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CHAPTER 1

INTRODUCTION

According to the report from the DOE [1], buildings are the largest energy
consuming sector in the United States, accounting for 39% of total energy consumption

and 73% of the electricity consumption for meeting the building loads.

1.1 Fossil Fuels

Worldwide, annual energy consumption at the end of 2010 is estimated to be
about 512 quads [1]. The energy consumption in US was 100 quads for the year 2005,
and it is estimated that US will need 103.3 quads by the end of 2010. The US has an
annual increase of 3% in energy consumption, and close to 32% and 23% of the energy
produced, is used for industrial and residential applications, respectively. Most of the
world’s electric power is generated by use of fossil and nuclear fuels, and use of fossil
fuels, considered by many to be primary cause of greenhouse gases causing global
warming. US reserves, as of January 2007 are reported to be 705 trillion cubic feet of
natural gas and 338.3 billion barrels of petroleum [1]. The U.S electric power
consumption expected to rise from 782 billion kilowatt-hours in 2005 to 797 billion

Kilowatt-hours by the end of 2010, raising the fear that fossil fuels will be run out

by 2050. Continued use of fossil fuels would increase the emissions of carbon dioxide
and other pollutants, thus exasperating the global warming phenomenon. As the emitted
gases increases temperatures towards Earth’s poles, insects and pests could be migrating

with diseases such as dengue fever, malaria which can result in an increase in these
1



diseases by 10 to 15%. [2] Apart from aforementioned indirect effect of heat, there will
be more cases of heatstroke, heart attacks and other ailments provoked by the direct heat
caused by global warming. According to EPA, “In July 1995, a heat wave killed more

than 500 people in Chicago region” alone [2].

The increasing demand of power will need clean power from renewable resources such as
wind, solar, biomass, and geothermal power. Among all the renewable energy sources,
wind and solar power have gained a lot more growth compared to their growth in last few
years. Recently, greater importance is placed on using the hybrid systems, especially in

the remote locations for stand-alone applications.

1.2 History of Wind Energy

Wind power has been in use since the tenth century for applications of water pumping,
and grain grinding. At location, where sufficient wind energy exists, a large scale wind
turbines have been installed to produce electricity. In the early 1930s, the Russians built a
large windmill with a 100 ft diameter blade, but it had very low power conversion
efficiency. Vermount utility in the 1940s built a very large scale windmill of rated
capacity 1.25 MW at a cost of $ 1.25 million. This project was abandoned, after one of its

blades broke down due to fatigue failure.

NASA (National Aeronautics and Space Administration) entered into the wind power
industry market with a wind power unit of 100 kW capacity at a cost of a million dollars.
Concerns on environmental air quality during the 1980s, forced the energy industry for
greater use of wind turbines to produce electricity. The design and successful operation of

a large scale wind turbines encountered several challenges in reducing their capital costs,
2



and ensuring smooth operations due to lack of constant angular velocity and torque that
can produce the A.C power. It was difficult to achieve these features with wind turbines,
as the wind blows with various velocities in different directions at a given location.
Superior blade design shapes and tower configurations and materials achieved in the
early 2000s, enabled rapid growth in wind power installations. At present, the cost of
electricity produced from wind turbines is lower than 2.7cents/lkWh in locations of high

wind potential.

1.3 History of Photovoltaics

Apart from wind energy, solar energy is also abundantly available on Earth. The
solar energy falling on Earth in a year is ten thousand times more than the existing fuel
sources available on Earth. The elements such as silicon, germanium etc. used in making
the PV cell is also copiously available on Earth. The PV cells can be classified as
pollution-free as they do not produce any by-products that may contribute towards
air/water pollution and also do not contain any moving parts that may cause noise
pollution. The first PV cell introduced to the world was described in a paper dated back
in 1877 [3]. In 1883, Charles [3] constructed a selenium solar cell, which was as popular
as the silicon PV cell used today. During the early days, the efficiency of a solar cell,
which is defined as the percentage of the solar energy falling on the surface of the PV

cell, which was converted into electricity, was almost 1%.

During the first half of the twentieth century, the Chaplin-Fuller-Pearson team [3]
developed a new PV cell made up of semiconductors. In the early 1950s, they utilized

silicon slices in producing the PV cells and they succeeded in getting the efficiency up to

3



6%. After further research, the efficiency of the current PV cells available in the market

went up to 17%

1.4  Hybrid Systems

As both wind turbine and PV cells use renewable energy resources to generate
electricity, the benefit of combining them into a single system can be significant. The
combined system of PV cells and wind turbines is typically referred to as a hybrid
system. In addition, the battery system, diesel engine or micro-hydro systems can also
work in parallel with such hybrid system to meet the load requirements. In the past, most
studies on wind turbine and photovoltaic generation system have considered only one
system as a standalone resource. However, research focus has been shifted towards
aforementioned hybrid system in recent times and various studies on hybrid system of PV
and Wind Turbine with diesel or battery back-up for additional electricity supply can be

found in the literature [4].

A few papers were published in 90’s that deals with optimizing the size of a
hybrid system consisting of wind turbine and photovoltaic panels. Gavanidou [5] and
Bakirtzis have considered a trade off method for a resort hotel [5]. Castle et al [6] used a
least squares algorithm to design a hybrid wind/PV system for site in Nevada. These
studies considered an average annual load profile that exceeded the power demand of a

small ranch.

Bansal et al [7] presented important design factors to be considered such as site
requirements, problems related to the grid connections, choice of generators, two or three

blade rotors, weight, and size considerations and environmental issues for wind energy
4



conversion systems. lbrahim el al [8] have presented a review on energy storage
techniques that have been employed recently and those that are under development. They
discussed characteristics of different electric storage techniques and their field of
application. The characteristics such as short term storage, long term storage, maximum
power required would determine the most appropriate methods for each type of
application. Ashok [9] discussed a method for the life cycle optimization of the entire
system. The system includes diesel engine and battery used for backup supply during the
energy short fall. It is indicated in this study that each of above system’s size and

operations were interdependent.

Diaf et al [10] presented the techno-economical optimization of a hybrid PV and
wind turbine system based on various meteorological conditions. This investigation
considered five different sites and compared the individual performance of each site. In
this study by Diaf et al [10], they considered battery storage for stand-alone photovoltaic
without any grid connection. Earlier efforts [11-13] focused on optimum design for
standalone applications without consideration of the building loads tied to the PV/Wind

systems.

In the past, detailed cost analysis of the hybrid system has not been considered
with existing utility cost structure for building optimization. The present study focuses on
the optimization of the hybrid system of PV panels and the wind turbines to make a given

building a ZEEB or ZEB.

In this investigation, dynamic analysis of the grid-connected hybrid system of

photovoltaic (PV) panels and wind turbines has been performed for a light commercial

5



building. For a building of specified characteristics and load profile, technical and
economic evaluation through computer simulations has been conducted for a grid
connected hybrid system of photovoltaic (PV) panels and wind turbines. The application
of hybrid solar-wind power generation system has been studied by using the long term

weather data obtained from the NREL website for six different cities in U.S.



CHAPTER 2

PHOTOVOLTAIC ANALYSIS

Solar energy in one form or the other form is the source of all renewable
resources energy on the earth. It is the radiant light or heat emitted from the sun that has
been used since ancient times in various ways. For example, biomass is formed from the
Sun’s energy due to photosynthesis process; wind energy exists due to uneven heating of
earth by sun and also due to the rotations of the earth. Solar energy can be used through
solar concentrators or heliostats to generate steam or vapor at high temperature and

pressure to expand in turbines to produce electricity.

Photovoltaic or solar cell is a device when exposed to sun, converts solar energy
directly into the electricity. The PV cell is mostly made from silicon; it emits no harmful
gases and has no moving parts and hence produces pollution free, noise free electricity as

its outpult.

2.1 A Brief Glance at History of Photovoltaic:

The term “photo” comes from the Greek word meaning “light” and the word
“Voltaic” was named after the Italian physicist Count Alessandro Volta, the inventor of
battery, which means “electric”. Hence, Photovoltaic describes the flow or generation of
electric current from light. The photovoltaic effect was first observed by the French

physicist Alexandre-Edmond Becquerel, who presented a paper in 1839 [3] describing his



experiments with a ‘wet cell’ battery, in which he found that the battery voltage increased

as its silver plates were exposed to the sunlight.

The first solar cell was constructed in 1883 by a New York scientist named

Charles Edgar Fritts. He made a selenium solar cell similar to the
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Figure 2.1  Fritts’ Solar Cell [14]

silicon solar cell of today, which consisted of thin wafers of selenium covered with very
thin, semi transparent gold wires and a protective sheet of glass. But, his solar cell had
very low efficiency. The efficiency is defined as the fraction of energy falling on the cell
that is converted to electricity. This solar cell achieved an efficiency of less than 1%. For
many Yyears, scientists worked on solar cells to improve the efficiency by taking material
characteristics in consideration and the breakthrough occurred in 1950s that set in the
motion the development of the modern, high efficiency solar cells. All these experiments

were done at the Bell Telephone Laboratories (Bell Labs) in New Jersey, USA, by Darryl



Chapin, Calvin Fuller and Gerald Pearson with their co-scientists. They were doing

research on the effect of light on semi-conductors.

2.1.1 Semi-Conductors

Semiconductors are non-metallic materials that lie between conductors and
insulators. Conductors offer very little resistance to the flow of current through it. On the
other hand, insulators block the flow of current through it. Hence, the materials whose

electrical characteristics lie between them are called semi-conductors.

The atoms of every element are held together by the bonding action of valence
electrons. This bonding is due to the fact that it is the tendency of each atom to complete
its last orbit by acquiring 8 electrons in it. However, in most of the substances, last orbit
is incomplete. This makes the atom active to enter into other orbit by losing, gaining or

share valence electrons with other atoms. [15]

There are many semi-conductors available in the market but very few of them
have a practical application in electronics. The electrical conductivity of a semiconductor
changes appreciably with temperature. At room temperature, thermal energy breaks some
of the covalent bonds of semi-conductors. This will make some electrons free and these
electrons will make a tiny electric current. The breaking of the covalent bond of semi-
conductors has left it with the deficiency called a “hole”. This hole becomes filled by the
other neighborhood electrons and leaves behind another hole. There will be free electrons
and holes in the semi-conductor and free electrons will move towards positive terminal,
and holes will drift towards negative terminal if potential difference it applied across the

semi-conductors.



n-doped silicon p-doped silicon

Figure 2.2 Schematic of a silicon crystal lattice doped with impurities to produce n-type

and p-type semi-conductor material [16]

A semi-conductor in an extremely pure form is known as intrinsic semi-
conductor. They have very little conductivity at room temperature, which can be
increased by the addition of a small amount of suitable metallic impurity. Depending
upon the impurities added they are classified as n-type and p-type semiconductors.
Current conduction in a p-type semiconductor is predominantly by holes and in an n-type
it is by electrons. So when a p-type and n-type semi-conductors are joined then the

contact surface is called p-n junction.

photons l
electron flow

Cral
P

+ “hole* flow

Figure 2.3 Effect on p-n junction in sunlight [17]
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When p-n junction is kept in the sunlight, the photons will free the electrons in n-type and
hence, current will flow. As shown in Figure 2.3. A single p-n junction of semi-conductor
is called a PV cell and a module consisting of several cells, or an array consisting of

several modules, while an array represents a group of panels as shown in Figure 2.4

PV Array

Panel - o .
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Figure 2.4 Design of PV array
2.2 1-V Characteristics of a PV Cell

The photovoltaic panels are made from combination of several PV modules
placed in series and parallel to produce electricity with available insolation to meet the
electrical load demand at required voltage and current. In selection of PV panels, it is
necessary to estimate the performance or power output of several PV panel placed in the
market. For that purpose, power output (W) of various panels is expressed for the same
input conditions called at uniform standard conditions. The standard input conditions are
characterized by the variables such as solar flux, G (W/m?), the ambient temperature, T,
(C°), the air mass (AM), while the output conditions are the output voltage, V (Volt), the

output current, I (Amp) and the output power, Py, (W).
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Figure.2.5. Air Mass is the ratio of the length of the sun’s rays through the atmosphere

when the sun is at a given angle (0) to the zenith, to the path length when the

sun is at its zenith.

The air mass ratio AM is the ratio of the path length (SO) of the sun’s rays
through the atmosphere when the sun is at a given angle (0) to the zenith, to the path

length (ZO) when the sun is at its zenith as shown in Figure 2.5(a).

The variation of the spectral distribution of the energy output with air mass is
shown in Figure 2.5(b). Current-voltage (I-V) characteristic of a typical PV module are
shown in the Figure 2.6. This characteristic shows two key parameters called “Short

Circuit Current” and the “Open Circuit Voltage”.

Short Circuit Current: It is the current produced in the cell, when the voltage across the

solar cell is zero, as seen in Figure. 2.6
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lsc IV curve of the solar cell
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Voc

Figure 2.6 1-V Curve of the solar cell showing the short circuit current [16]

Open Circuit Voltage: It is the voltage developed across the cell, when the current

flowing through the circuit is zero, as seen in Figure 2.7

-

IV curve of the solar cell

o
o

Current

The open circuit voltage, V.,

is the maximum voltage from a
solar cell and occurs when the

Power from net current through the device
the solar cell 15 Zero.
Voltage Voo

Figure 2.7 1-V curve of the solar cell showing open circuit voltage [16]

The Figure 2.8(a) shows an equivalent electrical circuit for a single cell under

Standard Test Condition (STC) and the Figure 2.8(b) shows the corresponding output

current and voltage of PV cell.
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Figure 2.8 Current-voltage (I-V) characteristics of a typical silicon PV cell STC

The variation in voltage and current for a typical PV cell is shown in
Figure 2.8(b). The point of short circuit current is when the current is maximum () and
the point of open circuit voltage is where the voltage is maximum (V). Any point
between these two points, the current (1) and voltage (V) would be less than s and Vo
respectively. The product of V and | represents the power (P = VI) produced by the PV
cell. However, there exist a point of operation between these two parameters of I and

Voe, Where the magnitude of P is maximum called Maximum Power Point (MPP) as

shown in Figure 2.8(b).
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CHAPTER 3

WIND TURBINE ANALYSIS

The increasing energy demand and the need for clean power have been directing
everyone’s attention to the sources of renewable energy resources. These alternative
energy sources are pollution free, abundantly available, and practically unlimited. Wind
is one of the renewable energy resources, which can be converted into the useful energy.
Wind turbine converts the Kinetic energy of wind into mechanical shaft power. If the
mechanical energy is directly used by devices such as pumps and grinding stones, it is
known as a windmill rather than wind turbine. If the wind energy is converted into

electricity, the machine is called a wind generator or wind turbine.

3.1 Wind Turbine Design and Construction

Wind turbine works at their best when working under unrestricted wind access to
wind speeds. Currently, the wind power industry is experiencing a rapid growth in the
world. The electricity can be produced continuously in areas, of high wind velocities. At
the peak demand load, when the PV system is not able to meet the load, the wind turbine
can be used in hybrid mode to meet the peak load. A hybrid system consisting of wind
turbine/s and photovoltaic panels with diesel generator or battery bank as a backup power
supply are employed for stand-alone applications, especially in remote areas far away
from the grid network. The wind industry classified the wind energy potential into seven
classes as shown in Table 3.1. The potential sites with wind class lower

than 3 (Vw < 5.1 m/s or 11.5 mph) are not suitable for wind power development.
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Table 3.1 Wind Power Density Classes

Wind Power 10 m (33) ft 50 m (164 ft)
Class
Wind Power Speed m/sec Wind Power Speed m/sec
(mph) Density (W/m?)
Density (W/m?) (mph)

100 4.4 (9.8) 200 5.6 (12.5)

200 5.6 (12.5) 400 7.0 (15.7)

300 6.4 (14.3) 600 8.0 (17.9)

|

1000 9.4 (21.1) 2000 11.9 (26.6)

However, at a given location the wind velocity, increases with height from the

ground according to the shear law

where,

V. = velocity of wind at height H



Vwo = velocity of wind at height Ho

Figure 3.1 shows the areas with various wind potential across U.S. The detailed maps for

a given region can be obtained from NREL website.

The wind velocity is a vector quantity that has a magnitude and direction. Both of
these change with time at a given site. A wind turbine of rotor diameter D will have a
swept area A equal to = D% /4. The mass flow rate of air passing through the plane of

blade rotation can be given as,
m=pAWV,+V,)/2 3.2
where,
V1, V, =wind velocities at upstream and downstream of the blades, respectively
p = density if the air at the given site

The maximum wind power that can be obtained from the difference in kinetic energy of

wind with these two velocities given by,
P, =05m (2 = 1,?%) 3.3
P, =05 [p AV, +V,)/21(* = V,?%) 3.4

The above equations can be re written as

P =05pA[1+ Z—j] [1 - (Z—j)z] V3 3.5
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Figure 3.1 Average Annual Wind Power across U.S [NREL]
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Or, more compactly as

B, =05pAC,V,° 3.6
where,
C, = power coefficient of wind turbine given by
Cp= (1 + ValVy) [1- (Vo/V1)?] 3.7
05F . . .
0.4
0.3
o™ 02

0.1

01
a

Figure 3.2 Blade pitch angle versus tip speed ratio

For maximum value of P, the above equations can be differentiated with respect
to the ratio of V,/V; that eventually leads to a Cpmax = 0.5926. This maximum value of C,,
is known as Betz limit. The realistic values for C, for modern turbines vary from

0.35 to 0.45. Since, the magnitude and direction of wind is transient, the manufacturer of
19



these devices often seek the maximum C, value for these units during operation by
varying the blade pitch angle (B) to match the varying wind conditions. Typically, C,
varies with blade pitch angle B and another key variable called tip speed ratio A, which is
the ratio of blade tip speed to the undisturbed wind velocity. A typical relationship among
these variables is as shown in the Figure 3.2. However most of the manufacturers display
the performance of wind turbines only as dependent on single variable, namely the wind
speed as shown in Figure 3.3. In this figure, three key wind speeds are also indicated. The
cut-in wind speed is the minimum wind speed required to generate useful power, while
the cut-out wind speed is the maximum speed above which the operation of wind turbine
is not permitted to protect the turbine from heavy wind damage. The rated wind speed is

the speed at which rated power is produced by the wind turbine.

Idealized power curve for a wind turbine

TiMy T
Rated powes | | |
—_—
G
Z 500
3 B
E L
E B
L
2 -
-a
T 200
Ll |
1M
“I_ i i Wind speied (s
1} 20 24 28 iz 36
B Cut-ont wind speed

b Rated wind spesd

Cut-in wind speed

Figure 3.3 Three parameter characterize the idealized power curve for a wind turbine [20]
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From Figure 3.4, it is observed that there is an optimum point available for each wind
turbine at which the C, reaches a maximum value. This is useful for control purposes
because in maximizing the power coefficient and hence maximum power from the wind

turbine.

Weibull Distribution: Turbine designer needs the information to optimize the size of
wind turbine, so as to minimize the generating cost or maximum power from it. In such a
case, they need to measure the wind speeds for particular site throughout a year. But,
wind variation for any site can be given by the Weibull distribution as shown in Figure
3.5. This particular site has a mean wind speed of 7 m/s and, the shape of the curve is

determined by two parameters called scale factor (c), and the shape factor (k).

e | B : ul {
b 22 - — ! = = g (— -

| /'/‘rNu-cr-:!r;ai power coefficient nfinte number of blades, L/p==)

Figure 3.4 Power coefficients for different wind turbine types [21]

When the wind speed is lower than 3 m/s (known as a calm period), the power

becomes very limited to produce electricity and the system should be stopped. As smaller
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cities do not have wind data collected for long years; the Weibull probability distribution
has been widely used to describe the wind speed variation for shorter periods. The data
are averaged over the calendar months and can be described by the Weibull probability

function, given as follows:

k—1
h(v) = %(Z) e~ (/)" for0<v<ow 3.8

c

The Weibull function expresses the fraction of time the wind speed is between v
and v + Av for a given Av. In practice, most sites around the world present a wind
distribution with k (shape factor) in the range 1.5 to 2.5. For most of them, k = 2, a
typical wind distribution found in most cities, is also known as the Rayleigh distribution,

given by

h(v) = k (Z) e—(V/0)? 3.9

Weibull probability density function (Probability Density Function, pdf),

v

fw) = (E) (z)(k_l) e_(?)k ForO<v<® andc k>0 3.10

C Cc

Weibull Cumulative distribution function (Cumulative Distribution Function, cdf),

ok
f(v):l-e_(?) ForO<v<® andc, k>0 3.11
1
Thenmean= E(v) = c;/[l+Ej 3.12
. _ _ 2 2 2 1
The variance = V(v) = ¢ [y (1 + E) 4 (1 + E)] 3.13
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where, y = Gamma function. Factor ¢, known as the scale factor, is related to the number

of days with high wind speeds. The higher the c is, the higher the number of windy days [22].

Betz Limit: The German physicist named Albert Betz calculated that it is not possible to

convert 59.3% of the kinetic energy into mechanical energy using any kind of wind

PDF of Wind Speeds
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Figure 3.5 Weibull Distribution Curve [23] turbine.
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Figure 3.6 Comparison of power coefficient for common rotors as per Betz law [24]

This is known as the Betz limit, theoretical maximum coefficient of the power for any

wind turbine. For better explanation, we can consider the example shown in Figure 3.7.
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Figure 3.7 Wind energy distribution based on Betz limit

The above turbine has a capacity to convert 70% of the Betz limit, which amounts to the
efficiency of 41%. It is an impressive power coefficient for a given wind turbine. Good

wind turbine generally falls in the 35-45% range.
3.2 Types of Wind Turbine and its Performance

Wind turbines can be broadly classified based on the axis about which the turbine

Rotor
Ciameter
(]

GearBon

!EA I-I—Generator

{VAWT)

Figure 3.8 Horizontal and Vertical Axis Wind Turbine [25]

rotor rotates. Most commonly used type is the horizontal axis turbine. Another type is the

vertical axis turbine. The Figure 3.8 shows the difference between the aforementioned
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types of wind turbines. The horizontal axis wind turbine is also known as upwind turbine

in which wind strikes the turbine blades before hitting the turbine tower.

Vertical axis wind turbine is known as the downwind turbine in which the wind

strikes the tower before hitting the turbine blades.

For performance of computer simulations by the software TABLET (Transient
Analysis of Building Loads and Energy Technologies), we have considered three

different kinds of turbines as explained below:

e GE Energy Wind Turbine (1500 kW): The power curve and general specification is

given below:
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Figure 3.9 (a) Power Curve (b) Wind Turbine (1.5 MW) [26]
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This is the highest power producing wind turbine among three considered. GE model
of 1.5 MW is the most efficient in all class because of its high reliability (97%) and

capacity factor (48%) compared to the first installed wind turbines [26].

The 1.5 MW turbine has active yaw and pitch regulated with power/torque control
capability and an asynchronous generator. It uses a bedplate drive train design where all
nacelle components are joined on a common structure, providing exceptional durability.
The generator and the gearbox are supported by elastomeric elements to minimize noise
emissions. [26] The specifications and power curve are presented in Table 3.2 and

Figure 3.9, respectively.

o Vestas V52 850 kW: The modest dimensions make the V52 cost effective and
easy to transport and install. For its robustness and aforementioned feature we have also

considered this unit for computer simulation in TABLET. Technical information on the
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Figure 3.10 (a) Power versus wind speed for a Vestas V52 850-kW (b) Vestas wind

turbine [27]
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V52 850-kW wind turbine is presented in Table 3.3 and photograph is provided in

Figure 3.10(b).

Table 3.2 GE Wind Turbine Technical Data [26]

Operating Data 1.5sle 1.5xle

Temperature Range: Operation: (-30°C) - (+40°C) (-30°C) - (+40°C)

Survival: (-40°C) - (+50°C) (-40°C) - (+50°C)

Cut-out Wind Speed (10 min avg.) 25ml/s 20 m/s

Electrical Interface

Voltage 690 V 690 V

Rotor Diameter: 77m 82.5m

Tower
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The power output-wind speed performance is shown in Figure 3.10(a). The

performance characteristics in the figure are parameterized in terms of the sound level.

Table 3.3 Vestas V52 850-kW Specifications [27]

Rated Capacity (kW) 850
Cut-in speed (m/sec) 4
Cut-out Speed (m/sec) 25
Rated wind speed (m/sec) 16
Rotor Diameter (m) 52
Swept area (m?) 2124
Rotor speed (RPM) 14-31.4

Bergey 10-kW Excel: The first two wind turbines were relatively large wind turbines
and used for commercial applications. The Bergey Wind Power Company manufactures
small wind turbines suitable for the use in residential and light commercial building

applications.

Technical information on the Bergey 10 kW Excel wind turbine is given in Table 3.4 and
photograph is shown in Figure 3.11 (b). Figure 3.11 (a) shows the power output-wind

speed performance characteristics.
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Table 3.4 Bergey 10 kW Excel Wind Turbine [28]

Rated Capacity (kW) 10

Cut-in speed (m/sec) 3.1

Cut-out Speed (m/sec) None (furled at 15.6 m/sec)
Rated wind speed (m/sec) 13.8

Rotor Diameter (m) 6.7

Swept area (m?) 35.3

Rotor speed (RPM) 14-31.4
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Figure 3.11 (a) Power versus wind speed for a Bergey 10 kW Excel wind turbine (b)
Bergey wind turbine [28]
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CHAPTER 4

TRANSIENT ANALYSIS OF HYBRID PV/WIND TURBINE

AND BUILDING LOADS

There are two types of power supply systems, one is called a stand-alone system
and the other is a grid connected system. Stand-alone systems do not rely on grid power.
It can be a PV or, wind turbine system or a combination of both the systems. The figures

below show the distinctions between the stand-alone and grid connected systems.

Solar Junction Box (Imterior or Exterior)

Figure 4.1 (a) Stand-alone System [29]
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Figure 4.1 (b) Grid connected PV power system [29]

The stand-alone power system is used primarily in remote areas where utility lines
are uneconomical to install due to terrain, other difficulties, or environmental concerns.

Wind and PV power systems have made a successful transition from small stand
alone sites to large grid connected systems. Grid connected system supplies power to the
site when available, and feeds the grid when excess power exists after meeting the
building loads. Two kilowatt-hour meters are used to measure the power delivered to the
grid and absorbed from the grid. These two meters are charged differently on a daily or
on a yearly basis that allow energy swapping and billing the net annual difference.

Generally, utilities pay back twice the amount they charge, in some countries such as in
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Germany they pay up to 7 to 8 times the amount per kWh they charge to the customer.
Figure 4.1(b) describes the typical residential grid connected PV power system. The
higher utility purchase factor (UPF) plays a vital role in reducing the size of the panels or
wind turbine systems, thereby reducing the required capital costs and payback periods.

A wind power system may be used for the site where space and aesthetic view are
not a big problem. We can even use a small wind turbine in the back side of the house, or
on the roof of a tall building. Wind power can be used as a stand-alone or a grid
connected system in the same way as a PV power system described above. In order to
produce a near constant electric power or a more reliable power supply at a particular
site, a combination of the wind and photovoltaic systems can be used. Such system can
be installed where wind and solar potential is sufficient to produce electricity by both
means economically. In a hybrid system, an optimum size of PV panels and that of wind
turbine might provide a minimum cost of electric power generation or a zero-electric
energy or zero-energy building.

4.1  System Design and Dynamic Analysis

In this portion the data pertinent to the evaluated building, the economic data
pertinent to the PV panels, and three types of wind turbines, the mathematical models
involving key parameters for PV panel, wind turbines, heat pump and other relations are
presented. A light commercial building of 10,000 square feet floor area, with 40
occupants, 10 kW of plug in load, an infiltration rate of 0.15 ACH, ventilation rate of 15
cfm, and lighting load of 1.0 W/ft® is assumed. The building roof is made up of 4”
concrete with 4.5” of insulation (U = 0.036 Btu/hr.ft%. °F) and walls consists of face brick,
8” of concrete and 5” of insulation (U = 0.04 Btu/hr.ft>. °F) typically employed for a
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medium-sized commercial building with window area of 100 ft* on south and north

facing walls, in which the occupants work during week days from 8:00 AM to 5:00 PM.

4.1.1 Mathematical Model for Photovoltaic (PV) System
Figure 4.2 shows a typical equivalent electrical circuit that depicts the electrical output of
an individual photovoltaic cell, a module consisting of several cells, or an array

consisting of several modules.

The shunt resistance R, the series resistance Rs is in the range from 0.01 to 1.0 Q.
I is the photon current, which depends upon the light intensity and its wavelength, Ip is

the Shockley temperature-dependent diode current; and I, is the PV cell leakage current.
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Figure 4.2 Equivalent Electric Circuits of a Photovoltaic Cell/ Module/ Array

Most of the PV mathematical models are developed using the basic five
parameters of the PV modules. However, model involving these five parameters results in
non-linear algebraic equations which are very difficult to converge, unless special
mathematical algorithms are employed. There is a large set of equations that are to be

taken into consideration for output power of a particular panel which ended up into
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unsolved set of non-linear equations. It has been an inactive part of this study and

documented in Appendix I.

4.1.2 Photovoltaic(PV) Modules

Ai et al. [11] employed a more practical approach by using the measured values
of cell temperature T, to predict the power output of PV panels. In the present model, a
more recent generalized empirical relation for cell temperature as developed by

Chenni [12] valid for a freely mounted polycrystalline module is employed.

=1, {1—C{exp(\é_vAv]—l} }+ Al 4.1
2 " 0C

where,

| -V
Clz[ —ﬂjexp( mpj 4.2
ISC CZVOC

V

v,
C,=—"2%— 4.3

Im

In (1 - pJ
ISC
E
V=V, {1+ 0.0539 log (E—“ﬂ + B, AT 4.4
st

AV =V -Vmp 4.5
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Al =q, [EJAT +[5—1]|SC 4.6
ESI Est

AT =T - Ty 4.7

The cell temperature is obtained from the following empirically determined

correlation [12] for the poly-crystal panel.
T.=0.943T,+0.028 G;—1.528 V,, + 4.3 4.8

A BJ-60P-220 W polycrystalline solar panel manufactured by B & J Corporation
limited with a rated 15% efficiency has been studied here. The physical size of a panel of

six cells in parallel each containing ten cells in series is listed in Table 4.1.

Table 4.1 Basic specification of polycrystalline PV panel

Cell Polycrystalline Silicon solar cell

156mm x 156mm

No. of cells and connections 60 (6 x 10)

Dimension of module (mm) 1640 x 992 x 50

Weight 21 kg

The normal operating cell temperature (NOCT) is defined as the cell or module

temperature when the cell or module is mounted in their normal way at a solar radiation
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level of 1000 W/m?, a wind speed of 1.5 m/s, ambient temperature of T,= 25 °C and at
no-load operation (i.e, with n¢= 0). A typical Manufacturer’s data for a 220 W model is

given in Table 4.2,
4.1.3 Photovoltaic (PV) Arrays

For practical use, a certain number of PV modules are needed to be connected in
parallel/series to meet user’s demand on voltage and power. The operating voltage of a
system determines the number of (Mpy) series connection PV modules needed, and the

number of parallel
Manufacturer’ Data for a BJ-60P-220 W Polycrystalline PV panel

Table 4.2 Characteristics of 220 W Polycrystalline PV panel

Open circuit voltage (Voc) 36.7V

Optimum operating voltage (Vmp) 29.4V

Short circuit current (Isc) 8.31A

Optimum operating current (Imp) 7.48A

Maximum power at STC (Pm) 220Wp

NOCT 46°C £+ 2°C
Current temperature coefficient 0.06 + 0.01 %/K
Voltage temperature coefficient (165+ 10) mV/K

The above electrical characteristics are within £ 10 percent of the indicated values of s, Vo, and Ppax

under STC.
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connection (Npy) of PV module string determines the capacity of the PV array. This can

be expressed in mathematical terms as follows:

Pev, system = Npv Ppv.MobuLE 4.9

Vpy, system = Mpv Vpv,mobuLE 4.10

Number of Parallel Legs:

PL= va/ Mpv 411

4.2 Modeling of Wind Turbines

Wind turbine characteristics are often published by their manufacturers for each
of their models placed in the market. These characteristics show the shaft power
produced by the wind turbine for different wind velocities. These characteristics also
show the cut-in speed and cut-out speeds of their unit on the same graph as discussed in
the previous chapter. In this study, three different types of wind turbines are considered
according to their rated capacity. Wind turbine | has a rated capacity of 10 kW, so that it
can be placed near the building as an independent unit, while wind turbine Il has a rated
capacity of 1500 kW and wind turbine Il has rated capacity of 850 kW. A power output
capacity of 10 kW is regarded as one unit, so that the Wind Turbine 11 can be viewed as
consisting of 150 such units with an equivalent installed cost of $13,333/10 kW capacity,
while Wind turbine 111 of 85 units at installed cost of $25,000/10 kW capacity (assumed
in absence of available data). Following are the curve fitted equations obtained from the
data presented on the manufacturer’s website. The equations are employed to analyze

wind energy available for each selected city:
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I Model for Wind Turbine-1 of Small Capacity (10 kW)
W, =0 for Vy, <= 3.0 and Vy, => 24.0 m/s 4.12
For Vy > 3.0 and V, <= 19.0 m/s
W, = -15.3057 + 1.36437 V,, — 4.0433 x 10° exp (Vu) + 255.7983/ V,,*° — 342.0495/ V,*  4.13
For Vy > 19.0 and V<= 24.0 m/s
W, = 14.480725 — 0.00030926 V' 4.14
Il Model for Wind Turbine —I1 of High Capacity (1500 kW)
For 3.0 <Vy<8.0m/s
W, = 90.80186 + 6.0286 V> — 73.4653 V.’ In (V) 4.15
For 8.0 <V, <10.5 m/s
W, = 1.0/ (0.000758213 — 2.5284 x 10°° exp (V,,) + 1.737485522 exp (-Vu)) 4.16
For 10.5<V,,<12.0 m/s
W, = (1510.557 — 645.596 In(V\)) / (1.0 — 0.427557 In (V) 4.17
For V\, >12.0 and V\, < 20.0 m/s
W, = 1500 kW
11 Model for Wind Turbine — 111 of Medium Capacity (850 kW)

W, =0 for Vy, < 3.0 m/s or Vy > 25.0 m/s 4.18

38



For 3.0 <V, <8.0m/s
W, = -17574.955 + 21.00166 V,,> In (Vy + 53568.91/ V,,*> 111091.49 In (Vyy/ (Vu)® 4.19

Table 4.3 Basic Economic Data of Wind Turbines

Wind Rated Capital Costs Comments

Turbine Capacity

I 10 kw $36,000 This is more suitable as an individual unit
for a small commercial building or large

residential building.

] 1500 kw | $2,000,000 or This is ideally suited for a wind farm
$13,333 per unit | community.

of 10kW capacity

Il 850 kW $2,125,000 or $ This is suited for a large sized independent
25,000 per unit of | commercial building or for families of a

10 KW capacity small neighborhood.

For 8.0 < V,, < 11.0 m/s
W, = 504.14327 + 0.003253 exp (Vw) — 637089.12 exp (-Vw) 4.20
For 11.0 < V,, < 16.0 m/s

W, = -243.9358 + 24.4303 V,,/ — 5.03922 V,,*° 4.21
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For 16.0 < V,, < 25.0m/s

W, = 850 kW

The total renewable power (Wt re ) produced for a given hour can be given as

Wtot,re =2 va va +3 th NWt 4,22

where,

W,y = hourly power produced by the PV panel per panel, kW

Wt = hourly power produced by the wind turbine per unit, KW

Npv = number of PV panels

Nwt = number of wind turbine units of capacity 10 kW

4.3  Economic Analysis

The major concern in the design of an electric power system which utilizes
renewable energy sources is the accurate selection of system components that can

economically satisfy the load demand.

The system’s components are determined subject to:

e Minimize the cost of electricity production ($/kWh)

e Minimize the payback period

e To ensure that the load meets the demand as per the criteria decided
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The following basic equations related to economic analysis are presented here to evaluate

the economic feasibility of renewable energy technologies:

Annual cost, (A) of total investment for purchase of PV panels and wind turbines is given

by

_ (14D Jets
A=P l(1+i)"— 1J 100 4.23

where,
ets = equivalent total subsidies that includes federal, local and other incentives
The total principal investment, P is given by
P=Cy + Cu 4.24
The total annual kWh electrical energy (Eankwn) generated is given by
Eannkwn = ( Eannkwh Npv + Eannwt Nwt) 4.25
The cost of electric power produced (Cep) is given by
Cep = AT (Eanniwn) 4.26

The annual cost of space heating (Cryg) is given by

Chtg =2 Ch Wh| (t) 4.27
where,

Ch = cost of heating fuel (natural gas for ZEEB), in case a heat pump is employed to heat

the space (ZEB) then Cy, is replaced with Ce.
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Wi = hourly heating load at the hour, t

The total annual cost of building operations (Copr) is given by
Copr = z Ce { Wc(t) + Weqm(t) + Wlight(t) +Waux(t) } + Chtg 428
The simple payback period (PB) for ZEEB is given by

P (% /100y

PB = 4.29
(Copr _Chtg)
The simple payback period (PB) for ZEB is given by
p(ets
pp = L Now 4.30

COPT

Evaluation of Photovoltaic (PV) System with TABLET Code

The characteristics of PV panels described earlier are included in the TABLET
code. This code is a comprehensive program developed based on the Transfer Function
Method (TFM) that evaluates the hourly building loads, the HVAC equipment loads,
monthly and annual operational costs. It also evaluates the impact of energy efficiency
technologies on the building operational costs. The details on the method by which the
program evaluates the transient building loads due to solar energy and other loads are

presented in the Appendix.

Building loads are evaluated at every hour using the TMY3 hourly weather data
developed by NREL inputted into the TABLET code. This software also evaluates the

number of PV panels and wind turbines required to reach the status of zero electrical
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energy cost building (ZEEB) or zero energy cost building (ZEB). The ZEEB employs
natural gas heater to meet the space heat loads during the winter, while ZEB employs a

heat pump.

The electric power produced by the PV panel system rarely equals to the electric
power demand by the building system for a given hour. If it produces more, it feeds the
excess power to the connected grid; otherwise it will draw the deficit power from the
grid. The computer code adjusts the actual power interactions after taking into account

the efficiency of the invertors and other conditioning modules.
Procedure to Perform Computer Simulations Using TABLET Code

o In order to download the weather data into the code for the city in which the
building is located for determination of building loads, the city is selected as shown in the

Figure 4.3. For example, the city of Chattanooga, TN is selected as shown below.

Location of the Building

|2 1. Atlanta, GA -
2. Chattanooga, TH &g

Figure 4.3 Selection of location

o The selection of roof, wall and floor material is done for the selected city in above
step. The code contains the data for forty two different types of walls and roofs materials.
When they are selected, the program downloads the transfer function conduction
coefficients as well as the overall heat transfer coefficients for the chosen roof or wall.
For the building under consideration, roof is considered to be of “4 inch h.w. deck w/4.54

inch insulation and 2 inch h.w RTS” and walls to be of “face brick and 8 inch Lw.
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concrete with 5 inch insulation” facing all directions. As described earlier, windows area

is already selected, but can be changed as per the user’s needs and building construction.

Wall Details Window Glass Details
Construction Type U-Factor Area Area U-Factor Shade
(Btu/hr/ft™2_F) (™2 (ft"2) [Btu/hi/ft"2F) Coeft
Roof . 4 in. h.w. deck w/4.54 in. ins_and 2 in. h.w. RTS B |u_u59 |1uuuu |u ||1s |u.35
20. 1.36 in. insulation with 8 in. Lw. concrete deck -
E. wall . Face brick and 8 in. Lw. concrete with 5 in._ insul. B |I]_I]4 |1I]I]I] |I] |I].B ||].35
- 40. Face brick. 12 in. h.w. block[fld). Gin. insul -
S Wall 38. 6 in_ ins. w/12 in_ h.w. block(fld) and face brick - |u_u4 |9|]u |1l]l] ||13 |l].35
) . Face brick and 8 in. Lw. concrete with 5 in. insul. i
W, Wall 38. 6 in. ins. w/12 in. h.w. block(fld] and face brick  » |u_u4 |1uuu ||] ||13 |l].35
N . Face brick and 8 in. Lw. concrete with 5 in. insul. [
M. Wall 38. 6 in. ins. w/12 in. h.w. block(fld] and face brick  » |u_u4 |9|]u |1l]l] ||13 |l].35
- . Face brick and 8 in. Lw. concrete with 5 in. insul. i
Floor 18 2in_h.w. conc. dk w/6in_ins. and 2in. h.w. RTS - [0.059 |1uuuu |u ||1s |u.35
. 4 in. h.w. deck w/4.54 in_ins. and 2 in_ h.w. RTS [&d
1. Steel siding with 4 in. insulation - 1} 1} 0.8 0.85
I Wl 2. Frame wall with 5 in. insulation - | | | | |
1. Steel siding with 4 in. insulation - 1} 1} 0.8 0.85
= Wl 2. Frame wall with 5 in. insulation - | | | | |
1. Steel siding with 4 in. insulation - 1] 1] 0g 0.85
Sl 2. Frame wall with 5 in. insulation - | | | | |
MW, Wall 1. Steel siding with 4 in. insulation : |

|u |u ||13 |u_35

2. Frame wall with 5 in. insulation

Figure 4.4 Selection of Building Envelope Type

If the walls facing NE, SE, NW, SW directions have significant areas, then they
are chosen too. The other HVAC related input data such as ventilation rates, air
infiltration, hot water requirements, floor height, night thermostat setback settings for
winter and summer, energy efficiency measures such as use of economizer, energy
recovery device, demand controlled ventilation, dedicated outside air system are chosen
if required. For this study, such energy efficiency improvement measures have not been

considered.

The option of using the renewable energy resources, such as PV panels or/and
wind turbines along with their corresponding related data can be chosen before the

calculations are begun by the code.
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The code will estimate the heating and cooling loads, equipment loads, and
energy costs, after the buttons shown below were clicked by the user of the program,

successively.

Calculate Calculate Egqmt | || Calculate
Loads Loads

The estimated peak heating and cooling loads along with the time of occurrence

for these loads are shown in the Figure 4.5.

P. Loads [Tons)
latent total Month Day Time

Heating 24 [102 [12 [0 [s

Cooling |39 [145 [6 [28 [16

Figure 4.5 Peak Building Loads

The window at the bottom right corner of the monitor screen shows the total
annual operating costs of the building. If no renewable energy resources option is chosen
before the computer run, then the total annual operating cost shown in this window would
be that of a conventional system. This data of the conventional operating cost is to be
inserted in the alternate cost of operation window, before the program is run again with
the option of renewable energy resources to estimate the simple payback period. As seen
in Figure 4.6 seven possible renewable energy system configurations with or without grid
connection are given. By inserting a corresponding number in the window box next to it

will allow the code to simulate that particular system.
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. P¥+Gnd

- Wind+Gnd

. P¥+wind+Gnd

. P¥+Battery 1
. Wind+B attery

. P¥+'%ind+B attery

. P¥+wWind+Engine+B attery

= LT e Ll e

Figure 4.6 System selection

The white window boxes shown on the computer monitor screen contains the output data

generated by the code, while the blue/gray ones contain the input data inserted by the

user.
Optimizing PV Panels to Meet the Demand Load
An initial default number 400 for PV panels considered to meet the demand load.

For a system that uses only the PV panels and not the hybrid system, the default number
of panels of 400 in the window can be varied iteratively, until the total annual operating

cost is close to zero for a zero-energy building.

PY System - .
Mo Panel: Mode of Oper Enst,imumlw alticegiical [!iwh]
" (FF Factor Prouction / yr
1400 1 2.7 |2 |110344_: PV

A_Cost of

* dn Simple Payback [vrs] [15.3: Operation 12560 0 Wind

Figure 4.7 Calculation for Required Number of PV panel

In TABLET, the PV panel considered for analysis and its basic economic data are
shown in Table 4.4. The cost of the PV panels can be changed by the user to analyze

different PV panels available in the market.
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Table 4.4 Basic Economic Data of PV panels

Component Rated Capacity Capital Costs Comments

PV Panel 220 Watts $ 2.7/ panel This price includes
the cost of inverter

and wiring.

It is assumed that the utility would buy back the excess electrical energy
generated by a building and fed to the grid at a rate twice than what they charge to the

consumer giving a UPF of 2.

The numerical optimization is carried out by changing the required number of
panels until the total annual building operation cost shown in the right bottom
corner window box of the screen indicates nearly a zero value for a zero-energy

cost building.

FemoE. Bldg ——
Based on 218
Energy(kwh]

Zero E. Blda|1726
Bazed on
Cost[$fyr]

Figure 4.8 Estimation for ZEEB and ZEB
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In case of a hybrid system consisting of one wind turbine, then iteration is done for the
required minimum number of PV panels to reach a zero-energy cost building as it is done

for a PV system alone.

For a wind turbine system alone with no PV panels attached, the above procedure can be
repeated by changing the number of turbine units until the total annual building operating

COSts is near zero.

The results of these iterations are shown in Tables 6.1 and 6.2.
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CHAPTER 5

COMPUTATIONAL METHODOLOGY

The building architectural, operational, utility energy costs, weather data and
electrical load profiles are fed into the TABLET software, which estimates the hourly
building and equipment loads along with the operational cost of the building.

The software estimates the hourly power produced by PV panels, and wind turbine units
for a given hour, evaluating whether the power is drawn from the grid or fed to the grid.

The Equations (4.1-4.10) are employed in estimating the power from the PV panels and
number of PV panels needed in series and parallel, while Equations (4.11-4.22) are used
for wind power at a given hour. For ZEEB applications, the gas consumption is
estimated by dividing the hourly heat supply rates to the space with the efficiency of the
air-furnace. Finally, the Equations (4.22-4.29) are employed in making the economic
evaluations. The flow-chart shown on next page represents the order of computations for

this investigation.

It may be noted that the computational procedure first reads the architectural,
operational, energy cost, and meteorological data from which it evaluates the various
solar angles to estimate building loads, the available electrical power from the PV panels
along with the power from the wind turbines for each hour for given size of PV panels
and wind turbines. The code then iterates for various sizes of PV panels and wind
turbines until the annual costs of operation or cost of electric power produced is

minimized.
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'

Read the Meteorological
Architectural, Operational and
Energy Cost Data

' '

Estimate the Solar Angles, PV
Cell Temperature, the current,
voltage and PV Power Produced
for the Given Hour

Estimate the Wind Power
Produced by the Wind Turbine
for the Given Hour

POV (1) Pwt (t)
\
Estimate the Total Power Ptot
Produced
for the Given Hour Y
Ptot () Estimate the Building
B Loads and Electrical
B Power Demand for the
X Given Hour Pload (t)
Yes Check No
Ptot (t) > Pload (t)
Y Y
Feed Excess Power to the Grid Obtain Power from the Grid and
and Estimate the Revenue for the Estimate the Expense for the
Given Hour Given Hour

Check
Total Net Electrical
Cost for the Building
for Year =0

No

Check
(t) = 8760

\
Vary the Size of PV

Panels or/and Wind
Turbines

Estimate the size of PV Panels and
Wind Turbine, Annual Cost and
STOP

Figure 5.1 Computation methodology of TABLET
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CHAPTER 6

RESULTS

The results obtained from detailed computer simulations for several geographical
locations are listed in the Table 6.1 and Table 6.2 and in Figures (6.1-6.16). The results
shown in Table 6.1 refers to the ZEEB building that is heated by use of natural gas, while
Table 6.2 represents the results of the ZEB building that is heated by use of a heat pump.
The existing energy costs as charged by the local utilities are as shown in column 2 of
these tables. It is assumed that the demand charge is uniform at $ 14.5/kW for every
excess kW of electric power demand above the demand limit of 50 kW, natural gas cost
of $ 1.23 per therm (100,00 Btus or 29.3 kWh) also assumed to be same for all the cities
considered. The peak electrical power demand occurring in various cities are shown in
column 5 of these tables. The peak demands are higher for ZEB as shown in Table 6.2
compared to the similar values in column 5 of Table 6.2, pertaining to the case of ZEEB.
The values in column 6 are the AC power produced by a single PV panel that assumes an
inverter efficiency of 0.94, while those in column 8 are the operating energy costs of the
building without the use of any renewable energy resources.

The three (3) rows of data presented in column 7 in Tables 6.1 and 6.2 for each city
considered are the annual electrical energy produced by use of Wind Turbines I, I

and 111, respectively of one unit of 10 KW power capacity.

The six (6) rows of data for each city presented in column 11 in Tables 6.1 and 6.2 refer

to the following cases:
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PV system only indicating the minimum number of PC panels required to meet
ZEEB (Table 6.1) and ZEB (Table 6.2)

. A hybrid system of PV and one Wind Turbine | unit indicating the minimum
number of PV panels plus one unit of Wind turbine | required to meet ZEEB
(Table 6.1) and ZEB (Table 6.2).

. A hybrid system of PV and one Wind Turbine Il unit indicating the minimum
number of PV panels plus one unit of Wind turbine 11 required to meet ZEEB
(Table 6.1) and ZEB (Table 6.2).

. A hybrid system of PV and one Wind Turbine 11l unit indicating the minimum
number of PV panels plus one unit of Wind turbine Il required to meet ZEEB
(Table 6.1) and ZEB (Table 6.2).

. A hybrid system of PV and several units of Wind Turbine Il indicating the
minimum number of PV panels Wind turbine Il units required to meet ZEEB
(Table 6.1) and ZEB (Table 6.2).

. Wind power system only consisting of several units of Wind Turbine Il indicating
the minimum number of Wind turbine Il units required to meet ZEEB (Table 6.1)

and ZEB (Table 6.2).

The six (6) rows of data for each city in columns 10 through 14 as presented in Tables 6.1

and 6.2 refers to the above six cases.

The negative values for cost of electricity generated as shown in column 14 of

Tables 6.1 and 6.2 implies that the user of the renewable energy resources for these cities

with the existing values of utility energy costs will derive revenue from generation of

electric power as the utility would buy the excess electric power generated and fed to the
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grid at an assumed cost, which is twice the cost they normally charges as listed in

column 2 of Tables 6.1 and 6.2.

40000 4005
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= 30000 - 300%
4 £ .
- | wv
£ 25000 250% &
2 5 20000 - - zoos 2
E £ 15000 - - 1505 T
22 s
5= 10000 - 1003
5 ~ 5000 - L 50 n._ Wind Power I(kWh/yr)
° o - L o == Wind Power 1I(kWh/yr)
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Figure 6.1 Variation of PV and Wind Power for Various Cities
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Figure 6.2 Variation of Electric Power Cost, Heating, Cooling Load, and Payback Period
for Various Cities in US for Zero-Electrical Energy Building
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Figure 6.3 Variation of Electric Power Cost for Various Cities in US for Zero-Electrical
Energy Building
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Figure 6.4 Variation of Cooling load, Annual Cost of Operation and Number of PV
Panels Required with Lighting Load for Various Cities in US for Zero Energy
Cost Building
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Figure 6.6 Variation of Number of PV Panels and Wind Turbine Units for Various Cities
in US for ZEEB and ZEB
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Figure 6.7 Variation of Total Capital Cost of PV, Hybrid and Wind Turbine Units for
Various Cities in US for ZEEB and ZEB
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Figure 6.11 Variations of PV Panels, Capital Cost. Electricity Cost and Payback Period
for Various Cities in US for Zero-Electric Energy Building
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Figure 6.12 Variations of PV Panels, Capital Cost. Electricity Cost and Payback Period
of Hybrid System for Various Cities in US for Zero-Electric Energy Building
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Figure 6.13 Variations of Wind Turbine Units, Capital Cost, Electricity Cost and
Payback Period of Wind Power System for Various Cities in US for Zero-
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Table 6.1 Evaluation of Zero-Electrical Energy Building with Hybrid PV Panel and Wind Turbine Systems for Various U.S Cities

City E. Pow P. Clg P.Htg Peak Ann. PV Ann. E Tot. Ann Tot. E Tot. Ann No. PV Panels S. Pay Tot Cap. Cost Cost of
Cost Load Load Elec E. Energy Energy Operating Demand Cost + W.T units back (thousands, $) E.Pow
C/kWh tons tons Load /Panel By W.Tur Cost W/O Cost PV&W.T (type)Req’d (Yrs) W/O Subs / Prod’d
(kW) (kWh/yr) (KWhtyr) RE ($/yr) ($1yr) ($1yr) 11! (W. Subs) C/kWh
1 2 3 4 5 6 7 8 9 10 12 13 14*
10.5 14.81 10.54 46.1 366.0 - 13,416 0 1,472 366 +0 12.53 217.4 (130.4) 6.91
1. Abilene, TX 11,404 (1) 1,431 346 + 1(1) 14.10 2415 (144.9) 7.45
31,627 (1) 1,431 315+ 1 (Il) 11.70 200.4 (120.3) 5.81
24,382 (111) 1,480 326 +1 (111) 12.85 218.6 (131.2) 6.48
1,439 54 + 4 (111) 5.0 85.4 (51.2) 4.14
1,439(-3633) 0+5 () 2.89 66.7 (40.4) -0.50
2. Phoenix, AZ 9.54 13.6 6.42 459 360.0 - 11,787 0 749 347+0 14.1 206.1 (123.7) 7.03
3,932 (1) 749 343+1 (1) 16.45 239.7 (143.9) 8.01
9,579 (I1) 733 337 +1(ll) 14.62 2135 (128.1) 6.94
6,687 (111) 746 340 + 1 (11l 155 227.0 (136.2) 7.49
769 52+ 11 (ll) 12.23 177.6 (106.5) 6.09
337 (-421) 0+12 () 10.45 160.0 (96.0) 5.93
3. Laramie, WY 7.01 10.06 11.46 324 307.0 - 10,170 0 4,895 279+0 264.5 165.7 (99.4) 8.24
16,840 (1) 4,921 252 +1(1I) 306.5 185.7 (111.4) 8.39
35,825 (Il) 4,882 218+ 1 (1) 223 142.8 (85.7) 5.92
30,125 (111) 4,861 228 + 1 (1) 244 160.4 (96.3) 6.82
4,922 108 + 2 (1) 149 90.8 (54.5) 3.69
4,890(-6100) 0+ 3 (I 1291 40.0 (24.0) -4.09
4. Chattanooga, 10.08 14.29 9.04 441 276.0 - 12,797 0 1,606 442+ 0 16.51 262.6 (157.3) 9.16
TN 4,050 (1) 1,591 436 +1 (1) 18,51 295.0 (177.0) 10.10
11,514 (11) 1,595 420 +1 (1) 16.45 262.8 (157.7) 8.78
8,186 (111) 1,616 427 +1(10) 175 278.6 (167.2) 9.41
1,627 12+8(I1) 9.66 113.8 (68.3) 5.08
1,650(-1480) 0+9 (Il 7.22 120.0 (72.0) 35
5. New York, N.Y 16.28 13.42 10.25 44.2 252.0 - 19.069 0 2,562 450+ 0 11.51 267.3 (160.4) 10.03
11,652 (1) 2,595 433 +1 (1) 12.71 293.2 (175.9) 10.33
31,468 (I1) 2,581 390 + 1 (I1) 10.65 245.0 (147.0) 8.64
24,569 (111) 2,587 406 +1 (1) 11.54 266.2 (159.7) 8.93
2,613 179 +3 (1) 6.35 146.3 (87.8) 4.47
2,618(-813) 0+4() 2.19 53.3 (32.0) 1.16
6. Chicago, IL 8.74 13.69 13.64 44.9 235.0 - 11,865 0 3265 456 +0 30.5 270.9 (162.5) 10.76
9580 (1) 3265 443 +1 (1) 33.75 299.1 (179.5) 11.2
27,699 (11) 3242 405 + 1 (11 28.52 253.9 (152.3) 8.8
20,827 (1) 3242 421+ 1 (1) 30.9 275.1 (165.0) 9.78
3253 74+ 4 (I1) 10.95 97.3 (58.4) 3.23
677 (-2580) 0+5() 5.06 66.7 (40.0) 2.05
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The above results are for a commercial building of 10,000 sq.ft area, made of standard materials of roof and walls with 40 occupants, 10 kW of
equipment load, 1 W/ft? of lighting load, 15 cfm of ventilation, 0.15 ACH of infiltration, 100 sq.ft of glass area in south, north walls with smaller loads
during nights, weekend, and holidays.

1 The upper number refers to use of use of PV Panels alone required for zero energy building with zero electrical energy cost, while lower number refers
to number of PV panels required plus one Wind turbine of 11.0 KW rated capacity to make zero electrical energy building.

2 The upper number refers to payback period with PV panels alone, while the lower number refers to hybrid system of PV panels plus one Wind turbine
for zero electrical energy building.

3 The upper number refers to capital cost with PV panels alone, while the lower number refers to hybrid system of PV panels plus one Wind turbine
with capital cost of $ 21,600 for zero electrical energy building.

4 The upper number refers to the cost of electricity produced by use of PV panels alone; number refers to one with Wind turbine alone.
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Table 6.2 Evaluation of Zero- Energy Building with Hybrid PV Panel and Wind Turbine Systems for Various U.S Cities

City E. Pow P.Clg P.Htg Peak Ann. PV Ann. E Tot. Ann Tot. E Tot. Ann No. PV S. Pay Tot Cap. Cost Cost of
Cost Load Load Elec E. Energy Energy Operating Demand Cost Panels + W.T back (thousands, $) E.Pow
C/kWh tons tons Load /Panel By W.Tur Cost W/O Cost PV&W.T units (Yrs) W/O Subs / Prod’d
(kW) (kWhyr) (kWhyr) RE ($/yr) ($1yr) ($1yr) (type)Req’d (W. Subs) C/kWh
1 2 3 4 5 6 7 8 9 10 11! 122 13° 14*
10.5 1481 10.54 65.5 366.0 - 13,725 698 484 +0 12.57 287.5 (172.5) 6.91
1. Abilene, TX 11,404 (1) 475 469+ 1(1) 13.77 314.6 (188.8) 7.3
31,627 (I1) 360 445+ 1(11) 12.12 277.7 (166.6) 6.1
24,382 (Il 283 0 453+ 1(111) 12.85 294.1 (176.5) 6.6
0 66+ 6 (I1) 5.21 119.2 (71.5) 2.37
-2,820 0+ 7 (I 3.38 93.3 (60.0) 0.52
2. Phoenix, AZ 9.54 13.6 6.42 58.2 360.0 - 11,030 389 466 + 0 15.03 276.8 (166.1) 7.00
3,932 (1) 300 461+ 1(1) 16.8 309.8 (185.9) 7.8
9,579 (1) 268 456+ 1(11) 15.35 284.2 (170.5) 7.0
6,687 (111) 269 0 458+ 1(111) 16.17 297.1(178.2) 74
0 8+ 16 (Il) 11.84 218.1(130.8) 5.95
-1,148 0+17 (I 11.17 226.7 (136.0) 5.2
3. Laramie, WY 7.01 10.06 11.46 711 307.0 - 10,559 943 547+ 1 18.47 324.9 (195.0) 8.2
16,840 (1) 849 522+ 1(1I) 19.68 346.1 (207.6) 8.3
35,825 (11) 799 503+ 1(11) 17.77 312.1 (187.3) 7.0
30,125 (111) 823 0 508+ 1(11) 18.54 326.8 (196.1) 75
0 160+ 5(11) 9.2 161.7 (97.0) 3.02
-111 0+6(I) 4.5 80.0 (48.0) 1.53
4. Chattanooga, 10.08 14.29 9.04 64.7 276.0 - 13,070 361 584 +0 15.89 346.9 (208.1) 9.17
TN 4,050 (1) 352 577+ 1(1) 17.41 378.7 (227.2) 9.9
11,514 (11) 347 565+ 1(I1) 16.03 348.9 (209.4) 8.9
8,186 (111) 351 0 570+ 1(111) 16.72 363.6 (218.2) 9.4
0 49+ 12(11) 10.26 189.1 (113.5) 5.3
-1,023 0+13(lN) 8.63 173.3 (104.0) 4.24
5. New York, N.Y 16.28 13.42 10.25 67.9 252.0 - 21,541 374 627 +0 10.37 372.4 (223.5) 10.0
11,652 (1) 310 611+ 1(1) 11.10 398.9 (239.4) 10.3
31,468 (I1) 290 585+ 1(11) 10.04 360.8 (216.5) 8.6
24,569 (111) 313 0 594+ 1(111) 10.52 377.8 (226.7) 9.2
0 62+ 6(11) 3.25 116.8 (70.1) 243
-5,715 0+7(IN) 2.05 93.3 (56.0) -0.79
6. Chicago, IL 8.74 13.69 13.64 81.7 235.0 - 13,596 1,167 699 +0 18.33 443.1 (265.9) 10.8
9580 (1) 1,090 685+ 1(1) 17.60 470.2 (282.1) 11.0
27,699 (I1) 1,014 658+ 1(11) 17.80 430.9 (258.6) 9.5
20,827 (1) 1,057 0 668+ 1(111) 18.60 448.5 (269.1) 10.1
707 0 94+ 7 (I1) 6.59 189.6 (113.7) 3.48
890 -1,959 0+8 () 411 106.7 (64.0) 1.85

61




The above results are for a commercial building of 10,000 sq.ft area, made of standard materials of roof and walls with 40 occupants, 10 kW of
equipment load, 1 W/ft? of lighting load, 15 cfm of ventilation, 0.15 ACH of infiltration, 100 sq.ft of glass area in south, and north walls, with smaller
loads during nights, weekend, and holidays.

1. The upper number refers to use of PV Panels alone required to zero energy building with zero electrical energy cost, while lower number refers to
number of PV panels required plus one Wind turbine of 11.0 kW rated capacity to make zero electrical energy building.

2 The upper number refers to payback period with PV panels alone, while the lower number refers to hybrid system of PV panels plus one Wind
turbine for zero electrical energy building.

3 The upper number refers to capital cost with PV panels alone, while the lower number refers to hybrid system of PV panels plus one Wind turbine
with capital cost of $ 21,600 for zero electrical energy building.

4 The upper number refers to the cost of electricity produced by use of PV panels alone, refers to one with Wind turbine alone.
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CHAPTER 7

CONCLUSIONS

Based on the results obtained from computer simulations done by use of hourly
meteorological weather data in TABLET, a software developed by Professor Dhamshala,

the following conclusions can be made:

1. A PV solar panel having an area of 1.625 m? and rated capacity of 220 watts has
produced a maximum annual output of 366 kWh in Abilene, TX and a lowest output
of 235 kWh in Chicago, IL among the six cities considered in this investigation as
seen in Figure 6.1. It takes 366 of these panels with no wind turbines for a zero-
electrical energy cost building located in Abilene, TX to provide the lowest cost of
electricity produced at 6.92 cents’/lkWh with a payback period of 12.53 years
requiring an initial capital investment of $130,400 after 40 percent subsidies. The
corresponding results for other cities are shown in Figure 6.2. For a zero-energy cost
building, the required number of panels rises to 484 with an initial capital investment
of $172,500 after 40 percent subsidies. The payback period and the cost of electricity
generated remains the same for both of these buildings. In the case of ZEB, the
building is heated in winter by an heat pump whose efficiency (COP) and heat
capacity drops at lower outside air temperature as seen from Figure 6.5, requiring
more electrical resistance heating thereby raising the peak electrical power demand

and thus requiring more panels as seen in Figures 6.6, and 6.7. The required number
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of panels is little lower for Phoenix, AZ for both types of buildings with maximum

number of panels required for the city of Chicago, IL as shown in Tables 6.1 and 6.2.

. The wind turbines considered in this investigation produced a maximum annual
output of (16,840), (35,825), and (30,125) kwh in Laramie, WY and a lowest output
of (3,932), (9,579), and (6,687) kWh in Phoenix, AZ, for Wind Turbines I, Il and 11,
respectively among the six cities considered in this investigation. The Wind Turbine
Il of rated capacity 1,500 kW is the most efficient, as seen from Figure 6.1 and is
therefore considered for the cases of wind and hybrid applications. It takes three (3 of
equivalent capacity 10 kW for a total of 30 kW) of these units with no PV panels for
a zero-electrical energy cost building located in Laramie, WY to provide the lowest
cost of electricity produced at -4.09 cents/lkWh (negative sign implying a revenue
rather than an expense) with a payback period of 12.91 years requiring an initial
capital investment of $24,000 after 40 percent subsidies. For a zero-energy cost
building, the required number of Wind Turbine Il rises to 6 with an initial capital
investment of $48,000 after 40 percent subsidies. The required number of wind
turbine units, the payback period, and the cost of electricity generated are estimated
to be 6, 4.5 years and 1.53 cents/lkWh, respectively. The required number of
Wind Turbine Il units increases by 1 for New York City and by 2 for Abilene, TX
with very favorable values of cost of electricity generated and payback period for
both types of buildings as shown in Tables 6.1 and 6.2, especially when compared to
the solar applications alone. Revenue can be produced by use of wind energy in

Laramie, WY, where the cost of electricity generated is -4.09 cents/kWh.
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3. The hybrid system consisting of minimum number of PV panels in combination with
required number of Wind Turbine 11 units are considered, where the bulk of electric
power is produced by wind turbine as the Wind Turbine Il is capable of producing
the largest kwWh of electrical energy per dollar of investment than any other type of
turbine and PV panel considered. The number of units of wind turbines drops by 1
for all of the hybrid systems for both types of buildings and the cost of electricity
produced and payback period falls between the solar and wind modes of operation,
with values close to the case of wind mode of operation. The cost of electricity
generated is the lowest for ZEEB for Chicago, while it is lowest for Abilene, for ZEB
case. The lowest values can be attributed to the lower number of PV panels employed

in these cases as seen in Tables 6.2 and 6.2.

4. The overall economics indicated by the cost of electricity generated, the payback
period, the required number of PV panels or/and the wind turbine units, and the
capital investment are sensitive not only to the weather data of the city, the building
load components such as the number of occupants, equipment loads, lighting load,
the window area, the air infiltration and ventilation rates, the existing power costs of
the local utility, but the factors such as the cost of PV panel, wind turbine, the level
of subsidies and the utility payback factor for power have very strong impact on the
overall economics of the renewable energy as shown in Figures presented in the

previous chapter.
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APPENDIX I
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NMmpref T Unmp (Tc - Tc,ref)
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Solar Energy

The earth rotates about its own axis causing day and nights and simultaneously
revolving in an elliptical orbit at a mean radius of about 149.6 million kilometers around
the sun causing the seasons as shown in the Figure 3. As seen from this figure, the
summer solstice, the day of the longest daylight occurs about June 21, while the winter
solstice, the day of the longest night occurs about December 21 for northern latitudes.
The equinox characterized by a day of equal lengths of daylight and nights occurs about
March 23 and September 21. Thus the amount of solar energy received by a surface on

the earth varies with time during the day, as

June 21
Summer
solstice

solstice
December 21

equinox
September 21

(2)

Sun's . 5
Arc circle rays 0 Planc of

orbit

Tropic of Cancer Tropic of Cancer

Equator
3 ‘l'mpic of Capricom
Ant circle

S

Tropic of Capricom
Ant circle —_—— —_— s

Sumuner solstice Winter solstice
Junc 21 December 21,

Figure 3 Transient Nature of Solar Energy
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well as with the season and latitude of the location. The solar noon is the time of the day
at which the rays from the sun are normal to the longitude of the location. The gases, dust
particles and clouds present in the atmosphere scatter the beam radiation originating from
the Sun. The scattered energy often called diffuse energy exists even on cloudy days. The
actual energy reaching a surface on the earth is the sum of the beam (or also known as
direct radiation) and diffuse radiation. The magnitude of diffuse energy reaching the
surface on the earth is at the minimum on clear sky conditions, while the energy is 100

percent diffuse on a day of fully cloudy conditions.

The average rate of solar energy also known as extra terrestrial irradiance or
insolation striking a surface directed normal to the solar beam outside the earth’s
atmosphere is termed as Solar Constant and its value is given as 1373 W/m?® or 435.2
Bu/hr.ft2. The extra terrestrial irradiance is all beam radiation. However, due to slight

eccentricity in the earth’s orbit, the actual value of extra terrestrial irradiance is related as

0
1 [—BY |~ 4352| 1+ 0.033C0s| 20" (1)
hr ft2 365.25
0
(W)~ 1373 14 0.033C0s| 300N )
m? 365.25

where, n is the day of the year ( = 1 for January 1).

Estimation of Total Incident Solar Irradiance on a Surface on the Earth
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Due to the rotation of the earth about its own axis as well around the Sun, the estimate of
incident solar irradiance, I; consisting of beam and diffuse components involves

determining various solar angles, namely:

Declination angle (9) is the angle made by the equator with sun’s rays as shown in

Figure 4b

Surface latitude angle () is the angle between the radius vector of the location from the

center of the earth and the equatorial plane indicated in the Figure 4a

Hour angle (o) is the angle between the meridian plane of the sun’s rays with the local

meridian at the center of the earth in an equatorial plane as shown in Figure 4a

Solar azimuth angle (®;) is the angle between the projection of the sun’s rays on a local

horizontal plane and the south direction as shown in Figure 5a

Solar zenith angle (6s) is the angle between the sun’s rays and the normal on the local

horizontal plane as shown in Figure 5a
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Surface azimuth angle (®p) is the angle between the normal to the surface with the south

direction as shown in Figure 5b

Surface tilt angle (6y) is the angle between the surface and the local horizontal as shown

in Figure 5b

Solar incident angle (0;) is the angle between the normal to the surface with sun’s rays as

shown in Figure 5b

| N | S
| N/ P Sl S
N — Vil N
AT ‘.I Sua's rays ‘.{' P.\ \ 51
{ g A /. i Bk
|I. o ."‘ _',."."-- II \ 'l ry 0 .'.___.- u |+ Sen's ray
N T2, B N e
| M ‘~.__.l ||~A. -t 5 'l
/ e ;_\.'.'."-.___'} |l\ j J L
\ laqelor Tm— ')__“:'7." o e -\ /
n\\ 4 ./ /l‘( \\\\. / ,,
‘:.;__' — -:/-J.._-' Kl';c-idxx: of planw of sen's eays o =~ IS
Mend&en ol 7
(a) Three-Dimensional View (b) Cross-Sectional View at Solar Noon

Figure 4 Illustration of Latitude, hour angle and solar declination
The declination angle (8) can be given as,

360° (n+10)

3
365.25 ®)

Sind = -Sin23.45° Cos
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where, n is the day of the year with January 1 being n = 1.

Normal of 3\;2 j}:g

carth’s surface
Normal of
\ T surface
E W \ "~ . E

8, = ilt of surface
va = azimuth of surface
) - .
. 8, = incidence angle of sun on surface

%, = zenith angle of sun
2. = azimuth of sun

Figure 5. Solar Angles for a Tilted Surface

The hour angle () can be estimated in terms of solar time (ts,) from,

360° (t,,, —12h) 4
(4)
24h

The solar time, tsq is related to the local standard time, tyq as

L., —L E
t — t + std loc + t 5
! * " 15° /hr  60min/hr (5)

where tgq = local standard time

L« = longitude of the standard time, for United States, Eastern = 75°, Central = 90°,
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Mountain = 105°, Pacific = 120°.
Lioc = longitude of the location in degrees.

E: = equation of time is the difference between the solar noon and noon time

based on local Time and it varies over the year.

It may be noted that solar noon refers to the time when sun reaches the highest point in

the sky. The equation of time E; is obtained from

0 0 0
E, = 987 Sin[MJ—Y.%COS(MJ - 1.58in(M] (6)
364
The solar zenith angle (85) as shown in the Figure 6 can be estimated from,
Cos0s = CosA Cosd Cosw + SinA Sind (7

Now, the solar azimuth angle (&s) in terms of solar zenith angle (0s) is obtained as follows

Cosé Sinw
= _— 8
s Sin 9, ®
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Finally, the solar incident angle (6;) is given by

Cos 6;i = Sin 65 Sin 8, Cos (65 - p) + Cos 05 Cos 0, 9)

where, @5 is the solar azimuth angle given by Equation (8) while the surface azimuth
angle &, as shown in the Figure 4 is the angle made by the surface normal with the south
direction. The tilt angle of the surface 0, is the angle of inclination of the surface with

local horizontal surface as shown in Figure 5.

Now the total incident solar load I; is the sum of

() the solar direct radiation (lgir) incident normal to the surface

(i) the solar diffuse radiation (lgif), the diffuse radiation is the radiation scattered

from the surroundings and the dust particles present in the atmosphere.

(iii)  the solar radiation reflected from the ground
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1+ Cos ep 1-Cos <9p

I, = 15CosO; + 1y o 5 + L gionor g >

(10)

where, lgiohor IS the global horizontal radiation incident on the horizontal surface.

The weather stations in various major cities record hourly data consisting of lgir, ldifhor,
lgionor , the ambient air temperature, the dew point temperature, the relative humidity,
wind speed and direction, cloud cover factor and many other data. The meteorologists
obtained the average of 25 to 30 years of such data and designated these data as the
typical meteorological year (TMY) for that city. Use of such data allows a more detailed

and accurate estimate of solar loads.

Estimation of Solar Irradiance from Approximate Models

The meteorological data are being collected for various major towns in the United
States and around the world. The collection of such data grew rapidly for many other
towns, when the fuel cost escalated during the mid 70’s. In locations where such data are
not measured, attempts have been made to estimate the solar data from approximate

models related to extra terrestrial solar irradiance and variables such as percentage of
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sunshine or clearness index, and visibility. The following equations outline such

procedures.
| 1-0.09 K, K, <0.22
= 109511-0.1604 K, +4.388K2 —16.638 K3 +12.336 K}  0.22<K, <08  (11)
glo 0.165 K, >0.8

where Ky = hourly clearness index = lg / I, Cos 6

Clear-Day Model

The direct or beam diffusion, I during a clear sky radiation is given by

ly = Io{ao+a1exp[—co|;9 ﬂ (12)

where a, , a; and k are constants as listed in Table 1.

The constants a, , a; and k are dependent upon the visibility, the altitude and latitude of

the location as seen from the Table 1
The diffuse irradiance lgi hor is Obtained from

lgithor = (0.271 1o - 0.2939 lgi ) (13)
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Solar Heat Gain Factors

The energy interaction across a glass window of a building consists of reflection,
absorption, and transmission of incoming solar energy and reflected energy from the

ground, as well as heat conduction due to temperature difference between the outside and
Table 1 Coefficients of Clear-Day Model [72]

(a) The coefficients a,, a;, and k are expressed as a function of altitude,A above sea level
(in km), for two levels of visibility

23 km (14.3 mi) visibility 5 km (3.11 mi) visibility
2 ro [0.4237 — 0.00821 (6.0 — A)?] ro [0.2538 — 0.0063 (6.0 — A)?]
a1 r; [0.5055 + 0.00595 (6.5 — A)?] r, [0.7678 + 0.0010 (6.5 — A)?]
k r« [0.2711 + 0.01858 (2.5 — A)%] r [0.2490 + 0.0810 (2.5 — A)?]

(b)The correction factors ro, r1, and ri are give as

Climate Type o r I
Visibility
23 km 5km
Tropical 0.95 0.92 0.98 1.02
Mid-latitude summer 0.97 0.96 0.99 1.02
Sub-arctic summer 0.99 0.98 0.99 1.01
Mid-latitude Winter 1.03 1.04 1.01 1.00

indoor air as shown in Figure 6.
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ho , heat transfer coefficient

~_ heat conduction due to

» temperature difference

incoming solar energy

» fraction of absorbed energy

™~ h,, heat transfer coefficient

}ﬁ energy transmitted through glass

\j\uk
incoming energy \

reflected from ground glass window
energy absorbed in glass

solar energy reflected

Figure 6 Distribution of Energy Interactions Across a Glass Window

It is also indicated that a fraction of the absorbed energy in the glass is reradiated back to

the indoor air.

The radiational properties of absorptivitty (o) and transmitivitty (t) of a double-strength
sheet (DSA) are often employed as a standard in determining the fractions of energy
absorbed and transmitted. The actual values of the energy interactions of a given glass
sheet are adjusted by multiplying the values of a DSA glass with a shading coefficient.
The direct absorption (ap) and transmission (tp) coefficients of a DSA glass are related to

the incident angle 0, and are given as
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a, = iaj [cos 0]’ (14a)

5 -
5 = .t [cosd]’ (14Db)
j=0

The diffuse absorption (a4) and transmission (tq) coefficients of a DSA glass are also

related to the incident angle 0, and are given as

5

a, = 2Ya I[j+2] (15a)
=0
5

ry = 23t 1[[j+2] (15b)
j=0

The values of coefficients a;, and t; are as listed in the Table 2

The direct irradiance striking the window, I is given as,
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Ib = lgrcos®  ifcos 0> 0; otherwise Ip = 0 (16)

The ratio, Y, of the sky diffuse irradiance to that on the horizontal surface is given as

Y = 0.55+0.437 cos 0 +0.313 cos’ 0 for cos 6> -0.2; a7

otherwise Y = 0.45

Table 2 The Coefficients for DSA Glass for Calculation of Absorbtance and

Transmittance

J Y t

0 0.01154 -0.00885
1 0.77674 2.71235
2 -3.94657 -0.62062
3 8.57881 7.07329
4 -8.38135 9.75995
5 3.01188 -3.89922
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The diffuse radiation, lgs = diffuse sky irradiance, lys + diffuse ground reflected

irradiance, lgq

For vertical surfaces, lgs = Y lgitnor (18)

For other surfaces, lgs = laifnor (1 + cos 0p) /2 (19)

Diffuse ground reflected irradiance, lgg = {lditnor + ldir cos Os}pg [1 - cos 0p] / 2 (20)

where pq is the reflectance of the ground normally assumed to be 0.2.

The transmitted component of solar energy, lva = o lo+ 2 1q [ las + lag ] (21)

The absorbed component of solar energy, laps = op lp +2 0 [ las + lag ] (22)

The hourly solar heat gain per unit area of a DSA glass is known as Solar Heat Gain

Factor, SHGF and is given as
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SHGF = Itra + N| Iabs (23)

where N; represents the fraction of absorbed energy radiated back indoors and is given by

N, = i (24)

where h; and h, represent heat transfer coefficients at the inner and outer surfaces of the

glass window, respectively.
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Evaluation of Rate of Heat Transfer Based on Transfer Function Method [72]

The following example illustrates the use of transfer function method to evaluate the rate
of heat transfer from a wall exposed to the solar radiation. Consider a vertical wall, of
dark color and facing west, consisting of 0.10 m (4 in) concrete with 0.05-m (2-in)
insulation on the outside with sol-air temperatures as given in the second column of Table
3 for summer design conditions (July 2) for T; = 25° C. The transfer function coefficients

for the wall as given in the ASHRAE Handbook of fundamentals [73] are as follows:

bo = 0.00312 > cn=0.0734 do = 1.0000

b1 =0.04173 d1 =-0.94420
b, = 0.02736 d> = 0.05025
bs = 0.00119 ds; =-0.00008

The d’s are dimensionless, and b’s are in W/m?.K. All other coefficients are zero, and the

U value is 0.693 W/m’.K
For time t <0, it is assumed that the heat transfer to the wall Qcong.t = O.

From Equation (28) of Chapter 1V,

Qcond,t = _Zdn Qcond,t—nm + zbn Tos,t—nAt _Ti ch

n>1 n>0 n>0
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For unit area of the wall with area A = 1 m? for the time t = 1 hr, the above Equation

reduces to

Qcond,l :'dl Qcond,l—l 'd2 Qcond,l—z 'd3 Qcond,1—3 + boTos,l—O + blTos,l—l + b2

Tos1-2 + b3Tos1-3 - Ti Y cn

After substituting the known values into the above equation gives

Qcong, 1 = - (-0.94420) (0.00) - 0.05025 (0.00) - (-0.00008) (0.00) + 0.00312 (24.4)
+ 0.04173 (25.0) + 0.02736 (26.1) + 0.00119 (27.2) — 2.0 (0.0734)

Qcond. 1 = 0.03 W/m?,

The above process of calculation for Qcong 1 IS repeated for four or five days, the value

appears to be stabilized by the fourth day.

It may be noted that the conductive heat gain reaches maximum at t = 19.00 hrs, which is

3 hours after the peak of the sol-air temperature indicating the effect of thermal storage.
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Table 3 Iterative Process of Transfer Function Method in Calculation of Heat Gain

through a Wall

T Tost Qcong, t Qcond, t+24 Qcond, t+48 Qcond, t+72
Hr ’C W/m? Wim? W/m W/m
2 27.2 0.00
-1 26.1 0.00
0 25.0 0.00
1 24.4 0.03 9.29 9.82 9.85
2 24.4 0.00 8.22 8.69 8.72
3 23.8 -0.04 7.25 7.67 7.70
4 23.3 0.11 6.36 6.73 6.76
5 23.3 0.21 5.53 5.86 5.88
6 25.0 0.32 4.79 5.08 5.10
7 27.7 0.33 42 4.46 4.48
8 30.0 0.17 3.85 4.08 4.10
9 32.7 0.16 3.74 3.94 3.95
10 35.0 0.66 3.83 4.01 4.02
1 37.7 1.29 410 4.26 427
12 40.0 2.04 454 4.68 4.69
13 53.3 2.94 5.15 5.28 5.29
14 64.4 4.40 6.37 6.48 6.49
15 727 6.59 8.34 8.44 8.44
16 75.5 9.26 10.81 10.9 10.91
17 72.2 12.02 13.4 13.48 13.48
18 58.8 14.4 15.62 15.69 15.69
19 30.5 15.77 16.86 16.92 16.92
20 29.4 15.39 16.36 16.41 16.41
21 28.3 14.13 14.98 15.03 15.03
22 27.2 12.84 13.60 13.64 13.64
23 26.1 11.60 12.28 12.32 12.32
24 25.0 10.42 11.02 11.05 11.06
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Key Parameters Related to Wind Turbines:

Following definitions are obtained from reference [19].

Undisturbed Wind Velocity, V: The wind velocity just before striking the wind blades.
Blade Velocity, Vy: It is the tangential velocity (U) of the tip of the turbine blade.

The Speed Ratio, A: It is the ratio of the blade velocity (V) to the undisturbed Wind

Velocity (V) of the wind, A=Vy/V.

Pitch angle or angle of attack, B: It is the angle made by the relative velocity of the wind
with the chord angle of the blade or it is the angle made by the plane of the blade with its

longitudinal axis. See Figure 1 below.

Figure 1 Angle and forces on the blade of wind turbine [20]

Lift, L: It is the force experienced by an object immersed in a flowing fluid in the
direction normal to the direction of the fluid flow given by 0.5 C_ p A V2 The upward

lift force is created by two ways; one is by the wind flowing over the top of the blade
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creating pulling pressure (negative pressure), second is by the air flowing below the blade

creating pushing pressure (positive pressure). See Figure 3.2(b).

Drag, D: It is the force experienced by an object immersed in a flowing fluid in the

direction parallel to the direction of the fluid flow given by 0.5 Cp p A V2.

pulling force
(negative pressure)

///

///fff RN 44*.

pushing force
{positive pressure)

(a) (b)
Figure 2 Lift and Drag Forces on the wind turbine blade [20]

Swept Area, A: It is the area swept by the wind turbine blades, when exposed to

atmosphere and wind.

Coefficient of Lift Force, C.: It is the ratio of the lift force to the internal force and is

givenby CL=L/(0.5p A V?)

Coefficient of Drag Force, D: It is the ratio of the drag force to the internal force and is

givenby Co =D/ (0.5p A V?

Coefficient of Power, Cp: It is the ratio of the power produced by the wind turbine to the

maximum power that can be produced and is given by Cp = P / Prax
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Cut-in Wind Speed: It is the minimum speed of the wind that has potential to produce

some wind power by rotating the wind turbine blades.

Shut-down Wind Speed: It is the maximum speed of the wind that can damage the wind

turbine blades, rotor and other structural damage.
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