139273 0.236425 0.104662 0.143486 

𝐴𝑙𝑡𝑒𝑟17 0.13656 0.247725 0.114786 0.118603 

𝐴𝑙𝑡𝑒𝑟18 0.132048 0.257641 0.126519 0.093215 

𝐴𝑙𝑡𝑒𝑟19 0.127522 0.267637 0.13806 0.067828 

𝐴𝑙𝑡𝑒𝑟20  0.124811 0.27831 0.144115 0.042945 

𝐴𝑙𝑡𝑒𝑟21  0.120297 0.288524 0.14334 0.017557 

𝐴𝑙𝑡𝑒𝑟22  0.146465 0.202239 0.073106 0.220086 

𝐴𝑙𝑡𝑒𝑟23  0.141909 0.21169 0.083962 0.194699 

𝐴𝑙𝑡𝑒𝑟24  0.139224 0.223487 0.091326 0.169816 

𝐴𝑙𝑡𝑒𝑟25  0.134714 0.233168 0.104315 0.144428 

𝐴𝑙𝑡𝑒𝑟26  0.130188 0.242925 0.114571 0.119041 

𝐴𝑙𝑡𝑒𝑟27  0.127475 0.254094 0.12616 0.094158 

𝐴𝑙𝑡𝑒𝑟28  0.122962 0.264073 0.137611 0.06877 

𝐴𝑙𝑡𝑒𝑟29 0.118437 0.274134 0.145296 0.043383 

𝐴𝑙𝑡𝑒𝑟30  0.115726 0.284677 0.143559 0.0185 

𝐴𝑙𝑡𝑒𝑟31  0.137379 0.208501 0.083619 0.195641 

𝐴𝑙𝑡𝑒𝑟32  0.132823 0.218015 0.091802 0.170254 

𝐴𝑙𝑡𝑒𝑟33  0.130138 0.229686 0.103956 0.145371 

𝐴𝑙𝑡𝑒𝑟34  0.125628 0.239428 0.114106 0.119983 

𝐴𝑙𝑡𝑒𝑟35  0.121102 0.249247 0.1261 0.094596 

𝐴𝑙𝑡𝑒𝑟36  0.118389 0.260291 0.137191 0.069713 
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Alternatives  TecC 

Vi1= 
 1 × ri1  

 EcoC 

Vi2= 
 2 × ri2  

 SocC 

Vi3= 
 1 × ri3  

 EnvC 

Vi4= 
 1 × ri4  

𝐴𝑙𝑡𝑒𝑟37  0.113877 0.270331 0.145583 0.044325 

𝐴𝑙𝑡𝑒𝑟38  0.109351 0.280454 0.144855 0.018938 

𝐴𝑙𝑡𝑒𝑟39 0.128294 0.214939 0.091726 0.171196 

𝐴𝑙𝑡𝑒𝑟40  0.123738 0.224517 0.104105 0.145809 

𝐴𝑙𝑡𝑒𝑟41  0.121053 0.236058 0.113665 0.120926 

𝐴𝑙𝑡𝑒𝑟42  0.116543 0.245863 0.12568 0.095538 

𝐴𝑙𝑡𝑒𝑟43  0.112017 0.255746 0.136994 0.070151 

𝐴𝑙𝑡𝑒𝑟44  0.109304 0.26666 0.145846 0.045268 

𝐴𝑙𝑡𝑒𝑟45  0.104792 0.276763 0.145074 0.01988 

𝐴𝑙𝑡𝑒𝑟46  0.119208 0.22126 0.103671 0.146751 

𝐴𝑙𝑡𝑒𝑟47  0.114652 0.231019 0.113458 0.121364 

𝐴𝑙𝑡𝑒𝑟48  0.111967 0.24243 0.125251 0.096481 

𝐴𝑙𝑡𝑒𝑟49 0.107457 0.252182 0.13655 0.071093 

𝐴𝑙𝑡𝑒𝑟50  0.102932 0.262246 0.150863 0.045706 

𝐴𝑙𝑡𝑒𝑟51  0.100218 0.27303 0.14529 0.020823 

𝐴𝑙𝑡𝑒𝑟52  0.110123 0.227697 0.112983 0.122307 

𝐴𝑙𝑡𝑒𝑟53  0.105567 0.237521 0.125223 0.096919 

𝐴𝑙𝑡𝑒𝑟54  0.102882 0.248802 0.136066 0.072036 

𝐴𝑙𝑡𝑒𝑟55  0.098372 0.258617 0.150851 0.046649 

𝐴𝑙𝑡𝑒𝑟56  0.093846 0.268745 0.146605 0.021261 

𝐴𝑙𝑡𝑒𝑟57  0.101038 0.234135 0.124812 0.097862 

𝐴𝑙𝑡𝑒𝑟58  0.096482 0.244023 0.135838 0.072474 

𝐴𝑙𝑡𝑒𝑟59 0.093797 0.255175 0.150848 0.047591 
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Alternatives  TecC 

Vi1= 
 1 × ri1  

 EcoC 

Vi2= 
 2 × ri2  

 SocC 

Vi3= 
 1 × ri3  

 EnvC 

Vi4= 
 1 × ri4  

𝐴𝑙𝑡𝑒𝑟60  0.089286 0.265052 0.146828 0.022204 

𝐴𝑙𝑡𝑒𝑟61  0.091952 0.240397 0.135364 0.073417 

𝐴𝑙𝑡𝑒𝑟62  0.087396 0.250348 0.150897 0.048029 

𝐴𝑙𝑡𝑒𝑟63  0.084711 0.261373 0.147058 0.023146 

𝐴𝑙𝑡𝑒𝑟64  0.082867 0.246835 0.15092 0.048972 

𝐴𝑙𝑡𝑒𝑟65  0.078311 0.256849 0.148448 0.023584 

𝐴𝑙𝑡𝑒𝑟66  0.073781 0.253273 0.153021 0.024527 

 

Step 3: Determination of ideal solution and negative ideal solution 

a) Set of  criteria having benefit attributes (i.e.; larger value is better) , 𝐽+ = 
  TecC, SocC    

b) Set of criteria having negative attributes (i.e.; smaller value is better), 
𝐽−=  EcoC, EnvC     

c) Ideal solution: Vj
∗=  0.1646, 0.1894, 0.1530, 0.0166   ;  (i.e.; largest values of 

𝐽+and smallest value of 𝐽−). 
d) Negative ideal solution: Vj

′=  0.0738, 0.2924, 0.0564, 0.2690  ;  (i.e.; smallest 
values of  𝐽+ and largest value of  𝐽−). 

Step 4: Determination of separation of a target alternative from ideal solution    

Separation of a target alternative from ideal solution is given by Si
∗=  (Vj

∗ −  Vij  ) 2𝑗  

Table 8.5 Determination of Si
∗ 

Alternatives  TecC 

(V1
∗ −  Vi1  ) 2 

 EcoC 

(V2
∗ −  Vi2 ) 2 

 SocC 

(V3
∗ −  Vi3 ) 2 

 EnvC 

(V4
∗ −  Vi4 ) 2 

Si
∗=  (Vj

∗ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟1 0 0 0.00934 0.063686 0.270234 

𝐴𝑙𝑡𝑒𝑟2 2.08×10−5 8.91×10−5 0.007668 0.051517 0.243505 

𝐴𝑙𝑡𝑒𝑟3 5.24×10−5 0.000462 0.006541 0.040841 0.218851 

𝐴𝑙𝑡𝑒𝑟4 0.000138 0.000957 0.004776 0.031224 0.192602 
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Alternatives  TecC 

(V1
∗ −  Vi1  ) 2 

 EcoC 

(V2
∗ −  Vi2 ) 2 

 SocC 

(V3
∗ −  Vi3 ) 2 

 EnvC 

(V4
∗ −  Vi4 ) 2 

Si
∗=  (Vj

∗ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟5 0.000265 0.001655 0.003692 0.022897 0.168843 

𝐴𝑙𝑡𝑒𝑟6 0.000361 0.002715 0.002349 0.015985 0.146322 

𝐴𝑙𝑡𝑒𝑟7 0.000552 0.003825 0.001428 0.01021 0.126552 

𝐴𝑙𝑡𝑒𝑟8 0.000786 0.005169 0.000684 0.005724 0.111185 

𝐴𝑙𝑡𝑒𝑟9 0.000945 0.006838 0.000717 0.002578 0.105254 

𝐴𝑙𝑡𝑒𝑟10 0.001243 0.008599 8.38×10−5 0.000645 0.102811 

𝐴𝑙𝑡𝑒𝑟11 0.001582 0.010626 9.79×10−5 0 0.110935 

𝐴𝑙𝑡𝑒𝑟12 8.25×10−5 4.14×10−5 0.007718 0.051946 0.244516 

𝐴𝑙𝑡𝑒𝑟13 0.000186 0.00025 0.006385 0.041018 0.218722 

𝐴𝑙𝑡𝑒𝑟14 0.000267 0.00077 0.004827 0.031558 0.193448 

𝐴𝑙𝑡𝑒𝑟15 0.000434 0.001397 0.003746 0.023183 0.169586 

𝐴𝑙𝑡𝑒𝑟16 0.000643 0.002215 0.002339 0.016096 0.145921 

𝐴𝑙𝑡𝑒𝑟17 0.000788 0.003406 0.001462 0.010401 0.126718 

𝐴𝑙𝑡𝑒𝑟18 0.001062 0.004662 0.000702 0.005868 0.110877 

𝐴𝑙𝑡𝑒𝑟19 0.001377 0.006127 0.000224 0.002623 0.101739 

𝐴𝑙𝑡𝑒𝑟20  0.001586 0.007911 7.93×10−5 0.000693 0.101341 

𝐴𝑙𝑡𝑒𝑟21  0.001966 0.009833 9.37×10−5 8.88×10−7 0.109056 

𝐴𝑙𝑡𝑒𝑟22  0.00033 0.000166 0.006386 0.041401 0.219733 

𝐴𝑙𝑡𝑒𝑟23  0.000517 0.000498 0.004769 0.031714 0.193644 

𝐴𝑙𝑡𝑒𝑟24  0.000646 0.001164 0.003806 0.02347 0.170549 

𝐴𝑙𝑡𝑒𝑟25  0.000895 0.001919 0.002372 0.016336 0.146706 

𝐴𝑙𝑡𝑒𝑟26  0.001187 0.002869 0.001478 0.010491 0.12659 

𝐴𝑙𝑡𝑒𝑟27  0.001381 0.00419 0.000721 0.006013 0.110929 

𝐴𝑙𝑡𝑒𝑟28  0.001737 0.005582 0.000237 0.00272 0.10137 
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Alternatives  TecC 

(V1
∗ −  Vi1  ) 2 

 EcoC 

(V2
∗ −  Vi2 ) 2 

 SocC 

(V3
∗ −  Vi3 ) 2 

 EnvC 

(V4
∗ −  Vi4 ) 2 

Si
∗=  (Vj

∗ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟29 0.002134 0.007186 5.97×10−5 0.000717 0.100482 

𝐴𝑙𝑡𝑒𝑟30  0.002392 0.009085 8.95×10−5 3.55×10−6 0.107563 

𝐴𝑙𝑡𝑒𝑟31  0.000743 0.000366 0.004817 0.03205 0.194875 

𝐴𝑙𝑡𝑒𝑟32  0.001012 0.000821 0.003748 0.023605 0.170838 

𝐴𝑙𝑡𝑒𝑟33  0.00119 0.001626 0.002407 0.016578 0.147652 

𝐴𝑙𝑡𝑒𝑟34  0.001522 0.002507 0.001514 0.010685 0.127387 

𝐴𝑙𝑡𝑒𝑟35  0.001895 0.003586 0.000725 0.006081 0.110846 

𝐴𝑙𝑡𝑒𝑟36  0.002139 0.005031 0.000251 0.002819 0.101189 

𝐴𝑙𝑡𝑒𝑟37  0.002576 0.006556 5.53×10−5 0.000768 0.099776 

𝐴𝑙𝑡𝑒𝑟38  0.003056 0.008297 6.67×10−5 5.4×10−5 0.106892 

𝐴𝑙𝑡𝑒𝑟39 0.001321 0.000654 0.003757 0.023895 0.172125 

𝐴𝑙𝑡𝑒𝑟40  0.001673 0.001236 0.002393 0.016691 0.148298 

𝐴𝑙𝑡𝑒𝑟41  0.001899 0.00218 0.001549 0.010881 0.128489 

𝐴𝑙𝑡𝑒𝑟42  0.002313 0.003192 0.000748 0.006229 0.111721 

𝐴𝑙𝑡𝑒𝑟43  0.002769 0.004407 0.000257 0.002866 0.101481 

𝐴𝑙𝑡𝑒𝑟44  0.003062 0.005975 5.15×10−5 0.000821 0.099543 

𝐴𝑙𝑡𝑒𝑟45  0.003581 0.007639 6.31×10−5 1.07×10−5 0.106273 

𝐴𝑙𝑡𝑒𝑟46  0.002064 0.001017 0.002435 0.016935 0.149839 

𝐴𝑙𝑡𝑒𝑟47  0.002498 0.001735 0.001565 0.010972 0.129503 

𝐴𝑙𝑡𝑒𝑟48  0.002774 0.002816 0.000771 0.006378 0.11287 

𝐴𝑙𝑡𝑒𝑟49 0.003269 0.003946 0.000271 0.002968 0.102248 

𝐴𝑙𝑡𝑒𝑟50  0.003807 0.005312 4.66×10−5 0.000846 0.099851 

𝐴𝑙𝑡𝑒𝑟51  0.00415 0.007 5.98×10−5 1.77×10−5 0.105958 

𝐴𝑙𝑡𝑒𝑟52  0.002972 0.001469 0.001603 0.011171 0.131205 
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Alternatives  TecC 

(V1
∗ −  Vi1  ) 2 

 EcoC 

(V2
∗ −  Vi2 ) 2 

 SocC 

(V3
∗ −  Vi3 ) 2 

 EnvC 

(V4
∗ −  Vi4 ) 2 

Si
∗=  (Vj

∗ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟53  0.003489 0.002319 0.000773 0.006449 0.114148 

𝐴𝑙𝑡𝑒𝑟54  0.003813 0.003533 0.000287 0.003071 0.103467 

𝐴𝑙𝑡𝑒𝑟55  0.004391 0.004796 4.71×10−6 0.000902 0.100467 

𝐴𝑙𝑡𝑒𝑟56  0.005011 0.006301 4.12×10−5 2.16×10−5 0.106655 

𝐴𝑙𝑡𝑒𝑟57  0.004045 0.002004 0.000796 0.006601 0.115956 

𝐴𝑙𝑡𝑒𝑟58  0.004645 0.002988 0.000295 0.00312 0.10511 

𝐴𝑙𝑡𝑒𝑟59 0.005018 0.004331 4.72×10−6 0.000959 0.101555 

𝐴𝑙𝑡𝑒𝑟60  0.005677 0.005729 3.83×10−5 3.12×10−5 0.107125 

𝐴𝑙𝑡𝑒𝑟61  0.005283 0.002604 0.000312 0.003226 0.10689 

𝐴𝑙𝑡𝑒𝑟62  0.005966 0.003719 4.51×10−6 0.000987 0.103326 

𝐴𝑙𝑡𝑒𝑟63  0.006388 0.005185 3.56×10−5 4.26×10−5 0.107942 

𝐴𝑙𝑡𝑒𝑟64  0.006686 0.003303 4.41×10−6 0.001047 0.105074 

𝐴𝑙𝑡𝑒𝑟65  0.007452 0.004554 2.09×10−5 4.86×10−5 0.10989 

𝐴𝑙𝑡𝑒𝑟66  0.008254 0.004084 0 6.26×10−5 0.111362 

 

Step 5 : Determination of separation of a target alternative from negative ideal solution 

Separation of a target alternative from negative ideal solution is given by 

Si
′=  (Vj

′ −  Vij  ) 2𝑗  

Table 8.6 Determination of Si
′  

Alternatives  TecC 

(V1
′ −  Vi1 ) 2 

 EcoC 

(V2
′ −  Vi2 ) 2 

 SocC 

(V3
′ −  Vi3 ) 2 

 EnvC 

(V4
′ −  Vi4 ) 2 

Si
′=  (Vj

′ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟1 0.008254 0.010626 0 0 0.137408 

𝐴𝑙𝑡𝑒𝑟2 0.007447 0.008769 8.24×10−5 0.000645 0.130167 

𝐴𝑙𝑡𝑒𝑟3 0.006991 0.006657 0.000249 0.002527 0.128155 
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Alternatives  TecC 

(V1
′ −  Vi1 ) 2 

 EcoC 

(V2
′ −  Vi2 ) 2 

 SocC 

(V3
′ −  Vi3 ) 2 

 EnvC 

(V4
′ −  Vi4 ) 2 

Si
′=  (Vj

′ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟4 0.006257 0.005206 0.000758 0.005724 0.133959 

𝐴𝑙𝑡𝑒𝑟5 0.005562 0.003894 0.001288 0.01021 0.144754 

𝐴𝑙𝑡𝑒𝑟6 0.005164 0.002599 0.002321 0.015858 0.161066 

𝐴𝑙𝑡𝑒𝑟7 0.004536 0.001701 0.003464 0.022897 0.180547 

𝐴𝑙𝑡𝑒𝑟8 0.003947 0.000973 0.00497 0.031224 0.202766 

𝐴𝑙𝑡𝑒𝑟9 0.003614 0.000416 0.004881 0.040637 0.222593 

𝐴𝑙𝑡𝑒𝑟10 0.003091 0.000107 0.007654 0.051517 0.24974 

𝐴𝑙𝑡𝑒𝑟11 0.002609 0 0.007526 0.063686 0.2717 

𝐴𝑙𝑡𝑒𝑟12 0.006686 0.009341 7.73×10−5 0.000598 0.129234 

𝐴𝑙𝑡𝑒𝑟13 0.005962 0.007614 0.00028 0.002483 0.127826 

𝐴𝑙𝑡𝑒𝑟14 0.005554 0.005675 0.000738 0.005582 0.132475 

𝐴𝑙𝑡𝑒𝑟15 0.004902 0.004318 0.001256 0.010021 0.143169 

𝐴𝑙𝑡𝑒𝑟16 0.004289 0.003138 0.002332 0.015748 0.159709 

𝐴𝑙𝑡𝑒𝑟17 0.003941 0.002 0.003412 0.022612 0.178788 

𝐴𝑙𝑡𝑒𝑟18 0.003395 0.001212 0.00492 0.030892 0.201043 

𝐴𝑙𝑡𝑒𝑟19 0.002888 0.000616 0.006672 0.040461 0.225025 

𝐴𝑙𝑡𝑒𝑟20  0.002604 0.0002 0.007698 0.05109 0.248178 

𝐴𝑙𝑡𝑒𝑟21  0.002164 1.54×10−5 0.007563 0.063212 0.270098 

𝐴𝑙𝑡𝑒𝑟22  0.005283 0.008138 0.00028 0.00239 0.126849 

𝐴𝑙𝑡𝑒𝑟23  0.004641 0.006522 0.000761 0.005517 0.132065 

𝐴𝑙𝑡𝑒𝑟24  0.004283 0.004756 0.001221 0.009833 0.141748 

𝐴𝑙𝑡𝑒𝑟25  0.003713 0.003514 0.002298 0.015512 0.158231 

𝐴𝑙𝑡𝑒𝑟26  0.003182 0.002453 0.003387 0.022481 0.177486 

𝐴𝑙𝑡𝑒𝑟27  0.002883 0.001471 0.00487 0.030562 0.199463 
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Alternatives  TecC 

(V1
′ −  Vi1 ) 2 

 EcoC 

(V2
′ −  Vi2 ) 2 

 SocC 

(V3
′ −  Vi3 ) 2 

 EnvC 

(V4
′ −  Vi4 ) 2 

Si
′=  (Vj

′ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟28  0.002419 0.000805 0.006599 0.040082 0.223395 

𝐴𝑙𝑡𝑒𝑟29 0.001994 0.000335 0.007907 0.050892 0.247242 

𝐴𝑙𝑡𝑒𝑟30  0.001759 6.04×10−5 0.007601 0.062739 0.268625 

𝐴𝑙𝑡𝑒𝑟31  0.004045 0.007047 0.000742 0.005378 0.131194 

𝐴𝑙𝑡𝑒𝑟32  0.003486 0.00554 0.001255 0.009746 0.141517 

𝐴𝑙𝑡𝑒𝑟33  0.003176 0.003939 0.002264 0.015278 0.157027 

𝐴𝑙𝑡𝑒𝑟34  0.002688 0.002811 0.003333 0.022199 0.176155 

𝐴𝑙𝑡𝑒𝑟35  0.002239 0.001866 0.004861 0.030408 0.198432 

𝐴𝑙𝑡𝑒𝑟36  0.00199 0.001034 0.006531 0.039706 0.221948 

𝐴𝑙𝑡𝑒𝑟37  0.001608 0.000489 0.007958 0.050468 0.246014 

𝐴𝑙𝑡𝑒𝑟38  0.001265 0.000144 0.007828 0.062519 0.267874 

𝐴𝑙𝑡𝑒𝑟39 0.002972 0.006008 0.00125 0.009561 0.140676 

𝐴𝑙𝑡𝑒𝑟40  0.002496 0.004615 0.002278 0.01517 0.156711 

𝐴𝑙𝑡𝑒𝑟41  0.002235 0.00318 0.003282 0.021919 0.174973 

𝐴𝑙𝑡𝑒𝑟42  0.001829 0.00217 0.004803 0.030081 0.197186 

𝐴𝑙𝑡𝑒𝑟43  0.001462 0.001347 0.006499 0.039531 0.220997 

𝐴𝑙𝑡𝑒𝑟44  0.001262 0.000665 0.008005 0.050046 0.244903 

𝐴𝑙𝑡𝑒𝑟45  0.000962 0.000246 0.007867 0.062049 0.26669 

𝐴𝑙𝑡𝑒𝑟46  0.002064 0.005068 0.002237 0.014939 0.155907 

𝐴𝑙𝑡𝑒𝑟47  0.00167 0.003773 0.003258 0.021789 0.174618 

𝐴𝑙𝑡𝑒𝑟48  0.001458 0.002502 0.004744 0.029755 0.196108 

𝐴𝑙𝑡𝑒𝑟49 0.001134 0.001621 0.006428 0.039158 0.219866 

𝐴𝑙𝑡𝑒𝑟50  0.00085 0.000912 0.008928 0.04985 0.246047 

𝐴𝑙𝑡𝑒𝑟51  0.000699 0.000377 0.007906 0.06158 0.265635 
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Alternatives  TecC 

(V1
′ −  Vi1 ) 2 

 EcoC 

(V2
′ −  Vi2 ) 2 

 SocC 

(V3
′ −  Vi3 ) 2 

 EnvC 

(V4
′ −  Vi4 ) 2 

Si
′=  (Vj

′ −  Vij  ) 24
𝑗=1  

𝐴𝑙𝑡𝑒𝑟52  0.001321 0.004193 0.003204 0.021512 0.173867 

𝐴𝑙𝑡𝑒𝑟53  0.00101 0.003017 0.00474 0.029604 0.195884 

𝐴𝑙𝑡𝑒𝑟54  0.000847 0.001905 0.00635 0.038786 0.218833 

𝐴𝑙𝑡𝑒𝑟55  0.000605 0.001145 0.008925 0.04943 0.245162 

𝐴𝑙𝑡𝑒𝑟56  0.000403 0.000562 0.008141 0.061363 0.265459 

𝐴𝑙𝑡𝑒𝑟57  0.000743 0.0034 0.004683 0.02928 0.19521 

𝐴𝑙𝑡𝑒𝑟58  0.000515 0.002345 0.006314 0.038613 0.218603 

𝐴𝑙𝑡𝑒𝑟59 0.000401 0.001389 0.008925 0.049012 0.24439 

𝐴𝑙𝑡𝑒𝑟60  0.00024 0.000751 0.008181 0.060897 0.264706 

𝐴𝑙𝑡𝑒𝑟61  0.00033 0.002709 0.006239 0.038244 0.217995 

𝐴𝑙𝑡𝑒𝑟62  0.000185 0.001772 0.008934 0.048818 0.244355 

𝐴𝑙𝑡𝑒𝑟63  0.000119 0.000966 0.008223 0.060433 0.264085 

𝐴𝑙𝑡𝑒𝑟64  8.25×10−5 0.002081 0.008938 0.048402 0.243934 

𝐴𝑙𝑡𝑒𝑟65  2.05×10−5 0.001267 0.008477 0.060217 0.264541 

𝐴𝑙𝑡𝑒𝑟66  0 0.001535 0.00934 0.059756 0.265764 

 

Step 6 : Determination of the relative closeness of alternatives (similarity of alternative) 
to the ideal solution   

Relative closeness of alternatives to the ideal solution is given by Ci
∗= S i

′

(Si
∗+Si

′ )
 

Table 8.7 Determination of Ci
∗ 

Alternatives  Si
∗ Si

′  Ci
∗= Si

′

(Si
∗+Si

′ )
 

𝐴𝑙𝑡𝑒𝑟1 0.270234 0.137408 0.33708 

𝐴𝑙𝑡𝑒𝑟2 0.243505 0.130167 0.348345 

𝐴𝑙𝑡𝑒𝑟3 0.218851 0.128155 0.369317 
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Alternatives  Si
∗ Si

′  Ci
∗= Si

′

(Si
∗+Si

′ )
 

𝐴𝑙𝑡𝑒𝑟4 0.192602 0.133959 0.410212 

𝐴𝑙𝑡𝑒𝑟5 0.168843 0.144754 0.461593 

𝐴𝑙𝑡𝑒𝑟6 0.146322 0.161066 0.523983 

𝐴𝑙𝑡𝑒𝑟7 0.126552 0.180547 0.58791 

𝐴𝑙𝑡𝑒𝑟8 0.111185 0.202766 0.645852 

𝐴𝑙𝑡𝑒𝑟9 0.105254 0.222593 0.678954 

𝐴𝑙𝑡𝑒𝑟10 0.102811 0.24974 0.70838 

𝐴𝑙𝑡𝑒𝑟11 0.110935 0.2717 0.710076 

𝐴𝑙𝑡𝑒𝑟12 0.244516 0.129234 0.345778 

𝐴𝑙𝑡𝑒𝑟13 0.218722 0.127826 0.368855 

𝐴𝑙𝑡𝑒𝑟14 0.193448 0.132475 0.406461 

𝐴𝑙𝑡𝑒𝑟15 0.169586 0.143169 0.457766 

𝐴𝑙𝑡𝑒𝑟16 0.145921 0.159709 0.522557 

𝐴𝑙𝑡𝑒𝑟17 0.126718 0.178788 0.585219 

𝐴𝑙𝑡𝑒𝑟18 0.110877 0.201043 0.644535 

𝐴𝑙𝑡𝑒𝑟19 0.101739 0.225025 0.688648 

𝐴𝑙𝑡𝑒𝑟20  0.101341 0.248178 0.710057 

𝐴𝑙𝑡𝑒𝑟21  0.109056 0.270098 0.71237 

𝐴𝑙𝑡𝑒𝑟22  0.219733 0.126849 0.365999 

𝐴𝑙𝑡𝑒𝑟23  0.193644 0.132065 0.405469 

𝐴𝑙𝑡𝑒𝑟24  0.170549 0.141748 0.453889 

𝐴𝑙𝑡𝑒𝑟25  0.146706 0.158231 0.518897 

𝐴𝑙𝑡𝑒𝑟26  0.12659 0.177486 0.583691 

𝐴𝑙𝑡𝑒𝑟27  0.110929 0.199463 0.642615 
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Alternatives  Si
∗ Si

′  Ci
∗= Si

′

(Si
∗+Si

′ )
 

𝐴𝑙𝑡𝑒𝑟28  0.10137 0.223395 0.687867 

𝐴𝑙𝑡𝑒𝑟29 0.100482 0.247242 0.71103 

𝐴𝑙𝑡𝑒𝑟30  0.107563 0.268625 0.71407 

𝐴𝑙𝑡𝑒𝑟31  0.194875 0.131194 0.402351 

𝐴𝑙𝑡𝑒𝑟32  0.170838 0.141517 0.453066 

𝐴𝑙𝑡𝑒𝑟33  0.147652 0.157027 0.515384 

𝐴𝑙𝑡𝑒𝑟34  0.127387 0.176155 0.580333 

𝐴𝑙𝑡𝑒𝑟35  0.110846 0.198432 0.641597 

𝐴𝑙𝑡𝑒𝑟36  0.101189 0.221948 0.686854 

𝐴𝑙𝑡𝑒𝑟37  0.099776 0.246014 0.711454 

𝐴𝑙𝑡𝑒𝑟38  0.106892 0.267874 0.714777 

𝐴𝑙𝑡𝑒𝑟39 0.172125 0.140676 0.44973 

𝐴𝑙𝑡𝑒𝑟40  0.148298 0.156711 0.513793 

𝐴𝑙𝑡𝑒𝑟41  0.128489 0.174973 0.57659 

𝐴𝑙𝑡𝑒𝑟42  0.111721 0.197186 0.638334 

𝐴𝑙𝑡𝑒𝑟43  0.101481 0.220997 0.685309 

𝐴𝑙𝑡𝑒𝑟44  0.099543 0.244903 0.711005 

𝐴𝑙𝑡𝑒𝑟45  0.106273 0.26669 0.715059 

𝐴𝑙𝑡𝑒𝑟46  0.149839 0.155907 0.509923 

𝐴𝑙𝑡𝑒𝑟47  0.129503 0.174618 0.574173 

𝐴𝑙𝑡𝑒𝑟48  0.11287 0.196108 0.634699 

𝐴𝑙𝑡𝑒𝑟49 0.102248 0.219866 0.682572 

𝐴𝑙𝑡𝑒𝑟50  0.099851 0.246047 0.711329 

𝐴𝑙𝑡𝑒𝑟51  0.105958 0.265635 0.714855 
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Alternatives  Si
∗ Si

′  Ci
∗= Si

′

(Si
∗+Si

′ )
 

𝐴𝑙𝑡𝑒𝑟52  0.131205 0.173867 0.569921 

𝐴𝑙𝑡𝑒𝑟53  0.114148 0.195884 0.63182 

𝐴𝑙𝑡𝑒𝑟54  0.103467 0.218833 0.678973 

𝐴𝑙𝑡𝑒𝑟55  0.100467 0.245162 0.709321 

𝐴𝑙𝑡𝑒𝑟56  0.106655 0.265459 0.713381 

𝐴𝑙𝑡𝑒𝑟57  0.115956 0.19521 0.62735 

𝐴𝑙𝑡𝑒𝑟58  0.10511 0.218603 0.6753 

𝐴𝑙𝑡𝑒𝑟59 0.101555 0.24439 0.706441 

𝐴𝑙𝑡𝑒𝑟60  0.107125 0.264706 0.711899 

𝐴𝑙𝑡𝑒𝑟61  0.10689 0.217995 0.670992 

𝐴𝑙𝑡𝑒𝑟62  0.103326 0.244355 0.702813 

𝐴𝑙𝑡𝑒𝑟63  0.107942 0.264085 0.709854 

𝐴𝑙𝑡𝑒𝑟64  0.105074 0.243934 0.698936 

𝐴𝑙𝑡𝑒𝑟65  0.10989 0.264541 0.706515 

𝐴𝑙𝑡𝑒𝑟66  0.111362 0.265764 0.704709 

 
Step 7: Identification of best alternative (TOPSIS optimal solution)   

Best alternative is one, of which relative closeness Ci
∗ is maximum. 

Max ( Ci
∗ ) = 0.715059. 

index = index of max(  Ci
∗) =45. 

Best alternative = 𝐴𝑙𝑡𝑒𝑟45 . 
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Fig. 8.1 Bar diagram for multicriteria optimal selection of alternative (alternative 

corresponding to the red bar is the best). 
8.4    BEST ALTERNATIVE 

For best alternative (“𝐴𝑙𝑡𝑒𝑟45”) PV system meets 40% of local demand of electricity and WT 
system meets 60% of local demand of electricity. Both PV and WT electricity generation 
system are interfaced to the grid. When solar irradiance and/or wind speeds are larger in 
value, PV and/or WT system generate more electricity than the local demand and hence 
surplus amount of electricity is exported to the grid. When solar irradiance and/or wind speed 
are low to generate sufficient amount of electricity to meet the local demand, grid system 
imports electricity to the load to makeup the local demand of electricity. Annual export and 
import amount of grid electricity is equal and hence net share of grid electricity to meet the 
local demand is zero. 

Yearly average daily electricity generation from PV system is = 125856×40% = 50342.4 
kWh. 
Yearly average daily electricity generation from WT system is =125856×60% = 75513.6 
kWh. 
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CHAPTER 9 
 

DESIGN OF GRID TIE PV-WT HYBRID ELECTRICITY 
GENERATION SYSTEM FOR A LOCATION OF KUTUBDIA, 

BANGLADESH 
 
 
 

9.1   INTRODUCTION 
 
Kutubdia Island has not yet been connected with grid electricity, but Bangladesh Power 
Development Board (BPDB) has already launched a project to provide grid electricity to 
Kutubdia. A grid tie PV-WT hybrid electricity generation system is designed for Kutubdia. 
Solar and wind data for the location of Kutubdia are used for designing the system. PV-WT 
hybrid electricity system will be interfaced to the grid. PV panel model number „Sunmodule 
SW 350 XL MONO‟, grid tie PV inverter model number „SolarMax 3×330TS-SV Multi 
MPPT 990kW‟, and grid tie wind turbine module model number „EWT 500kW Direct Drive 
Wind Turbine‟ are used for designing the PV-WT hybrid electricity system. 
Multicriteria optimization for selection of best alternative is done in chapter eight and 
identified best alternative is “𝐴𝑙𝑡𝑒𝑟45 ”. Per unit (kWh) electricity cost for the optimal 
alternative is BDT 14.66. For this optimal alternative, annual average daily electricity 
generation from PV system and WT system are to be  𝐸𝑃𝑉𝑟𝑒𝑞  = 50342.4 kWh and 𝐸𝑊𝑇𝑟𝑒𝑞  = 
75513.6 kWh respectively. In chapter seven, annual average daily electricity production by a 
PV panel and WT module is calculated.  
Annual average daily electricity production by a panel, 𝐸𝑃𝑑𝑎𝑦  = 1.344 kWh. 
Annual average daily electricity production by a WT module, 𝐸𝑊𝑇  𝑑𝑎𝑦 = 3780.7 kWh. 
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Fig. 9.1 Grid tie PV- WT hybrid electricity generation system. 
 
9.2  PV SYSTEM DESIGN 
 
9.2.1 NUMBER OF PV PANELS (𝐍𝑷𝑽𝒑𝒂𝒏𝒆𝒍) 
 
Number of PV panels = 𝐶𝑒𝑖𝑙𝑖𝑛𝑔  𝐷𝑎𝑖𝑙𝑦  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛  𝑏𝑦  𝑡𝑒  𝑃𝑉  𝑠𝑦𝑠𝑡𝑒𝑚

𝐷𝑎𝑖𝑙𝑦  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  𝑏𝑦  𝑎  𝑃𝑉  𝑝𝑎𝑛𝑒𝑙
  

 
N𝑃𝑉𝑝𝑎𝑛𝑒𝑙  = 𝐶𝑒𝑖𝑙𝑖𝑛𝑔  

50342 .4

1.344
   = 37738. 

 
9.2.2 POWER RATING OF PV SYSTEM (𝐏𝐏𝐕𝐩𝐞𝐚𝐤) 

Power rating of PV plant = Number of PV panels × Watt peak rating a of PV panel. 

PPVpeak  = 37738× 350 WP=13208300 WP=13.2083MWP . 
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9.2.3 DETERMINATION OF NUMBER OF PV INVERTERS (𝐍𝑷𝑽𝒊𝒏𝒗)  

Maximum PV power under record highest irradiance exposure at record low temperature is 
calculated using equation 8.5. 
𝑃𝑃𝑉 .𝑚𝑎𝑥 =𝑁𝑝𝑎𝑛𝑒𝑙 ×  𝑉𝑂𝐶𝑆𝑇𝐶  + 𝐾𝑣  (𝑇𝐴.𝑚𝑖𝑛  + (

𝑁𝑂𝐶𝑇−20

800
) × 𝐺𝑃𝑒𝑎𝑘   − 𝑇𝑟𝑒𝑓 ) ×  (𝐼𝑆𝐶𝑆𝑇𝐶  +

𝐾𝑖  (𝑇𝐴.𝑚𝑖𝑛  + (
𝑁𝑂𝐶𝑇−20

800
) − 𝑇𝑟𝑒𝑓 )) ×

𝐺𝑃𝑒𝑎𝑘

1000
 ×FF. 

 
Consider that, recorded highest irradiance is, 𝐺𝑃𝑒𝑎𝑘 =950𝑊 𝑚2  and record lowest 
temperature is 𝑇𝐴= 4°C for the location of Kutubdia Island, Bangladesh. Others 
parameters, 𝑉𝑂𝐶𝑆𝑇𝐶 =48V , 𝐾𝑣=-0.1459 V/°C , 𝑁𝑂𝐶𝑇= 46°C, 𝑇𝑟𝑒𝑓=25°C , 𝐼𝑆𝐶𝑆𝑇𝐶= 9.821 A , 
𝐾𝑖= 0.004124 A/°C, FF=0.747 and 𝑁𝑝𝑎𝑛𝑒𝑙 = 37738. 
 
𝑃𝑃𝑉 .𝑚𝑎𝑥  = 12295.3768 kW. 
 
Total power rating of central inverter system = 12295.3768 kW. 
Power rating of each central inverter = 990 kW. 
 
Number of central inverters = 𝐶𝑒𝑖𝑙𝑖𝑛𝑔  

Total power rating of inverter system 

Power rating of each inverter
   

= 𝐶𝑒𝑖𝑙𝑖𝑛𝑔  12295.3768 kW

990 kW
  = 13. 

 
9.2.4 CONNECTION OF PV PANELS WITH CENTRAL INVERTER 
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Fig. 9.2  Input and output terminals of a central inverter (“SolarMax 3×330TS-SV Multi 
MPPT 990kW”). 

Number of MPPT embedded inverter‟s input string terminals = 9. 

Total number of available inverter‟s input string terminals =13×9=117. 

Total number of PV panels under each inverter‟s input string terminal 

=
Total  number  of  PV  panels  requ ired  in  PV  system

Total  number  of  available  inverter’s  input  string  terminals  
 = 37738

117
 = 322.547 ≈ 323. 

Connected power rating of each inverter‟s input string terminals 

 = 
Total  power  rating  of  central  inverter  

Total  number  of  available  inverter’s  input  string  terminals
 = 12295.3768

117
 = 105.088 kW. 
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a) Connection of PV panels in series for each inverter’s input string terminal of a 
central inverter: 

To appropriately size a PV panel string to an inverter, it is necessary to make sure that the: 

• PV panel string never generate more voltage than the inverter‟s maximum allowed input 
voltage 

• String MPP voltage should be within the inverter‟s maximum power-point tracking range. 

• String current should be within the inverter‟s maximum string current. 
 
Maximum possible number of panels in a string that may be connected in series =𝑁𝑃𝑉𝑠𝑚𝑎𝑥 . 
Minimum possible number of panels in a string that may be connected in series =𝑁𝑃𝑉𝑠𝑚𝑖𝑛 . 
Number of panels in a string that is practically connected in series= 𝑁𝑃𝑉𝑠 . 
 
Each panel highest MPP voltage (𝑉𝑀.𝑚𝑎𝑥 ) under record highest irradiance exposure at record 
lowest temperature is calculated using equation 3.39. 
𝑉𝑀.𝑚𝑎𝑥 =𝑉𝑀.𝑆𝑇𝐶  1 + 0.05391𝑙𝑜𝑔  

𝐺𝑃𝑒𝑎𝑘

𝐺𝑆𝑇𝐶
  + 𝐾𝑣(𝑇𝐴.𝑚𝑖𝑛 − 𝑇𝑟𝑒𝑓 ) 

 
Where, 𝑉𝑀.𝑆𝑇𝐶  = panel MPP voltage under STC = 38.4 V. 
𝐺𝑃𝑒𝑎𝑘  = Record highest irradiance = 950𝑊 𝑚2 . 
𝐺𝑆𝑇𝐶  = Irradiance under STC = 1000𝑊 𝑚2 . 
𝐾𝑣=Temperature coefficient of open circuit voltage of PV panel = -0.1459 V/°C 
𝑇𝐴.𝑚𝑖𝑛  = Record lowest ambient temperature = 4 °C. 
𝑇𝑟𝑒𝑓  = Reference temperature = 25°C. 
 
𝑉𝑀.𝑚𝑎𝑥 =38.4  1 + 0.05391𝑙𝑜𝑔  

950

1000
  + (−0.1459)(4 − 25) = 41.42 V 

 
Each panel lowest MPP voltage (𝑉𝑀.𝑚𝑖𝑛 ) under lowest allowable irradiance exposure at 
record high temperature is calculated using equation 3.40.  
𝑉𝑀.𝑚𝑖𝑛 =𝑉𝑀.𝑆𝑇𝐶  1 + 0.05391𝑙𝑜𝑔  

𝐺𝑚𝑖𝑛

𝐺𝑆𝑇𝐶
  + 𝐾𝑣(𝑇𝐴.𝑚𝑎𝑥 − 𝑇𝑟𝑒𝑓 ). 

Where, 𝐺𝑚𝑖𝑛  = allowable solar irradiance under which condition MPP tracker can suitably 
work = 50 𝑊 𝑚2 . 
𝑇𝐴.𝑚𝑎𝑥 = Record high ambient temperature = 45°C. 
 
𝑉𝑀.𝑚𝑖𝑛 =38.4  1 + 0.05391𝑙𝑜𝑔  

50

1000
  + (−0.1459)(45 − 25) = 35.706 -2.918 = 32.78 V 

PV panel open circuit voltage (𝑉𝑂𝐶.𝑚𝑎𝑥 ) under record highest irradiance exposure at record 
lowest temperature is calculated using 3.41. 
𝑉𝑂𝐶.𝑚𝑎𝑥 = 𝑉𝑂𝐶𝑆𝑇𝐶  +𝐾𝑣 (𝑇𝐴.𝑚𝑖𝑛  +(

𝑁𝑂𝐶𝑇−20

800
)× 𝐺𝑃𝑒𝑎𝑘   -𝑇𝑟𝑒𝑓 ) 

Where, Open circuit voltage under STC = 48 V. 
NOCT = Nominal operating cell temperature = 46°C. 
𝑉𝑂𝐶.𝑚𝑎𝑥 = 48 +(−0.1459)( (4+(

46−20

800
)× 950  -25) = 46.55 V. 
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PV panel open circuit voltage (𝑉𝑂𝐶.𝑚𝑖𝑛 ) under lowest allowable irradiance exposure at record 
highest temperature is calculated using equation 3.42, 
𝑉𝑂𝐶.𝑚𝑖𝑛 = 𝑉𝑂𝐶𝑆𝑇𝐶  +𝐾𝑣 (𝑇𝐴.𝑚𝑎𝑥  +(

𝑁𝑂𝐶𝑇−20

800
)× 𝐺𝑚𝑖𝑛   -𝑇𝑟𝑒𝑓 ) 

= 48 +(−0.1459)( (45+(
46−20

800
)× 50  -25) = 42.84 V. 

 
Maximum number of PV panels (𝑁𝑃𝑉𝑠𝑚𝑎𝑥 ) in a string connected in series is calculated using 
equation 3.43. 

𝑁𝑃𝑉𝑠𝑚𝑎𝑥 = 𝑚𝑖𝑛  𝑓𝑙𝑜𝑜𝑟  
𝑉𝑖 .𝑚𝑎𝑥
𝑉𝑀 .𝑚𝑎𝑥

 , 𝑓𝑙𝑜𝑜𝑟  
𝑉𝐷𝐶 .𝑚𝑎𝑥

𝑉𝑂𝐶 .𝑚𝑎𝑥
   

Where, 
𝑉𝑖 .𝑚𝑎𝑥 = Maximum limit of MPP voltage of inverter = 800 V. 
𝑉𝐷𝐶 .𝑚𝑎𝑥 = Maximum limit of open circuit DC voltage across the inverter‟s input string = 
900V. 
 
𝑁𝑃𝑉𝑠𝑚𝑎𝑥 = 𝑚𝑖𝑛  𝑓𝑙𝑜𝑜𝑟  

800

41.42
 , 𝑓𝑙𝑜𝑜𝑟  

900

46.55
   = 𝑚𝑖𝑛 19 , 19   = 19. 

 
 
Minimum number of PV panels (𝑁𝑃𝑉𝑠𝑚𝑖𝑛 ) in a string connected in series is calculated using 
equation 3.44. 

𝑁𝑃𝑉𝑠𝑚𝑖𝑛 = 𝑚𝑎𝑥  𝑐𝑒𝑖𝑙𝑖𝑛𝑔  
𝑉𝑖 .𝑚𝑖𝑛
𝑉𝑀.𝑚𝑖𝑛

 , 𝑐𝑒𝑖𝑙𝑖𝑛𝑔  
𝑉𝐷𝐶 .𝑚𝑖𝑛

𝑉𝑂𝐶.𝑚𝑖𝑛
   

Where,  
𝑉𝑖 .𝑚𝑖𝑛 = Minimum limit of MPP voltage of inverter = 450V. 
𝑉𝐷𝐶 .𝑚𝑖𝑛 = Minimum limit of open circuit DC voltage across the inverter‟s input string = 450V. 
 
𝑁𝑃𝑉𝑠𝑚𝑖𝑛 = 𝑚𝑎𝑥  𝑐𝑒𝑖𝑙𝑖𝑛𝑔  

450

32.78
 , 𝑐𝑒𝑖𝑙𝑖𝑛𝑔  

450

42.84
    =  𝑚𝑎𝑥 14,   11   =14. 

 
 
Number of panels in a string connected in series =𝑁𝑃𝑉𝑠  , where 𝑁𝑃𝑉𝑠𝑚𝑖𝑛  ≤ 𝑁𝑃𝑉𝑠  ≤ 𝑁𝑃𝑉𝑠𝑚𝑎𝑥 . 
 
𝑁𝑃𝑉𝑠= 17 (selected). 
 

b)  Connection of string of series PV panels in parallel to each inverter’s input 
string terminal of a central inverter: 

Total number of PV panels under each inverter‟s input string terminal = 323. 

Number of panels in a string connected in series = 17. 

Number of strings of series PV panels connected in parallel to each inverter‟s input string 

terminal of a central inverter =
323

17
 =19. 

c) Connection of blocking and bypass diodes with panel string: 

Peak inverse voltage (PIV) rating of the blocking diode, 
PIV rating ≥ ( 𝑉𝑂𝐶.𝑚𝑎𝑥 ×𝑁𝑃𝑉𝑠 ) 
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 PIV rating ≥ (46.55×17) 
 PIV rating ≥ 791 V. 

 
Peak inverse voltage (PIV) rating of bypass diode, 

PIV rating ≥  𝑉𝑂𝐶.𝑚𝑎𝑥  
 PIV rating ≥ 46.55 V 

 
 
Maximum possible short circuit current of the panel string under record highest solar 
irradiance exposure at record high temperature is calculated using equation 3.47. 
 

𝐼𝑆𝐶.𝑚𝑎𝑥 =  (𝐼𝑆𝐶𝑆𝑇𝐶  + 𝐾𝑖  (𝑇𝐴.𝑚𝑎𝑥  + (
𝑁𝑂𝐶𝑇 − 20

800
)𝐺𝑃𝑒𝑎𝑘 − 𝑇𝑟𝑒𝑓 )) ×

𝐺𝑃𝑒𝑎𝑘
1000

  

 
𝐼𝑆𝐶.𝑚𝑎𝑥 =  9.82 + 0.004124  (45 + (

46−20

800
)950 − 25)) ×

950

1000
  = 9.52 A. 

 
Current rating of both blocking and bypass diodes must be greater 9.52 A. 
 

 
Fig. 9.3 Connection of PV panels to inverter‟s input string terminal. 

 
 
9.3    WT SYSTEM DESIGN 
 
Commercially manufactured wind turbines are modular in type and basically these are wind 
turbine modules which consist of wind turbine and wind generator. In the design wind turbine 
model number “EWT 500kW Direct Drive Wind Turbine” is used. This wind turbine is 
embedded with horizontal axis turbine having 3 blades, synchronous generator having 
multiple pole wound rotor, rectifier and grid tie inverter and suitable to interface with the 
grid. The wind turbine module does not need to insert additional power converter or any other 
electrical device. 
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Fig. 9.4 Functional diagram of embedded EWT 500kW direct drive wind turbine. 
 
 
9.3.1 CALCULATION FOR NUMBER OF WIND TURBINES (𝐍𝑾𝑻) 

Number of wind turbines (WTs) =Daily  electricity  generation  by  the  WT  system

Daily  electricity  production  by  a WT  module
  

 
N𝑊𝑇  = 75513 .6 

3780.7 
 = 19.97 ≈ 20 

 

9.3.2 POWER OF WIND TURBINE SYSTEM (𝐏𝐖𝐓) 

 Power rating of WT system = Number of wind turbines × rated power rating a wind turbine. 
PWT  = 20× 500 kW =10000 kW =10 MW. 

9.4 TRANSFORMER RATING 
 

Output voltage ratings of both inverter and wind turbine module are same and it is 3ɸ, 400V 
(Line voltage). Both inverter and wind turbine generator outputs are directly tied with low 
tension side of the transformer. High tension side of the transformer is connected with 
national grid line. Grid line voltage at Kutubdia Island will be 33 kV. Transformer voltage 
rating is 0.4/33kV. 
Power rating of transformer = (power rating of WT system + power rating of PV system) 
× 1

𝑃𝑜𝑤𝑒𝑟  𝐹𝑎𝑐𝑡𝑜𝑟
 = (10+ 13.2083) × 1

0.90
 =25.78 MVA. 
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9.5 CALCULATION OF TOTAL LAND AREA 

Area of each PV panel surface, 𝐴𝑟𝑒𝑎𝑝𝑎𝑛𝑒𝑙 =1.993 m×1.001 m= 1.994 𝑚2 
Area of total surface of the PV panels, 𝐴𝑟𝑒𝑎𝑃𝑉= 𝐴𝑟𝑒𝑎𝑝𝑎𝑛𝑒𝑙  ×𝑁𝑝𝑎𝑛𝑒𝑙 = 1.994 𝑚2× 37738 
= 75249.57𝑚2. 
Area exploitation factor for Bangladesh, 𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡 = 0.6. 

Land used by the PV panels, 𝐴𝑟𝑒𝑎𝑝𝑙𝑎𝑛𝑡  = 𝐴𝑟𝑒𝑎 𝑃𝑉
𝑓𝑒𝑥𝑝𝑙𝑜𝑖𝑡

 = 75249.57 𝑚2

0.6
 = 125415.95 𝑚2. 

Diameter of each wind turbine, 𝐷𝑊𝑇  =54 m. 
Land used by each WT module, 𝐴𝑟𝑒𝑎𝑊𝑇= (2𝐷𝑊𝑇  × 2𝐷𝑊𝑇 ) = 11664 𝑚2. 
Land used by WT plant, 𝐴𝑟𝑒𝑎𝑊𝑇𝑃𝑙𝑎𝑛𝑡 = 𝐴𝑟𝑒𝑎𝑊𝑇×𝑁𝑊𝑇   = 11664 𝑚2×20 = 233280 𝑚2 
Land used by the grid substation, 𝐴𝑟𝑒𝑎𝑠𝑢𝑏= 4046.8 𝑚2. 
Total land area of the plant 𝐴𝑟𝑒𝑎𝑃𝑙𝑎𝑛𝑡  = 𝐴𝑟𝑒𝑎𝑃𝑉𝑃𝑙𝑎𝑛𝑡 + 𝐴𝑟𝑒𝑎𝑊𝑇𝑃𝑙𝑎𝑛𝑡 +𝐴𝑟𝑒𝑎𝑠𝑢𝑏  
= 362742.75𝑚2 
Total land area of the plant in acre = 362742 .75 

4046.8
 = 89.4 acres. 
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CHAPTER 10 

RESULT AND DISCUSSION 

 

10.1   RESULT 

Design approach for battery less grid tie PV-WT hybrid electricity generation system is 
developed in this thesis. Grid is considered to be capable of supplying electricity to load 
when solar and wind resources are not sufficient to generate electricity by the PV and WT 
system. Hence grid itself acts as a backup source of electricity and grid tie PV-WT hybrid 
electricity generation system does not require storage battery. Capacity of PV-WT hybrid 
electricity system is designed considering annual average daily electricity demand. As the 
system does not have storage battery, instantaneous generation of electricity depends on 
instantaneous value of solar, wind resources and generation of electricity varies throughout 
the day with diurnal variation of resources. PV electricity cannot be generated in night time 
or in cloudy day but wind electricity does not have such restriction of time if sufficient wind 
speed is available. Wind resources may be available for whole day and hence wind turbine 
(WT) system may supply electricity to load for whole day.  PV system can supply electricity 
to load only for sun shine hours. Energy index of reliability (EIR) of both PV and WT system 
are not same as diurnal availability of solar and wind resources are different. Energy index of 
reliability (EIR) of grid electricity is unity, as grid is considered to be capable of supplying 
electricity to load for any instant of time in a day. Per unit electricity generation cost, social 
acceptance and environmental emission of green house gases are different for PV, WT and 
grid sources of electricity. Performances of technical criterion (EIR), economical criterion 
(per unit electricity cost), social criterion (social acceptance) and environmental criterion 
(environmental emission) of different alternatives for generation of electricity are evaluated 
and best alternative is identified using the Technique for Order of Preference by Similarity to 
Ideal Solution (TOPSIS). In TOPSIS algorithm, specific criteria are preliminarily given 
preference using weighing method. Depending on the weighing, best alternative is varied. 
Result for different weighing of criteria is given below. 
Weight of criteria W = 𝑊1   𝑊2  𝑊3  𝑊4  
Weighing of technical criterion = 𝑊1 
Weighing of economical criterion = 𝑊2 
Weighing of social criterion = 𝑊3 
Weighing of environmental criterion = 𝑊4 
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Table 10.1 Result for different weighing of criteria. 
Sl. 
No. 

Weighing of 
criteria 

Best 
Alternative 

Power 
rating 
of PV 
system 
(in 
MWp) 

Power 
rating 
of WT 
system 
(in 
MW) 

Power 
rating 
of grid 
share 
(in 
MW) 

EIR Per unit 
electricity 
cost (in 
BDT) 

Social 
accepta
nce 

Environm
ental 
emission 
(daily 
emission 
of eq. 
𝐶𝑂2  in 
ton) 

Total 
require
d land 
area (in 
acre) 

𝑊1 𝑊2 𝑊3 𝑊4 

1 1 0 0 0 𝐴𝑙𝑡𝑒𝑟1 0 0 5.244 1 10.03 31.27 68.87 1 
2 0 1 0 0 𝐴𝑙𝑡𝑒𝑟1 0 0 5.244 1 10.03 31.27 68.87 1 
3 0 0 1 0 𝐴𝑙𝑡𝑒𝑟66 32.57 0 0 0.44 13.41 84.88 6.28 77.88 
4 0 0 0 1 𝐴𝑙𝑡𝑒𝑟11 0 16.5 0 0.76 15.49 79.39 4.25 96.11 
5 1 1 1 1 𝐴𝑙𝑡𝑒𝑟11 0 16.5 0 0.76 15.49 79.39 4.25 96.11 
6 2 1 1 1 𝐴𝑙𝑡𝑒𝑟10 0 15.0 0.524 0.79 14.94 79.80 10.75 87.47 
7 1 2 1 1 𝐴𝑙𝑡𝑒𝑟45 13.20 10 0 0.64 14.66 80.47 5.09 89.40 
8 1 1 2 1 𝐴𝑙𝑡𝑒𝑟11 0 16.5 0 0.76 15.49 79.39 4.25 96.11 
9 1 1 1 2 𝐴𝑙𝑡𝑒𝑟11 0 16.5 0 0.76 15.49 79.39 4.25 96.11 

10 2 2 1 1 𝐴𝑙𝑡𝑒𝑟10 0 15.0 0.524 0.79 14.94 79.80 10.75 87.47 
11 2 1 2 1 𝐴𝑙𝑡𝑒𝑟10 0 15.0 0.524 0.79 14.94 79.80 10.75 87.47 
12 2 1 1 2 𝐴𝑙𝑡𝑒𝑟11 0 16.5 0 0.76 15.49 79.39 4.25 96.11 
13 1 2 2 1 𝐴𝑙𝑡𝑒𝑟50 16.37 6.5 0.524 0.63 13.89 83.68 11.70 76.91 
14 1 2 1 2 𝐴𝑙𝑡𝑒𝑟45 13.20 10 0 0.64 14.66 80.47 5.09 89.40 
15 1 1 2 2 𝐴𝑙𝑡𝑒𝑟11 0 16.5 0 0.76 15.49 79.39 4.25 96.11 
16 1 3 1 2 𝐴𝑙𝑡𝑒𝑟66 32.75 0 0 0.44 13.41 84.89 6.28 77.89 

 
1. Ranking of  all alternatives considering technical criterion only 

Weighing: 𝑊 =  1  0  0  0  
Best alternative = 𝐴𝑙𝑡𝑒𝑟1 

 
Fig. 10.1 Ranking of all alternatives for weighing  𝑊 =  1  0  0  0  of criteria. 

 
2. Ranking of  all alternatives considering economical criterion only 

Weighing: 𝑊 =  0  1  0  0  
Best alternative = 𝐴𝑙𝑡𝑒𝑟1 
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Fig. 10.2 Ranking of all alternatives for weighing  𝑊 =  0  1  0  0  of criteria. 

 
3. Ranking of  all alternatives considering social criterion only 

Weighing: 𝑊 =  0  0  1  0  
Best alternative = 𝐴𝑙𝑡𝑒𝑟66  

 
Fig. 10.3 Ranking of all alternatives for weighing  𝑊 =  0  0  1  0  of criteria. 

 
4. Ranking of  all alternatives considering environmental criterion only 

Weighing: 𝑊 =  0  0  0  1  
Best alternative = 𝐴𝑙𝑡𝑒𝑟11 

 
Fig. 10.4 Ranking of all alternatives for weighing  𝑊 =  0  0  0  1  of criteria. 
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5. Ranking of  all alternatives for equal weighing of all criteria 
Weighing: 𝑊 =  1  1  1  1  
Best alternative = 𝐴𝑙𝑡𝑒𝑟11 

 
 

 
Fig. 10.5 Ranking of all alternatives for weighing  𝑊 =  1  1  1  1  of criteria. 

 
6. Ranking of all alternatives for double weighing of  technical criterion 

 
Weighing: 𝑊 =  2  1  1  1  
Best alternative = 𝐴𝑙𝑡𝑒𝑟10 

 

 
Fig. 10.6 Ranking of all alternatives for weighing  𝑊 =  2  1  1  1  of criteria. 

 
7. Ranking of all alternatives for double weighing of economical criterion 

 
Weighing: 𝑊 =  1  2  1  1  
Best alternative = 𝐴𝑙𝑡𝑒𝑟45  
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Fig. 10.7 Ranking of all alternatives for weighing  𝑊 =  1  2  1  1  of  criteria.  

 
8. Ranking of all alternatives for double weighing of social criterion 

 
Weighing: 𝑊 =  1  1  2  1  
Best alternative = 𝐴𝑙𝑡𝑒𝑟11 

 
 

 
Fig. 10.8 Ranking of all alternatives for weighing  𝑊 =  1  1  2  1  of criteria. 

 
9. Ranking of all alternatives for double weighing of environmental criterion 

 
Weighing: 𝑊 =  1  1  1  2  
Best alternative = 𝐴𝑙𝑡𝑒𝑟11. 
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Fig. 10.9 Ranking of all alternatives for weighing  𝑊 =  1  1  1  2  of criteria. 

 
Multicriteria Optimal Sizing of Photovoltaic-Wind Turbine Grid Connected Systems has 
been developed in [7] considering economical, social and environmental criteria. In [7], 
power co-efficient (Cp ) of wind turbine is considered to be constant for all wind speed 
conditions, but from specification data obtained from wind turbine manufacturers it is 
observed that  Cp  varies in large range with large variation of wind speeds. In [7] number of 
wind turbines and land use area are considered for evaluation of social criterion using fuzzy 
logic.Wind turbine having greater power rating are larger in size and green house gases and 
acoustic noise productions are also greater. So, effect on social acceptance considering green 
house gases and acoustic noise productions depending on wind turbine sizes cannot be 
judged. In [7], alternatives are formed considering no grid share and total demand will be met 
by PV-WT system. But for large average load demand, total demand may not be met by PV –
WT electricity, a portion of demand may be met by grid electricity.  
 
In this thesis, power co-efficient (Cp) of wind turbine is considered to be variable with wind 
speeds as mentioned in manufacture‟s data specification sheet. Effect of wind turbine sizes on 
production of green house gases has been adopted for evaluation of social criterion. The 
proposed design approach also allows grid share of total demand.  
 
In [7] annual electricity demand is equal to 932.5 MWh and Cp=0.42 for 50KW wind turbine. 
Using proposed design approach mentioned in this thesis, results for ranking of alternatives 
which are mentioned in [7] are given below. 
 

Table 10.2 List of alternatives for generation of daily electricity of  932500

365
 = 2555 kWh. 

Alternatives PV electricity share 
(in kWh/Day) 

WT electricity share 
(in kWh/Day) 

Grid electricity share 
(in kWh/Day) 

𝐴𝑙𝑡𝑒𝑟1 2555 ×100% 2555×0% 0% 
𝐴𝑙𝑡𝑒𝑟2 2555×90% 2555×10% 0% 

𝐴𝑙𝑡𝑒𝑟3 2555×80% 2555×20% 0% 
𝐴𝑙𝑡𝑒𝑟4 2555×70% 2555×30% 0% 

𝐴𝑙𝑡𝑒𝑟5 2555×60% 2555×40% 0% 

𝐴𝑙𝑡𝑒𝑟6 2555×50% 2555×50% 0% 
𝐴𝑙𝑡𝑒𝑟7 2555×40% 2555×60% 0% 

𝐴𝑙𝑡𝑒𝑟8 2555×30% 2555×70% 0% 

𝐴𝑙𝑡𝑒𝑟9 2555×20% 2555×80% 0% 
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Alternatives PV electricity share 
(in kWh/Day) 

WT electricity share 
(in kWh/Day) 

Grid electricity share 
(in kWh/Day) 

𝐴𝑙𝑡𝑒𝑟10 2555×10% 2555×90% 0% 

𝐴𝑙𝑡𝑒𝑟11 2555×0% 2555×100% 0% 

 
 

 
 

Fig. 10.10 Ranking of all alternatives for weighing  𝑊 =  1  1  1  1  of criteria. 
 
Using proposed design approach, best alternative is  𝐴𝑙𝑡𝑒𝑟4 which represents 60% of total 
demand should be met by PV system and 40% of total demand should be from WT system. 
 
Approach mentioned in [7] considers economical, social and environmental criteria and 
considering equal weighing of criteria best alternative is 𝐴𝑙𝑡𝑒𝑟3 which represents 70% of total 
demand should be met by PV system and 30% of total demand should be from WT system.  
 
Insertion of new criterion (technical criterion), which is energy index of reliability (EIR), 
allows the evaluation of energy source capacity to meet the load for different time throughout 
the day.  As wind turbine system can meet the loads more times than that of PV system, 
consideration of EIR allows increase wind turbine share.  
 
 
10.2   DISCUSSION 

Design of grid tie PV-WT electricity generation system is affected by solar irradiance and 
wind resources.  A case study is performed considering the site location of Kutubdia Island. 
Hourly solar irradiance and wind speed data are required for performance evaluation of the 
criteria. Hourly data are not available for the location of Kutubdia. Daily total solar irradiance 
in Wh m2  data is available for this site location. Daily total solar irradiance is converted to 
hourly solar irradiances and it is approximated that hourly solar irradiances are constant for 
respective hours. As an hourly solar irradiance is constant for particular duration of an hour 
and hence power generation by the PV system for every instances of that hour is 
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approximated as a constant. Hourly wind speed data are not available for Kutubdia Island. 
Monthly average wind speed data are available for this location. Monthly wind speed is 
converted to hourly wind speeds and it is approximated that hourly wind speeds are constant 
for respective hours. Power generation by the WT system for particular duration of an hour is 
approximated as a constant as wind speed variation within this hour is assumed to be 
negligible. It is assumed in this thesis that diurnal variations of solar irradiances and wind 
speeds on the middle day of any calendar month are identical for other days of that month. 
Simulated data are used for designing the PV-WT system. Fixed orientation PV panels in PV 
system and pitch control with yaw mechanism in WT system are proposed. The site location 
(Kutubdia Island) has not yet been connected with grid electricity. Bangladesh government 
has already launched a project to connect Kutubdia Island with grid electricity using 33kV 
submarine cable. Design of grid tie PV-WT electricity generation system will be a suitable 
solution for meeting the local demand of electricity for Kutubdia Island. Preliminary 
preference given by weighing of criteria affects the optimal design solution. Bangladesh is a 
lower middle income country and hence savings of revenue is one of the prime concerns. 
Reduction in per unit electricity generation cost is given highest preference. In this thesis 
economical criterion which is per kWh electricity cost is recommended to give double weight 
compared to the remaining technical, social and environmental criteria for optimal design 
solution perspective in Bangladesh.   

10.3     CONCLUSION  

This research developed an approach for design of a grid tie PV-WT system using multi-
criteria optimization. Technical, economical, social and environmental criteria are optimized 
simultaneously to determine the optimum design solution. This design approach allows PV, 
WT and grid electricity share to meet the local demand. A case study has been performed for 
the site location of Kutubdia Island, Bangladesh. The main conclusions of the research can be 
summarized as: 
 

 Applying the “Technique for Order of Preference by Similarity to Ideal Solution 
(TOPSIS)” to the grid tie PV-WT system enables the designer to analyze multi-
criteria performance evaluation simultaneously without the need for conversion of 
criteria to a single objective function.  

 This approach allows the designer to give preliminary preference to a particular 
criterion or selected criteria. Depending on the designer‟s preferences to the criterion 
or criteria, optimum design solution is generated. 

 This approach allows designer to identify the optimal tilt and azimuth angle of PV 
surfaces, so that annual reception of solar irradiance by the PV panels is the highest. 

 Designer can calculate the generation of wind electricity directly using power curve as 
mentioned in the technical data specification sheet of the wind turbines. This 
approach of calculation allows designer to take into account the variation of power 
conversion co-efficient (Cp) of wind turbine due to large variation of wind speeds. 

 De-rating of electricity generation capacity due to aging of PV panels and WT 
generators is considered for calculation of annual average daily electricity by the PV-
WT system. 

 Electricity generation by the PV and WT systems requires significantly large area 
depending on solar and wind energy resources of the site location. The requirement of 
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large land area produces social resistance. But awareness of the inhabitants of the site 
location about the global warming due to emission of green house gases gives more 
preference of the PV and wind electricity, as these renewable sources produce less 
green house gases. Considering the affected land area and public awareness about the 
global warming social acceptance by the inhabitants is determined for evaluation of 
social criterion of PV-WT system interfaced to a grid. 
 

Usage of renewable energy for generation of electricity has great global interest and both 
developed and developing countries are increasing the utilization of renewable energies. In 
latest renewable energy policy (“Renewable Energy policy 2008”), Bangladesh government 
has planned to generate 10 % of total electricity generation from renewable sources by 2020 
[44]. At present renewable electricity share is only 2.7 % of total generation of electricity in 
Bangladesh [45]. The proposed approach will be a powerful tool for making a plan regarding 
generation of electricity from solar and wind sources in Bangladesh. 

10.4     SUGGESTION FOR FUTURE WORK 
 

i. Measured data for hourly solar irradiances and wind speeds over a period of a year 
can be taken into account to enhance the accuracy of the design of grid tie PV-WT 
system. 

ii. System design is affected by the specifications of the PV panel. A specific 
commercial PV panel specification is used in this thesis. Research investigation can 
further be run for several specifications of different PV panels and best PV panel can 
be selected for the design. 

iii. System design is affected by the specifications of the wind turbine (WT). A specific 
commercial WT specification is used in this thesis. Research investigation can further 
be run for several specifications of different WTs and best WT can be selected for the 
design. 

iv. In the thesis, fixed oriented PV panels are used. Performance of PV electricity 
generation can be evaluated for variable tilt and azimuth orientation of PV panels for 
different times. 

v. Research investigation on grid tie PV-WT hybrid electricity with storage system can 
be run for evaluation of performances of several criteria. 

vi. As storage facility is avoided in the proposed system, the per unit electricity 
generation cost is minimal for this system. This proposed system can be practically 
implemented for low cost solar-wind electricity. The proposed approach can be used 
for designing the PV-WT system for any location of Bangladesh to increase 
renewable electricity share to the national grid. 
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