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ABSTRACT

Renewable energy has been a very hot topic in recent years due to the
traditional energy crisis. Incentives that encourage the renewables have been
established all over the world. Ordinary homeowners are also seeking ways to
exploit renewable energy. In this thesis, residential PV system, wind turbine

system and a hybrid wind/solar system are all investigated.

The solar energy received by the PV panels varies with many factors. The
most essential one is the irradiance. As the PV panel been installed towards
different orientations, the incident insolation received by the panel also will be
different. The differing insolation corresponds to the different angles between the
irradiance and the panel throughout the day. The result shows that for PV panels
in the northern hemisphere, the ones facing south obtain the highest level
insolation and thus generate the most electricity. However, with the two different
electricity rate plans, flat rate plan and TOU (time of use) plan, the value of

electricity that PV generates is different.

For wind energy, the wind speed is the most significant variable to determine
the generation of a wind turbine. Unlike solar energy, wind energy is much more

regionally dependent. Wind resources vary between very close locations. As



expected, the result shows that, larger wind speed leads to more electricity

generation and thus shorter payback period.

For the PV/wind hybrid system, two real cases are analyzed for Altamont
and Midhill, CA. In this part, the impact of incentives, system cost and system
size are considered. With a hybrid system, homeowners may choose different size
combinations between PV and wind turbines. It turns out that for these two
locations, the system with larger PV output always achieve a shorter payback
period due to the lower cost. Even though, for a longer term, the system with a
larger wind turbine in locations with excellent wind resources may lead to higher
return on investment. Meanwhile, impacts of both wind and solar incentives
(mainly utility rebates) are analyzed. At last, effects of the cost of both

renewables are performed.
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1. INTRODUCTION

This chapter addresses the motivation behind this research topic and also the

objective.

1.1 Motivation and Background Review

Most countries of the world have encountered a shortage of energy supply,
which cannot satisfy the need of economic development. Coal, oil and other fossil
energy use produces large amounts of greenhouse gases, and pollute the
environment. These problems have led to a global boom in renewable energy.
Energy strategy established all over the world indicates that large-scale
development and utilization of renewable energy has become the trend in the

future.

During the period from the end of 2005 through 2010, total global capacity
of many renewable energy technologies grew at average rates ranging from
around 15% [1] to nearly 50% annually. Photovoltaic (PV) increased the fastest

of all renewables technologies during this period, followed by biodiesel and wind.

It is essential that solar energy and renewable energy sources are
increasingly used as a part of the world’s strategy to improve the security of
energy supplies and reduce the impact of energy production and consumption.

And photovoltaic (PV) insolation-harnessing is acknowledged as one of the most



practical economic solutions to meet the requirements. Thus, in recent years, the
photovoltaic market expanded extensively, especially in Germany, followed by

Japan, Spain and the U.S.

In 1990, Germany began to carry out the "1000 Roof Program", and ended
with 2500 photovoltaic systems installed on residential roofs. Furthermore, in
1999, the new *“100000 Solar Roof Program” was carried out in Germany and in
2004, a new incentive policy was implemented to allow different acquisition price
for PV power, which led to a boom in PV systems installation. Japan has a long
history promoting residential photovoltaic systems. In 1994, they started to
implement the "Seventy thousand Roof" program with a maximum subsidy of
$7.5/W (up to 50% of installed costs) per system, which has declined to $1/W (up
to 33% of installed costs) in 2001. Approximately, 300 MW of PV was installed

under the program.

In the United States, the PV market is primarily encouraged by the
government. From the Database of State Incentives for Renewables and
Efficiency (DSIRE), 38 states have implemented the Renewables Portfolio
Standards (RPS). Most of the states also have set up all kinds of incentive policies
to encourage PV installation. As a result, the installation size of PV has increased
significantly in recent years as shown in Figure 1.
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Meanwhile, wind has had a dramatic increase during 2001 to 2010,
specifically 1488% increase or 37.2% per year increase by 2009 as seen in Table
1 and Figure 2. And the U.S. has abundant wind resource and a favorable political
environment. As shown in reference [2], the potential wind energy in the U.S. is

huge; various regions have a tremendous availability of wind.
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Figure 1 Installs and size of PV by year for U.S.; data from [1].



Table 1: Installs and size of wind generation by year for the U.S.

Year U.S. Total Increase Increase (%)
(MW) (MW)
2000 2,539 67 2.7%
2001 4,232 1,693 66.7%
2002 4,687 455 10.7%
2003 6,350 1,663 35.4%
2004 6,723 373 5.8%
2005 9,147 2,424 36.0%
2006 11,575 2,428 26.5%
2007 16,907 5,332 46.0%
2008 25,410 8,503 50.2%
2009 34,863 9,453 37.2%
2010 40,180 5,317 15.2%
2011(3Q) 43,461 3,360 8.1%

Source: Office of Energy Efficiency and Renewable Energy [3]
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Figure 2 Wind electric energy capacity growth in the U.S.; data from [3]
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1.2 Objective

According to [4], as of 2009, energy consumption of solar thermal/PV and
wind power is only 0.819 quadrillion Btu which only made up 10% of the total
renewable energy consumption in the U.S. That is far from the federal or state

target.

PV systems face several barriers, in which the inevitable major one is the
cost. Hence, analysis of the cost of residential sized PV system and wind turbine
systems is necessary. However, the cost of renewable energy systems varies from
state to state due to the different environment parameters, electricity rate plans
and also the different policies and incentives. In this thesis, the environmental
variables and specific policies will be taken into account, and reasonable
economic suggestions will be given with simulations and calculations. Apart from
that, the detailed cost of each component will be listed; profitability and earning

cycle will also be illustrated.

In PV systems the operating temperature plays a important role in the PV
system performance. The output power of a PV panel decreases with T, the PV
cell temperature, which is a function of weather variables such as the ambient
temperature, T,, wind speed V,,, and solar irradiance I, as well as some material

parameters. On the other hand, the irradiance is also the most important factor



determining the output power. The temperature model equation used is shown as
following [5],

T.=0.02*1, +T, @

Where T is the PV cell temperature (°C); T, is the ambient temperature (°C); I, is

the solar irradiance (W/mz);

And for wind models, wind speed is always the central factor that determines

the system generation.

Obviously, series of long-term environmental data are needed to calculate the
output of a PV array and a wind turbine. Hourly data of solar direct irradiance,
ambient temperature and wind speed are available for more than one year from
the Measurement and Instrumentation Data Center (MIDC), which belongs to
the NREL (National Renewable Energy Laboratory). And data for multiple
locations will be chosen to illustrate the influence and relations between each
variable and the result. MATLAB will be used to rearrange and modify the ASCII

data into usable ones.

Besides, incentives and polices for each chosen location are also essential
for the calculation. Incentives including federal and state tax credits, cash

incentives provided by the state and utility, net metering, etc, which can be



obtained from the DSIRE, will be fully considered. Residential Power Purchase

Agreement (PPA) rate plans are excluded in this work.

With the all the data above, the model for the PV arrays becomes possible.
This effort will establish a MATLAB program to simulate the performance of the
solar panel and Newton type iterative method will be applied to solve the
maximum outputs of the PV panel. Furthermore, with the electrical plan and

incentive data we can establish the cost model for a given residential home.

1.3 Solar Energy Characteristics

The solar energy is widely recommended as the following advantages,

1) Solar energy is theoretically inexhaustible, with an energy exposure to
earth which is 6000 [6] times the energy consumed by humans.

2) Solar energy is widely and closely available. We can easily obtain
locally instead of shipping power through long transmission lines which
Is more economic and also avoids the line loss.

3) Solar power generation does not need a 24 hour human guard. Thus, it is
more convenient to maintain for ordinary customers.

4) A solar system is easy to build based on the mature module production

these days.



5) Furthermore, solar energy is really clean energy without pollution. It

does not produce any trash nor noise pollution.

While the solar energy also has some disadvantages:

1) Radiance to the ground is intermittent; generating capacity is related to
the climate. In the evenings or cloudy days there will be no power
generation or very little power generation, which will not satisfy the
power that the loads need. Thus PV systems are usually equipped with
an energy storage device.

2) Energy density is low, which means large areas of land are required to
obtain significant power generation.

3) Even the cost for a residential sized PV system has declined significantly
in recent years, but compared to the other traditional energy source, it

still requires a higher initial investment.

1.4 Wind Energy Characteristics

Wind energy is abundant and wind turbine technology is mature. However,
due to the stochastic characteristic of wind energy, wind power is an intermittent
source. The output of wind power is random and mainly depends on the wind
speed which is a random and uncontrollable variable. In addition, factors, such as

wind turbulence and wake effects of wind turbines, can also cause turbulence that



may result in the fluctuations of wind power and frequent starting and stoping of
wind turbines. Also, because of the tower shadowing effect of the wind turbine,
there is a cyclical fluctuation in the output power. Wind farms are mostly located
remotely from the main power system and the load center. Wind power, as an
unstable energy source due to the former reasons, will cause some impact on the

grid and transmission system. So they should be carefully planned and modeled.

1.5 Literature review

Previous work has have been done in this field. In [7], breakeven costs are
examined for residential PV with investigation of 1000 utilities in the U.S. during
the period of late 2008 to early 2009. In this paper, the author emphasized the
impacts of electricity cost, the rate plan and availability of the incentives,
regardless of the impacts of solar energy resources and orientations. It was found
that the breakeven conditions tend to appear first in Southwest where there are
abundant energy resources, and then in the Northeast where there are high
electricity prices. Also, in [8] the cost of residential PV was investigated based on
three specific locations: Sacramento, California; Boulder, Colorado; and Newark,
New Jersey. Various incentives are examined, including mortgage loans, federal,
state and utility incentives, third-party ownership models and property tax
assessment model. Then the traditional financing was compared. Meanwhile, [9]

illustrates a special view of the PV system, specifically the effects of a PV system

9



on the home prices in California is discussed. The report shows that homes with
PV systems in California are sold prior to comparable ones without PV systems.
On the other hand, wind systems are also analyzed. Report [10] explored the
small wind turbines by reviewing the world’s wind turbine manufacturers and the
utility grid-tied small wind turbine applications by 2000. Three specific turbines
were chosen and tested in California, Minnesota, and South Dakota. And it turned
out that California led to the shortest payback period because of the best
incentives and high retail electricity rate. While [11] describes the economic wind
turbine selection based on the assessment of the wind turbine operation stability
and reliability. Wind turbines with higher rating power may have the lower
economic efficiency due to the poor operation stability, and higher operation and
maintenance costs. Then PV/wind hybrid system is discussed in [12] and [13]. A
solar wind hybrid system in India is presented in [12]. Then simulations are
applied to optimize the initial cost and optimum utilization of the resources. In
[13], a real life example in western Maryland was provided to estimate the
performance of a PV-wind system in surrounding region. It can be concluded that
the experiment location does not have adequate wind resources for wind

generation.

10



1.6 Outline of the Thesis

PV and wind systems are investigated separately in Chapter 2 and Chapter 3,
respectively. Then the PV/wind hybrid system is presented in Chapter 4. Chapter
2 begins with a model of PV system. Then the cost of PV is analyzed, including
the PV panel cost, the equipment cost and the labor cost. Apart from that, the
incentives are considered which can reduce the cost. Federal tax credit, state tax
credit, utility rebate and net metering are included. With the net metering, the
performance of PV varies depending on the orientation installed. Thus, PV
performance based on different orientations is illustrated subsequently. In Chapter
3, classification of wind turbines based on capacity size is introduced first. Then,
two specific grid-tied small wind turbines which are applicable for residential use
are presented. Furthermore, the modeling of wind turbines is processed. Thus the
cost of wind turbines can be calculated accordingly with the incentives applied.
Payback condition is given next. At last, the PV and wind are combined as a
hybrid system. With the model of PV and wind system in previous chapters, the
generation of the hybrid system can be modeled. Two locations in California are
chosen to research the economic performance of a hybrid system under different
circumstances including different PV-wind size combination, different incentive

value and different system cost.
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2. SOLAR PV

A PV array is an essential part of a residential solar energy system. Its I-V
characteristic is a nonlinear function of the sun radiation intensity, temperature
and PV module parameters. In practical applications, PV modules are usually
connected in series or parallel, and assembled intoa M X N photovoltaic array
(M, N respectively for quantity of photovoltaic module series and parallels). To
realize the simulation of the solar energy system, the first step is to simulate the

I-V characteristics of a PV array.

2.1 Mathematical Model of PV Array

The mathematical model used in this thesis is as follows:

First, an equivalent circuit of a PV cell is shown in Figure 3.

Figure 3 Equivalent circuit of a PV cell [14].

The equivalent equation can be expressed as follows,

@)

V +R V +R
I:Iph—lo(exp[ : j—l)— .

R

t p
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Where,
Ion: the solar-generated current;
I, : the diode saturation current;
V. equals NskT/q, the thermal voltage of the array;
q: the electron charge, equals 1.602 10™%° C;
k: the Boltzmann constant, equals 1.380 102 J/K;
a: the diode ideality constant;
Rs: series resistance;
Rp: parallel resistance.
The solar-generated current, Iy, linearly depends on solar irradiance and

influenced by temperature based on (3) [14].

=Tl + K (T =T,) ®

n

Where,

Ion,n : the solar generated current at the nominal condition (25°C and 1 kW/mz);
G: the irradiance;

Gy: the nominal irradiance;

T: the cell temperature;

Tn: is the nominal cell temperature;

Ki: is the short-circuit current/temperature coefficient.

13



The diode saturation current, Io which depends on temperature is given by (4)

[11].

T gE, (1 1
=1 | — |exp| —%| =-= 4
° [Tj p{ak [Tn Tﬂ @
Where:
lo.n: the nominal diode saturation current;

Eq: the band gap energy, equals 1.12 eV.

The nominal diode saturation current, I, , can be expressed by (5) [13].

l,, = =7 (5)
T
av,,

Where:
Vocn: the nominal open-circuit voltage;
Vin: the nominal thermal voltage of the cell;
Isc.n: the short-circuit current at the nominal condition (25°C and 1 kW/mZ).

A practical PV array consists of several connected PV modules formed by N
solar cells connected in series and N in parallel. Therefore, (2) which presents a

single PV cell should be amended into (6) to represent a PV array [11],

V+..R{Ns] V+..R{Ns]
I=N_1,—N_, exp—Np—l— N, (6)
p p p VtaNs R NS
P Np
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Most of the parameters in the presented equations can be obtained from

datasheet provided by the manufacturer, an example of which is shown in Table

2.
Table 2: Specifications of SunTech Power-190W Solar Panel

Open circuit voltage (Voc) 455V

Short circuit current (ls) 5.69 A

Maximum power voltage (Vpmp) 36.6 V

Maximum power current (Ipp) 5.33A

Maximum power (Pmax) 195 W
Temperature coefficient of I (Kj) 0.037 %/ °C
Temperature coefficient of Vo (Ky) -0.34 %/ °C

In this thesis, Maximum Power Point Tracking (MPPT) is assumed to be
applied in the model, thus a MATLAB program is developed to calculate the
output of a PV system based on the algorithm. The process is shown in the

flowchart as Figure 4.

15
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Figure 4 Power output calculating algorithm flowchart.

2.2 Cost of PV

The system initial cost is determined by the market, including the installation
cost and labor cost. While during the operation, there will also be maintenance
and operation cost. However, with the incentives by the federal, state and utility,

those costs can also be reduced by some extent.

2.2.1 Initial Cost

An example is given as follows: here we presume that a homeowner in
Arizona is purchasing a 4 kW grid-tied PV system that will be mounted on the
roof of their home. According to Affordable-solar.com, we use a SunTech Power,

190 W Solar Panel, which is the world's largest solar panel manufacturer. With 21

16



panels rated at 190 watts, this system should generate a total theoretical output of
3,990 watts. According to Affordable-solar.com, we use a SunTech Power, 190 W
Solar Panel, which is the world's largest solar panel manufacturer. With 21 panels
rated at 190 watts, this system should generate a total theoretical output of 3,990

watts. Table 3 shows the components that will make up the system and the costs.

Table 3 Components of the 4 kW PV system cost

Quantity  Cost per unit  Total cost
SunTech Power, 190W Solar Panel 21 $256.5 $5386.5

PVPowered 4000 watt inverter 1 $2,104 $2,104
Tyco Cable assembly and cable gland 1 $65 $65
Delta DC lightning arrestor 1 $40 $40
Delta AC lightning arrestor 1 $42 $42
UniRac Standard Rail Flush Mount 3 $300 $900
SubTotal for Equipment $8537.5
Sales Tax (estimated 9%) $768
SubTotal for Equipment with tax $9306
Labor 35 $120 $4,200
SubTotal $13506

The inverter is also very critical for a PV system. With an inverter, the DC
electricity generated from the PV panels is converted to the AC electricity which
can supply to the house. Here we choose a 4 kW inverter to suit the PV system
capacity. Wiring is also needed to wire the panels together and connect the panels

to the inverter. The connectors that connect the panels to each other are attached

17



with the panels. And the connection of strings to the junction box and then to the
inverter is also necessary. In this case, the junction box comes with the solar panel
provided by the manufacturer. According to The National Electric Code [15], all
panels are required to be completely grounded. Thus, copper wires for grounding

the panels are also needed.

Furthermore, panels are electrical components sitting on a roof. In case of
lightning strikes, AC and DC lightning arrestors is equipped to provide a
protection against damage from lightning strikes. Hence two Delta lightning

arrestor are added.

Also to mount the panels on the roof, a UniRac solar panel rail kit is
applied. The rail kit is sized based on the assumption that the PV panels will be
mounted on the roof with three racks each holding 7 panels. The panels will be
mounted in a fixed orientation based upon the latitude to optimize the energy

output.

Meanwhile, in this case, we assume that the labor will be done by
experienced pv installers and electrician. And we estimated that it takes about 35

hours [4] for the labor to set up the system. However, labor rates vary from
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location to location. Also the price may go higher if the roof combined with some

unique site requirements. Here we assume an hourly rate of $120 per hour.

From Table 3 we can calculate that, in this case, the initial cost for a 3.99 kW

sized grid-tied PV system is approximately $3.4/W.

2.2.2 Incentives

Figure 5 illustrates a grid-tied residential sized PV system. Generation from
the PV panel can supply the customer house, and the excess part can be sent back
to the utility. And with the net metering, the utility purchases the excess power at
the avoided cost, or at the average retail rate. This reduces the monthly bill of the
homeowner, or can be considered to reduce the system cost. Usually, net metering
rules are determined by state basis, sometimes by the legislature or the Public
Utilities Commission (PUC). APS provides two types of net metering rate plans
ERP-2 and ERP-6. And the electricity saving amount can be calculated
corresponding to those different electricity plans. Also there are also other
incentives implemented in Arizona. Table 4 shows the applicable incentives in

this case.
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Table 4: Incentives specifics for PV with APS in Arizona

Federal Incentive Tax credit 30% of the initial cost
Utility (APS) Rebate Program $ 0.6/W rebate with a cap of 10 kW
ERP-2 $0.1/W

Net metering )
ERP-3 TOU price

Thus the remaining cost of a PV system can be calculated as,

remaining = initial cost+0 & M - utility rebate - ITC - state tax credit
- electricity savings

(7)

electricity savings = Y E, xr i=0,1,2,3,4---n (8)

i=1

When remaining equals zero, we consider the investment has been paid back, or
in other words, it reaches a breakeven point. And the reduced cost for a 4 kW

grid-tied PV system before applying the net metering is summarized as Table 5,

Table 5: Detailed PV cost reduction by incentives

Initial Cost $13,506
Utility Rebate $2,400
Federal Investment Tax Credit $3,332
State Tax Credit $1,000
Subtotal Incentive $6,731
Remaining Cost $6,774
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Figure 5 Grid-tied PV system.

2.3 PV Performance with Different Orientations

The orientations and tilt angle of a PV panel are two very important factors
in PV system performance. Generally, a surface with tilt angle equal to the
latitude of a location receives maximum insolation. Also, a lot of previous
research work has been done [16,17,18]. Lewis [16] has given an empirical
formula for determining the optimum tilt angle (referred to as f,in Figure 6)
which suggested that £,=c +£8° based on the examination of 4 locations in USA,
where o is the latitude of the location of the PV system. Various studies have
been carried out to investigate the effect of orientation as well [17,19,20,21,22].
Hussein et al. [17] reported that the optimum tilt angle and orientation of PV

modules are from 20° to 30° and south facing. The yearly maximum output
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energy of PV modules shifted towards the west direction is higher than those

shifted towards east.

Normal  Direction
for Tilt Plane

Normal  Direction

for Horizontal

Tilt Surface

Horizontal
Surface

Figure 6 Geometrical relationships between relevant angles.

This chapter investigates the impact of PV orientation and inclination on
annual and seasonal bases for the following variables: incident insolation, PV
output, PV efficiency, system efficiency, inverter efficiency and PV savings. The
seasons are defined as winter (November, December and January), spring
(February, March and April), summer (May, June and July) and Autumn (August,

September and October).
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The study was conducted based on the assumption of a grid-connected
residential PV system located in Phoenix (latitude: 34°26'N and longitude: 112°

7'W) within the service area of Arizona Public Service (APS).

2.3.1 Effect of Surface Orientation on Incident Insolation

Generally, the roof angles of residential houses in Arizona are built around
18.4°. But the house can be built facing south, southeast, east, west or southwest.
Thus here we assume the tilt angle is 18.4° , and calculate the insolation

respected to  different orientations.

Data for hourly total solar radiation incident on a horizontal surface is
available for many locations in the NREL MIDC. However the in-plane irradiance

data need to be calculated.

R=R +R,+R, 9)

Where Ry, is the beam (direct) contribution, Ry is the sky diffuse component and R,
is the ground reflected radiation, respectively. Figure 7 shows the relationships of
the three components of the sun radiation. Therein, the beam radiation which is

the main component is varied corresponding to different tilt surfaces.

23



Diffuse

Reflected
Radiation

Beam

PV Panel

Figure 7 Relationships between the three components of the solar radiation.

And the direct normal insolation received by the inclined tilt surface can be

expressed as [23],
R, = Ry, C0s(8) (10)

where Rpy is the direct normal radiation, which can be obtained from MIDC. And
6 is the collector angle between the sun and normal to the tilt surface, which is

expressed as,

cos(#) =sin(,) cos(p,) + cos(S,)sin(p,) cos(e, —x,) (11)
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where ¢, is the tilt rotational angle which is the azimuth angle between normal
to the tilt surface and the south direction, and ¢ is the solar azimuth, the angle
away from south in the Northern Hemisphere (¢, is considered to be positive

toward the west and negative toward east). And ¢, is given by

sin(f,)sin(L) —sin(J) (12)

cos(@) = cos(/3,) cos(L)

And the azimuth angle of four seasons is shown in Figure 8. In Equation (12),

p, is the solar altitude and L is the latitude of the location, and o is the

declination angle.
Therein, p, is calculated as,

cos(S,) =sin(L)cos(o)cos(H) +sin(L) cos(o) (13)
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Hour of the day

Figure 8 Solar azimuth angle.
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And the solar altitude angle of the four seasons in Phoenix is shown as
Figure 9. The negative value represents the sun is below the horizon, and once the
sun rises up the altitude angle becomes positive. Accordingly, we can see from
the graph that summer days have the longest daytime from 6 a.m. to 7 p.m. and
winter has the shortest. Hence, in this thesis, we assume solar energy is available

during 6 a.m. to 7 p.m.

—+— Spring

—&— Summer
—— Autumn |
—*— Winter

Angle(degree ©)

6 8 10 12 14 16 18 20
Hour of the day

Figure 9 Solar altitude angle.

Other parameters are given by following equations,

(AST —720) min
4 min/ degree

The solarangle H: H = (14)
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where AST is the apparent solar time. The declination angle:

N + 284

0 =23.45°sin { X 360°} (15)

where N is the day number of the year. And in this thesis, March 21, June 21,
September 21, and December 21 are chosen to represent the Spring, Summer,

Autumn and Winter, respectively. Accordingly, N is 80, 172, 264 and 355.

Apart from the direct radiation, the reflected component and diffuse radiation

are given by,
R, =CRy, [%} (16)
R, - RDNp(C+sin(ﬁ1)){%} (17)

Where C is the ratio of diffuse radiation on a horizontal surface to the direct
normal radiation and B is the atmospheric extinction coefficient, Table 6 shows
the values of B and C, corresponding to the seasons.

Table 6: Coefficient values in the different season

Season (Date) B C

Spring (March 21) 0.156 0.071
Summer (June 21) 0.205 0.134
Autumn (September 21) 0.177 0.092
Winter (December 21) 0.142 0.057
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Hence, the diffuse irradiance can be calculated. Figure 10 is the data
obtained from NREL. We can see that the diffuse irradiance keeps a very high

level (>100 W/m?) throughout the year.
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Figure 10 Diffuse irradiance in different seasons.

Finally the total in-plane irradiance can be calculated. As we mentioned, the
PV panel can be implemented facing either east, southeast, south, southwest, or

west. Consequently, the irradiance is calculated with «, equaling -90°, -45°, 0

°,45° and 90°. And the result of the four seasons is shown as Figures 11-14.

From the figures, it can be indicated that in Phoenix, the insolation reaches
the strongest level in summer, and reaches the lowest in winter. Moreover, PV

panels facing south receive more effective insolation than that of other
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orientations. This is in compliance with the earth’s motion pattern. For the
northern hemisphere, the sun is mostly in the north and barely to the south. The
graphs are schemed with respect to the local standard time. With apparent solar
time, the graphs would display a symmetric pattern towards west and east. The

specific data of the irradiance with different orientations for a spring day are listed

in Table 7.
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Figure 11 Phoenix irradiance with different orientations in a spring day.
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Figure 12 Phoenix irradiance with different orientations in a summer day.
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Figure 13 Phoenix irradiance with different orientations in an autumn day.
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Figure 14 Phoenix irradiance with different orientations in a winter day.

Table 7: The average in-plane insolation with different orientations in spring

Hour of the  East (W/m?)  Southeast South Southwest West
day (W/m?) (W/m?) (W/m?) (W/m?)
6 0.0 0.0 0.0 0.0 0.0
7 0.2 0.2 0.1 0.0 0.0
8 1.0 1.0 0.7 0.4 0.2
9 2.2 2.2 1.8 1.3 0.9
10 2.9 3.0 2.7 2.2 1.8
11 3.3 3.5 3.4 3.0 2.5
12 3.3 3.7 3.7 3.5 3.0
13 3.1 3.5 3.8 3.7 3.3
14 2.7 3.1 3.5 3.6 3.4
15 2.0 2.5 3.0 3.3 3.2
16 1.3 1.7 2.3 2.7 2.7
17 0.5 0.8 14 1.8 1.9
18 0.0 0.1 0.5 0.8 1.0
19 0.0 0.0 0.0 0.1 0.1
20 0.0 0.0 0.0 0.0 0.0
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2.3.2 PV Output

With the PV model presented previously, the generation output is obtained
with simulation. Table 8 and Figure 15 show the generation produced by the PV
panel with orientations varying from east to west in Phoenix. It is obvious that a
PV panel tilted towards south gains the most generation due to the higher in-plane
insolation level. And also, a PV panel towards west produces more generation
than that of east. That is the consequence of higher solar radiation level in the
afternoon according to the local standard time. And Phoenix is in the west side of

the Mountain time zone.

Table 8: PV generation (kWh) seasonally and annually with different orientations

orientation East Southeast South Southwest West

Season

Spring 22.6 25.3 26.9 26.4 24.0

Summer 30.8 31.0 31.6 32.2 32,5

Autumn 21.2 24.0 25.8 25.4 23.1

Winter 11.7 15.3 17.2 16.1 12.7
x 91 days

Annual 7930 8798 9337 9214 8491

32



Spring

4 T T T T T Summer
—O— East 45
—©—East
351 ~+ Southeast 4t 5 —+— Southeast [{
South South
sl —#— Southwest 1 35} —F— Southwest H
\L B West —8— West
25 3T
_’g =
=3 § 25F
9] =
15F o
1.5
1k
0.5 05k
o L L L L S5 L L L L L LNy
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
Hour of the day Hour of the day
Autumn Winter
4 T 3 T T
—O—East —6&— East
35 —+— Southeast | —+— Southeast
P South 251 South
3 —+— Southwest | | —¥— Southwest
—B— West —H— West
oL
25
< =
2 2
= =
:_; 2 g 15)
g E
15
1k
1
0.5F
0.5
6 8 10 12 14 16 % 20 6 8 10 12 14 16 Y
Hour of the day Hour of the day
Figure 15 Hourly PV generation seasonally with different orientations for a 4 kW
system.

2.3.3 PV Savings

For homeowners, the electricity tariff has two alternative rate plans as listed
in Table 9. One depends on the time of use (TOU), based on off-peak and on-peak
time periods. With TOU plan, PV displaces more economically value when the
PV system reduces the peak load demand due to the more expensive utility

electricity. For the other, named flat rate plan, residential users pay a constant

33



electricity rate throughout the billing cycle. With the flat rate plan, best

orientation corresponds to the maximum total annual PV generation.

Table 9: Utility rate plans

Type of Time period Rate
Tariff (¢/kwWh)
Flat rate Flat rate plan 9.397

Winter 7 p.m. to 12 p.m. (Mon.-Fri., November-April) and 6.124

weekends
19.825
12 p.m. to 7 p.m. (Mon.-Fri., November-April)
TOU
Summ 7 p.m. to 12 p.m. (Mon.-Fri., May-October) and 6.126
er weekends
24.445

12 p.m. to 7 p.m. (Mon.-Fri., May-October)

a. Flat rate plan

Table 10 and Figure 14 show the annual savings with different orientations.
It is clear that for the flat rate plan the annual savings reaches the maximum value
towards south due to the largest power generation as referred to in Table 10 and
Figure 16. Also, from the seasonal result and figures, we can see that PV
electricity savings is similar for the same orientation towards east and west from
south (namely west and east, southwest and southeast). However, the savings
towards west are still around 5% larger than that towards east due to the higher

PV output towards west as mentioned in Section 2.3.2.
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Table 10: PV electricity savings ($) per day seasonally and annually with different
orientations for flat rate plan

orientation East Southeast South Southwest West
Spring 2.5 2.8 3.0 2.9 2.6
Summer 3.4 34 3.5 35 3.6
Autumn 2.3 2.6 2.8 2.8 2.5
Winter 13 1.7 1.9 1.8 1.4
x 91 days
Annual 872 968 1027 1014 934
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Figure 16 Hourly electricity savings with flat rate plan seasonally with different
orientations.

b. TOU plan

For the TOU plan provided in Table 11, it can be indicated from Table 11

and Figure 15 that the maximum annual PV savings is $1476 for a surface with
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azimuth angles of 45°, namely southwest and followed by west, south, southeast
and east. The results show that the annual PV electricity savings is always higher
for tilted surfaces facing the same angle towards west than east. ~ Specifically, the
PV saving towards southeast is 23% lower than southwest, and PV savings
towards east is 38% lower than west. This is a consequence of the time-dependent
rate plan, which makes the generation in the afternoon, namely the peak time,
more valuable. And from Figure 17, it can be seen that the PV generation output
curve towards west is more oblique in the afternoon than that towards west. That
means PV towards west generates much more valuable electricity than that

towards east.

Table 11: PV electricity savings ($) per day seasonally and annually with different
orientations for TOU plan

orientation East Southeast South Southwest West

Spring 2.0 2.5 2.9 3.1 2.9

Summer 34 3.6 4.1 4.5 4.6

Autumn 1.9 2.4 2.9 3.0 2.8

Winter 0.9 1.5 1.9 1.9 15
x 91 days

Annual 1031 1196 1381 1476 1421

Now compare Table 10 to Table 11, it is obvious that the maximum PV
savings with the flat rate plan is 43.7% lower than that with TOU plan. And the
PV savings with TOU is also higher than any identical orientation for the flat rate
plan.

36



Spring Summer

0.8 T T T T T T 1.4 T
—©— East —6— East
o7} —+— Southeast | 12 —+— Southeast
South : South
o6k —¥— Southwest || —*— Southwest
. —HB— West
e &
g 05f g
= £
> >
& oaf &
2 2
g 3
g o3 2
w w
0.2F
0.1
m = L 1 1 1 1 5 4 £ 1 1 1 1 1 1 =
6 8 10 12 14 16 18 2 6 8 10 12 14 16 18 2(C
Hour of the day Hour of the day
Autumn Winter
1 T T T T T 0.7
—6— East —6— East
o.9r —+— Southeast || —+— Southeast
South 06F South 1
0.8 —%— Southwest —¥F— Southwest
07 —B&— West |l 05k —B— West
2 &
2] | 1o
g6 2 ol i
] ]
9 05 H 0
2 2
] 2] L B
£ oaf 1g 03
o ]
w w
03r 1 o2f 1
0.2 1
0.1fF i
0.1F 1
Ot L L o—a—f L L L L B
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
Hour of the day Hour of the day

Figure 17 Hourly electricity savings with TOU seasonally with different
orientations.

2.3.4 Payback Condition

As we have assumed, a 4 KW PV system in Phoenix with service from APS is
selected to calculate the payback condition. Also, as referred to in Table 3, the
system cost is around $3.4/W and the state tax credit is 25%. The breakeven point
of both the flat rate plan and TOU plan are listed in Table 12 and the return of

investment is shown in Figures 18-19.
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For the flat rate plan, we can see that the breakeven period displays a
symmetric pattern. And the fastest way to pay back the investment is to
implement the PV panel towards southeast, south or southwest. Even though, with
Figure 16, we know PV towards south still leads to a higher investment return

every year, then followed by southwest, southeast, west and east.

As for the TOU plan, the fastest to reach the breakeven point is the PV
towards south, southwest and west, this corresponds to the PV electricity savings

pattern in Table 8.

Meanwhile, comparing Figure 18 and Figure 19, the TOU plan leads to more
significant differences between the different orientations. The slope with PV
towards west is steeper than that towards east, which means a much faster speed
of investment return. Specifically, for either rate plan, the initial cost is

$3.4/W*4kwW=$13,600.

Table 12: Breakeven period (years) for a 4 KW PV system

Orientation East Southeast South Southwest West
Tariff Type
Flat rate 10 9 9 9 10
TOU 9 7 6 6 6
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Return on investment ($)
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Figure 18 Return on investment for flat rate plan.
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Figure 19 Return on investment for TOU plan.
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3. WIND POWER

Wind power grid-connected systems are widely installed internationally.

Figure 20 shows a typical grid-connected wind power system.

Bidirectional

. . Meter
Conflgurgtlon 2
Controller l ~

Configuration

1
Rectifier /\
Sy_nchr?[nous > Consumer
inverter load

Figure 20 Small wind turbine configurations.

There are two common configurations for grid-connected wind turbines
shown in Figure 20, which is distinguished by the type of output of the wind
generator. For configuration 1, the wind turbine generator is either a

permanent-magnet alternator or wound-field synchronous generator. And the
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output is variable voltage, variable frequency alternating current (AC) (usually
three phase), which needs to be conditioned through an inverter, and then fed to
the utility grid through a bidirectional meter. For configuration 2, the inductive
generator provides reliable quality, grid frequency output AC power. That means

the inverter is unnecessary.

3.1 Wind Turbine Sizing

Wind-generator sizing requirements depend on the average wind speed of the
location and the renewable energy consumption demand expected to be met with

the wind generator.

For the U.S., an average home electricity consumption is around 1,000
kWh/month and the farm could use 100,000 kWh/month [24]. Thus, general
figures indicate that a wind turbine rated at power output between 1 kW to 5 kW
but even up to 15 kW would be suitable. And those sizes of wind turbines are

called small wind turbine (<100 kW).

3.2 Small Wind Turbine

During 2010, more than 25 MW of small wind turbines were installed in the
U.S., which is a 26% growth from 2009. And compared to 5 years ago, the
increase of annual installation capacity is almost eight-fold [25]. The total

installed small turbine capacity has increased to 179 MW (144,000 turbines).
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And according to the data [25] reported from 22 manufacturers in the U.S., a
significant trend of shifting from off-grid units to grid-connected units has
emerged in recent years as the boom of grid-tied energy in recent years. Ninety

percent of the wind turbine models sold in the U.S. was grid-tied.

3.2.1 SWCC (Small Wind Certification Council)

The Small Wind Certification Council (SWCC), an independent certification
body, certifies small wind turbines that meet the requirements of the American
Wind Energy Association (AWEA) Small Wind Turbine Performance and Safety

Standard [26].

According to the standard, the SWCC certify the parameters including rated
annual energy output, the total energy that produced during one year with an
average wind speed of 5 m/s (11.2 mph); AWEA Rated Sound Level, the sound
pressure level (dBA) not exceeded by the wind turbine 95% of time at a distance
of 60 meters from rotor with a hub height annual average wind speed of 5 m/s
(11.2 mph); and AWEA Rated Power, the wind turbine power output at 11 m/s

(24.6 mph).

With the SWCC certificate we can easily understand the wind turbine

performance. According to the certified turbines obtained from the SWCC, the
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Skystream 3.7 from Southwest Windpower is chosen in this work for a home user,

and Excel 10 from Bergey Windpower Co. is selected for a farm.

3.2.2 Skystream 3.7

The Skystream 3.7 is the first fully-integrated and grid-tied wind turbine that
designed for residential use. And it has the controls and inverter built in. Thus it is
expected to provide quiet, clean electricity in very low winds. And unlike many
other turbines, the Skystream 3.7 is the downwind type without a tail rudder to

keep it facing into the wind. The key parameters of the wind turbine are listed in

Table 13.

Table 13: Specifications of Skystream 3.7 [27]
AWEA Rated Annual Energy at 5 m/s 3420 kwh
AWEA Rated Sound Level 41.2 dB(A)
AWEA Rated Power at 11 m/s 2.1 kw
Cut-in Wind Speed (power production starts) 8 mph (3.5 m/s)
Cut-out Wind Speed 27 mph (60 m/s)
Rated Wind Speed 29 mph (13 m/s)

3.2.3 Bergey Excel 10

The Bergey Excel is designed for high reliability, low maintenance, and
automatic operation in adverse weather conditions. It can be operated based on

both battery charging and on-grid. The Excel 10 is most often installed on a
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guyed-lattice tower, which is available in heights of 18 m (60 ft.) to 43 m (140 ft.).

The key parameters of the wind turbine are listed in Table 14.

Table 14: Specifications of Bergey Excel 10 [28]

AWEA Rated Annual Energy at 5 m/s 13,800 kWh
AWEA Rated Sound Level 42.9 dB(A)
AWEA Rated Power at 11 m/s 8.9 kw

Cut-in Wind Speed 2.5 m/s (5 mph)
Cut-out Wind Speed None

Rated Wind Speed 16 m/s

3.3 Wind Modeling

The power output of a WTG (Wind Turbine Generator) can be determined
using the functional relationship between the power output of the WTG and the

wind speed as shown as Equation (18) [29].

0 o<V, <V,
(A+BxV, +CxV, *)xP V; <V, <V,
PMV,)= (18)
P V, <V, <V
0 VW 2VCO
Where,

Vw: wind speed (m/s)
P,: rated power output;
Vi: cut-in wind speed,;

V.. rated wind speed;
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Veo: cut-out wind speed.
The constants A, B, and C may be found as functions of V. and V, with the

following equations [30]:

_ 1 ] _ (Vci _Vr)3
A= (Vci _Vr)2 _Vci (Vci +Vr) 4Vci 2Vr :|
| VatV)°
B= VoV ) 4V +V,) N (Y +Vr)}
- , (29)
oo 1 [, @v+v) }
(Vci _Vr)2 L 2Vr

Thus using the manufacturer data for the Skystream 3.7, the constants are

determined here as,

A=5.675B=1425,C=-12.59

Likewise, the coefficients for Bergey Excel 10 are,

A=4331,B=283.330,C=-5.799

3.4 Wind Power System Cost in Arizona

3.4.1 System Initial Cost

From the manufacturer, the Skystream 3.7 wind turbine is $15,210, an
all-inclusive wind generator (with controls and inverter built in). Also according
to the manufacturer instruction, the other critical component, a 70 ft. guyed tower,

is included. And the technicians have been approximated to be $1500. As a result
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the initial cost is around $16,710. Note that these costs have been used for these

analyses but will change in the future.

3.4.2 Incentives

The incentives which will be discussed include utility cash rebate, net
metering, sales tax incentives, and property tax incentives. And the specifics can
be found under the DSIRE website. In this case, we assume the homeowner uses
APS (Arizona Public Service) as the utility company. And the applicable

incentives are listed in Table 15.

Table 15: Incentives available with APS

Federal Incentive tax credit 30%
Arizona State tax credit 25% with a cap of $1,000
Utility rebate (APS) $2.25/ kW with a maximum of 50% of

the initial cost

1) Cash Incentives

APS provides a rebate of $2.25/W for grid-tied wind systems (residential and
non-residential) based on rebate plan ERP-6. That means, under optimal
conditions, a homeowner installing a Skystream 3.7 wind turbine, which is rated

at 2.4 KW, can receive a rebate equaling $ 5,400.
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2) Federal Investment Tax Credit

The $5,400 utility rebate needs to be subtracted from the initial cost of the
system to determine the cost basis. As a result the cost basis is $11,310 and the

ITC is $3,393.

3) State Tax Credit

The Arizona residential Solar and Wind Energy Systems Tax Credit [31]
allows against the taxpayer's personal income tax in the amount of 25% of the
cost of a solar or wind energy device, with a $1,000 maximum allowable limit,
regardless of the number of energy devices installed. As a result, a homeowner

with a Skystream 3.7 wind turbine can receive a tax credit of $1,000.

Thus, the cost of a grid-tied power system based on Skystream 3.7 can be

reduced to $6,917, as summarized in Table 16,

Table 16: Detailed wind system cost reduction by incentives

Initial Cost $1,6710
Utility Rebate $5,400
Federal Investment Tax Credit $3,393
State Tax Credit $1,000
Subtotal Incentive $9,800
Remaining Cost $6,910
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3.4.3 Electricity Savings

As we mentioned previously, with net metering, homeowners are allowed to
send back the excess power to the utility and obtain corresponding electricity

savings based on different rate plans.

1) Flat Plan

For the flat rate plan, the ERP-6 net metering is chosen. It allows the
homeowner to sell the excess power back to APS at a rate of retail price, which is

approximately $0.1/kWh.

Based on the Wind Energy Resource Atlas of the United States, Arizona has
locations of up to Class 5 wind resources. Therefore, payback was calculated as a

function of annual average wind speeds of 5.4 m/s, 5.8 m/s and 6.2 m/s.

With Equation (18) the annual output of the wind system can calculated and
the result is shown in Table 17. For example, under the condition of a wind speed
of 5.4 m/s, a homeowner in Arizona (e.g. Flagstaff) with Skystream 3.7 can
generate about 8,733 kWh of power annually. And that means a $873 savings

annually, as shown in Figure 21.
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Table 17: Power generation and electricity saving with different wind speeds

Wind Speed (m/s)  Power Generation Annually (kWh)  Electricity Saving (3$)

5.4 8733 873.3
5.8 9180 918
6.2 10027 1002.7

Electrical Saving

990
980
970
960
950
940
930 M Electrical Saving
920
910
900

ELECTRICITY SAVINGS (S)

54 5.8 6.2
Wind Speed (m/s)

Figure 21 Annual electrical savings with different wind speeds.

3.4.4 Calculation of the Breakeven Point

Assume the annual operation and maintenance costs were 1% of the installed
turbine system costs. And there is also a derate of the wind turbine outputs of 0.5%

every year.

Given the combination of the up-front rebate, the ITC, and the value of the

retail electricity savings, it turns out that it takes 11 years for a wind power system
49



based on Skystream 3.7 to reach a breakeven point under the average wind speed
of 5.4 m/s. And in 30 years it will earn $12,386. The process of reaching a

breakeven point is shown as Figure 22.
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Figure 22 The breakeven point and return on investment with wind speed of 5.4
m/s in Arizona.
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Figure 23 Return on investment with different wind speeds.
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We can see from Figure 23 that the pay-back year for wind speeds of 5, 7, 9,
11, and 13 m/s, is respectively, 14, 9, 7, 6, and 5 years. Hence, increasing the
wind speed contributes to shorter payback duration. And the main reason that

makes this difference is that higher wind speeds lead to higher electrical savings.
3.5 Wind Power System Cost in California

3.5.3 Incentives

Incentive programs in California include an Emerging Renewables Program,
sales tax incentives, property tax incentives and net metering. Table 18 shows an

incentive program in California with San Diego Gas & Electric.

Table 18: Incentives available with San Diego Gas & Electric

Federal Incentive Tax credit 30%

State Rebate Program $3.00/W rebate for first 10 kW and $1.50/W
for increments with a cap of 30 kW

1) State rebate

Based on the Emerging Renewables Program, California provides a $3.00/W
rebate for first 10 kW and $1.50/W for increments. (This rebate is reported to
decline to $2.50/W on May 8, 2012.) And according to the list of eligible
equipment from the California Energy Commission (CEC) [32], the output power

rating at 11 m/s will be applied as the system size for calculating the incentive,
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which can be obtained from SWCC. And it is 2.1 kW for Skystream 3.7. As a

result, the rebate is $6,300.

2) Federal Investment Tax Credit (ITC)

The basis cost is reduced by the $6,300 up-front rebate. This translates to an

ITC cost basis of $10,410. As a result, the ITC is $3,123.

3.5.4 Electricity Savings

In California, the Assembly Bill 920 authorizes utilities to compensate Net
Energy Metering (NEM) customers for excess generation at the end of their
true-up period. And the compensation price is around 3.6 cents per KWh. The

true-up period rate is given in Table 19.

Based on the Wind Energy Resource Atlas of the United States, California
has locations of up to Class 6 wind resources. Therefore, payback was calculated
as a function of annual average wind speeds of 5 m/s, 7 m/s, 9 m/s, 11 m/s and 13

m/s.
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Table 19: True-up period rate [33]

Month Year Price($/kwWh)
March 2012 0.03551
February 2012 0.03602
January 2012 0.03658
December 2011 0.03699
November 2011 0.03711
October 2011 0.03740
September 2011 0.03692
August 2011 0.03661
July 2011 0.03639
June 2011 0.03648
May 2011 0.03653
April 2011 0.03673
March 2011 0.03775
February 2011 0.03876
January 2011 0.03980

a. With wind speed of 6 m/s

With Equation (18) the annual output of the wind system can be calculated
and shown in Table 20. Under the condition of a wind speed of 5 m/s, a
homeowner in California with a Skystream 3.7 can generate about 9600 kWh
power annually. And that means a $384 savings annually. Hence, the payback

period can be calculated and plotted as Figure 24.
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Table 20: Power generation and electricity saving with different wind speed

in California

Wind Speed (m/s)  Power Generation Annually

Electricity Saving ($)

6 9600 355.2
7 11321 451.1
9 16702 618
11 22027 815
13 28189.2 1043.2
20000
15000 =
z T
§ om0 e - - 7 (m/s)
e = =9 (m/s)
= _ - —_—11 (m/s)
E 0 T T T T 171 I._II f L-.I =T -T-I 7T T T, 07=17T"TTTT1I
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-5000 '____"___. o — T
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Figure 24 The breakeven point and return on investment in California
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4. PV-Wind Hybrid System

In this chapter, a solar-wind hybrid system is investigated. It is a grid-tied
residential size system combining PV panels and wind turbines. The main purpose
of the research focuses on the effectiveness of each component within the whole
hybrid system.

4.1 A Case Study

As we mentioned earlier, California now has one of the most favorable

renewable incentives environment of all the states in U.S. Thus, California was

chosen to perform the hybrid system payback analysis.

The other very important parameter to assess a hybrid system is the condition

of the energy resource, namely, the solar and wind energy.

a) Solar energy

From the PV Solar Radiation Static Maps (10 km) [34] from NREL, it can be
seen that California has solar energy with an annual radiation around 6 kWh/m?
per day. And 90% of the California residents can obtain radiation higher than 5

kWh/m? per day. This is ideal for a PV panel.

b) Wind energy
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Wind energy is more geographically varied, which means the performance of

wind turbines is more regionally dependent.

Wind resources are classified into seven classes, each covering a range of
annual average wind speeds (Class 1 representing the lowest wind speed). In
general, a Class 2 (4.4 to 5.1 m/s at 10 m) resource or higher is required for

effective use of wind due to the requirement of cut-in wind speed of the turbines.

According to NREL, more than 13,000 of California's wind turbines, or 95
percent of all of California's wind generating capacity and output, are located in
three primary regions: Altamont Pass (east of San Francisco - a portion of which
is shown in Figure 25 [35] from NREL), Tehachapi (southeast of Bakersfield) and
San Gorgonio (near Palm Springs). Altamont (Latitude: 37° 41' 35" N;
Longitude: 121° 36' 34" W) was chosen as a location to do the economic analysis
under good wind conditions. From Figure 25, we can see that the Altamont area
has a Class 6 (6.4 m/s to 7.0 m/s) wind resource which is much higher than the

surrounding regions.

However, most parts of California are not so windy and have Class 2 or 3
wind resources. To obtain realistic results, Midhill (Latitude: 35° 07" 23" N;

Longitude: 115° 24' 41" W) was selected as another analysis location. Figure 25
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shows the average annual wind speed in southern California, we can see Midhill

has a Class 3 (5.1 to 5.4 m/s at 10 m).
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Figure 25 Northern and Southern California annual average wind power.
(*Note: the numbers in the graph represent the class of the wind resources.)
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4.1.1 Initial Data Acquisition

The hourly average wind speed and solar radiation data can be obtained from
the WRCC (West Region Climate Center) as shown in Figure 26 and Figure 27.
And from the graphs, it can be seen that in Altamont both the wind and solar
energy reach the highest values in summer and lowest in winter. However in
Midbhill, the least windy season is Autumn. And summer still exhibits the most

sunshine.

Seasonlly wind speed in Altamont

11
—©— Spring —+— Summer Autumn —*— Winter

10 b,

Wind speed (m/s)

o] 5 10 15 20 25
Hour of the day

Seasonlly solar irradiance in Altamont
1000 T t T T
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—+— Summer []
Autumn

—¥— Winter
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6 8 10 12 14 16 18 20
Hour of the day

Figure 26 Seasonal wind speed and solar irradiance in Altamont.
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Figure 27 Seasonal wind speed and solar irradiance in Midhill.
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Figure 28 shows the distribution of wind speed over a year in Altamont. The
average wind speed is 5.5 m/s, with a standard deviation of 1.91 m/s and the
median is 5.2 m/s. The maximum wind speed is 10.2 m/s which is observed in the
summer evening. As we know, the output of a wind turbine is approximately
proportional to the cube of wind speed. Thus with the average hourly data
classified by seasons, the energy output potential of a wind turbine is

underestimated.
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Figure 28 Cumulative probability distribution of wind speed profile in Altamont.

4.1.2 Analysis Process

The system performance is analyzed with the process shown in the flowchart

as Figure 29. The wind and solar radiation data of Altamont are applied to the
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wind turbine and PV generation models as mentioned in Section 3.1 and Section
4.1 to simulate the system generation performance. Then with the corresponding
renewable incentives, the payback period and return on investment can be

calculated.

Choose the simulation

location

A 4

Choose the hybrid system
size

h 4 ¢ h 4

Wind generation Set the size combination | PV generation
modeling of PV and wind modeling
System
. l—
generation

—

Payback period Incentives
calculation calculation

Figure 29 Process of payback analysis of the PVV-wind hybrid system.

Assume a 4 kW hybrid system, and vary the PV panel size from 0 kW (no
PV installed) to 4 kW (no wind turbines installed). Correspondingly, the wind

turbine varies from 4 kW to 0 kKW.
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a) Wind generation

i)

In Figure 30, we simulate a 4 kW wind turbine system. And the wind
turbine output power value is arranged by the magnitude versus the hours.
It indicates that the wind turbine generates power in 6596 hours of the
entire year (8766 hours). The average is 1.44 kW, with a standard
deviation is 0.93 and the median is 1.6 kW. That means in more than half
of the time, it generates a power higher than 1.6 kW.

While, in Figure 31, which shows the scenario for Midhill, we can see that
the wind turbines only operates 3225 hours (nearly half of Altamont), and
the output power mostly occurs on the interval of 1.2 to 1.4 kW. And the

maximum output power is also nearly half of that in Altamont.

6000

5000

4000

Hours

3000
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1000

0
0 0.5 1 15 2 2.5 3

Wind turbine output power (kW)

Figure 30 Cumulative probability distribution of wind turbine power
output over one year in Altamont.
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Figure 31 Cumulative probability distribution of wind turbine power
output over one year in Midhill.

b) Solar generation

i)

Figure 32 shows the annual output of a 4 kW solar PV system in Altamont.
It was plotted in magnitude versus the total hours. The hourly average
output power of the year is 0.72 kW, median is 0, and the standard
deviation is 1.09. And for the daylight hours the average output power is
1.52 kW. Those data mean that during more than half a year, the PV does
not generate power. And from the chart, we can see that the PV is
expected to generate electricity during 3730 hours out of a year.

Figure 33 shows the annual output in the Midhill scenario. Similarly, the
operation time is around 3700 hours. This is because the operation time is

generally decided by the daylight period, which has no significant
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difference between the two locations. However, the average output power
in the daylight hours is 2.01 kW (0.49 kW larger than Altamont).
Consequently, compared to the scenario in Altamont, Midhill is expected

to produce more electricity with PV.

According to Figure 30 and Figure 32, wind turbines tend to operate more
hours than PV in Altamont. Meanwhile, for a wind turbine and PV of the same
size, the wind turbine is expected to generate more power than PV. However, in
Midhill, PV panels and wind turbines have the similar functioning hours. And in
contrast to Altamont, PV in Midhill seems to generate more power than the wind

turbine.

Hours

0.5 1 15 2 25 3 35 4
Solar output power (kW)

Figure 32 Cumulative probability distribution of PV power output over one year
in Altamont.
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Figure 33 Cumulative probability distribution of PV power output over one year
in Midhill.

¢) PV-Wind with different size combinations

When combining the PV and wind turbines, the generation continues to vary

depending on the size combinations.

Figure 34 and Figure 35 show the average energy generation of the hybrid
solar and wind components of the hybrid system over different seasons, with

different ranges of size combinations in both Altamont and Midhill.

For Altamont from the figure, we can see that the contribution of the solar
and wind parts to the system energy output varies depending on the season and

size. Clearly, in Altamont the contribution of PV generation is more significant
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than wind in winter. As referred to in Figure 26 and Figure 27, in winter, the
wind speed rarely goes up to 3.5 m/s, which is the cut-in speed of the Skystream
3.7, while solar radiation still has an average around 0.3 kW/m?. However, in
general, both of them display larger generation in summer. And with the
extraordinary wind resource, wind turbines perform a larger output proportion
than that of PV through most of the year. Annually, under the same occupation of
system size, PV contributes 31% of the total energy generation and wind turbines

generate the remaining 69%.

On the other hand, in Midhill, obviously, the wind turbine plays a much less
important role in the hybrid system. Compared with the wind performance in
Altamont, wind generation in Midhill only made approximately 13% of the wind
generation in Altamont based on the same wind turbine size. However, due to the
consistent solar radiation level, the solar generation is 35% higher than that in
Altamont. Above all, the solar generation makes 84% of the total generation in

Midhill, while wind contributes only 16%.
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Figure 34 System generation per day with different size combinations in

Altamont.
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Figure 35 System generation per day with different size combinations in Midhill.
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Table 21 shows the components of the hybrid system generation, and the

specific contribution of each in the Altamont area. One can see that homeowners

can increase the wind turbine size to obtain more hybrid generation.

Table 21: Altamont system generation with different size combination per year

Renewables type Solar Wind Hybrid
BV-Wind 3 Generation Proportion of Generation Proportion of Total

) _|n ] ! (kwh) whole system (kwh) whole system (kwh)
Combination (K
4-0 5682 100% 0 0% 5682
3-1 4262 57% 3164 43% 7426
2-2 2840 31% 6328 69% 9168
1-3 1419 13% 9492 87% 10912
0-4 0 0% 12656 100% 12656

4.1.3 Payback Analysis

We use the same method to calculate the payback conditions as in Sections

2.2 and 3.3. The equations are listed as Equations (7) — (8).

Here we assume all the PV panels are facing south. And the process to

determine the payback period is shown as the flowchart in Figure 36.

Table 22 shows the results of the payback periods of Altamont and Midhill.

Comparing the difference between the two locations, it can be seen that the

payback period in Midhill decreases faster than that of Altamont as the PV size

rises. For both locations, it takes less time to reach a breakeven point with a larger

PV size.
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Table 22: Payback period (years) of a hybrid system with two types of tariff under
different system size combinations in California

PV-Wind Size combination (kW)

0-4 1-3 2-2 3-1 4-0
Flat rate Altamont 10.5 10.083 9.33 8.42 6.67
plan Midhill 60.75 32.58 16.17 8.91 4,75
TOU plan Altamont 10 9.17 8.17 6.67 4.83
Midhill 27.08 16.58 10.58 6.67 3.83
Initial PV size
and wind
turbine size
Y
Updatethe |
\ 4 year counter |
Calculate initial Calculate
cost Incentives l
Calculate the
electricity savings
v
Calculate the
I= return on <k
investment

< (paid back?)

Yesl

No

Qutput the
payback period

T T No
_~payback period more-.__
~._than30years?) )
- ==

~—
—

Output the
return on
investment

Calculate the

return on
investment in 30
ears

Figure 36 Process of calculating payback period.
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Figure 37 Return on investment with flat rate plan and TOU plan: (a) TOU plan in
Midbhill, (b) TOU plan in Altamont, (c) Flat rate plan in Midhill, (d) Flat rate plan
in Altamont.

Figure 37 shows the return on investment based on two different tariffs in
both Altamont and Midhill. PV has a lower cost around $ 3.4/W, while for a wind
turbine it cost $6.3/W. As a consequence, the initial remaining investment for PV
is much lower than the wind turbines. However, since wind turbines function in a
more productive way than that of PV, the more the wind generation that is put
into the hybrid system, the more the electrical savings would be and the
investment curve would go up faster and steeper. After 14 years for the flat rate
plan (19 years for TOU plan), the return on investment reaches the same value.
Then after that, the bigger the wind turbine size is, the more the return we can
gain. Although it is faster to reach a breakeven point with a larger PV, the return

on investment is expected to increase slower.
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Despite this, in Midhill, the larger wind turbine always means a higher initial
cost and less yearly investment return. From Figure 37, we can see the larger the
PV size, the steeper the curve is, that means a faster return rate on the investment.
This is a consequence of weak wind resource which leads to less electricity

generation and less electrical savings.

We can see that, even though we suppose Altamont and Midhill are under
the same incentives condition, the energy resource still makes a big difference on
the economic performance.

4.2 Real Case

As the real life case, certain wind turbines and PV panels are chosen to
examine the system performance in Midhill and Altamont. Here we choose the
wind turbine Skystream 3.7, as mentioned previously, the rated size is 2.4 kW,

and we choose the  Suntech PV panels with size of 2 kW.

4.2.1 Fixed generation and variable incentives

As we know, as the renewable energy is more and more acknowledged by
the public, the renewable generation capacity goes up gradually. And when the
penetration of the renewables reaches a higher proportion, the incentives tend to
be reduced. Moreover, impacts of high penetration of renewables on the

transmission and distribution system also may lead to a higher cost for the utility.
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On the other hand, most incentive programs are expiring before 2020. A
predictable trend of declining incentives will emerge by then. Besides, throughout
the U.S., the incentives vary from state to state. Like we mentioned before in AZ,
the utility rebate for the PV is only $0.6/W while in California, it is $2.5/W. Thus
analysis of the impacts of incentives on the hybrid system economic performance

IS necessary.

For California, the state incentive (Buy-down program) now is $3/W for the
wind turbines and $2.5/W for PV. Under these circumstances, the payback period
can be calculated, which is 11.33 years (11 years and 4 months) with the TOU

plan for a 4 KW system.

Now, we vary the incentives (utility rebate) of both wind turbines and PV
from $0.5/W to $3/W. With the algorithm presented in the previous section, we

have the result of payback periods as shown in Table 23.

Table 23: Payback period (years) of a hybrid system with two tariff types under
different utility rebates in California

Tariff Type Utility Rebate ($/W)
0.5 1 15 2 2.5 3
TOU plan 22.83 20.25 17.67 15.17 12.67 10.25
Flat rate plan 37.42 32.75 28.33 24 19.833  15.83
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The return on investment is plotted in Figure 38. Observing the table and
figures, it can be seen that higher incentives lead to shorter payback periods by

around 5 years/$ for the TOU plan and 9 years/$ for the flat rate plan.

Thus we define the sensibility of utility rebate incentives as,

S _ [length(0.5) —length(3)]year _ | Syear /$/W (TOU) 20)
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(b)

Figure 38 The payback period (year) with different system rebate under (a) TOU
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Figure 39 The payback period (year) for any PV rebated rate with respect to wind
turbine rebate rate with TOU plan.
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Figure 39 shows the payback condition with the PV and wind turbine rebate
rate ranging from $0.5/W to $3.0/W. The hybrid system with higher rebate rate

therefore achieves a shorter payback period than the one with lower rebate rate.

From the DISRE website, it can be concluded that most of the states have
wind rebates in the range from $1/W to $2.5/W, and PV is around $1/W to $2/W.
Under the same conditions as Midhill, the payback period is around 22 years to 14

years.

4.2.2 PV and Wind Turbine Cost

From Chapter 2, it can be observed that the PV panel price is reducing year
by year. Since 2000, it has declined from $10/W to around $4/W in 2010 and
expects to continue reducing in the future. Similarly, the wind turbines have a
much lower cost in recent years than that 10 years ago, although it fluctuates in
recent years. To research the impact of different PV and wind turbine cost on the
economic performance of the hybrid system, we arrange the PV cost ranging from

$1/W to $8/W while wind turbine cost ranging from $3/W to $10/W.
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Figure 40 The payback period with different wind turbine costs and PV panel
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From the figure, it can be indicated that higher PV and wind turbine cost lead
to longer payback period. The curves in Figure 40 tends to be more dense as the
cost increase; that means the higher the cost is, the faster the payback period

increases.

Also, we can get from the Figure 40 that, to achieve a payback period less

than 10 years, the wind and PV cost should satisfy following requirements:

C,q +1.51C,, <8.82 (C,, <5.85,C,, , <8.82) (TOU plan)  (21)

Cyina +1.58C,<7.45 (C,,<4.73,C,;,q <7.45)

wind

(Flat rate plan) (22)

Where,
Cuing: the cost of wind turbines ($/W);
Cpv: the cost of PV panels ($/W).
Then we do some research on the condition that PV cost takes the values
from $1/W to $8/W, while the wind turbine cost varies from $3/W to $10/W. The

calculations are performed only for the situation in which wind turbine cost is $2

more than PV.

Accordingly, the system cost can be obtained as,

C = (2000C,,, +2400C,,,,, )/4400 (23)
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And the payback period is calculated and plotted as Figure 41. Then using
the MATLAB curve fitting tool, we can determine the approximate function of

the payback period with respect to the system cost,

Year = 0.09948C*®-0.918C? + 7.126C -13.79 (24)

Year: the payback period (year).

Thus we can get the slope of the function is,

S,=0.298C?*-1.836C+7.126 (25)

The slope can show the impact of the system cost change on the payback
period. Hence, we define the slope S, as the sensibility of system cost. Table 22
shows the S, values with a range of system cost. Clearly, as the system cost goes
up, the payback period tends to be more sensible. The system cost has a more

significant effect on the payback period.

Table 24: The sensibility of cost with respect to the system cost

System Cost 2 3 4 5 6 7 8 9 10

S, (year/$/W) 46 43 46 54 68 89 115 147 186
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Figure 41 The payback period with respect to the system cost.
4.2.3 Comparison
We obtained the sensibility of the incentives and the system cost. As the
system cost is around $5/W recently, the sensibility for TOU plan is around 5
year/$/W to 6 year/$/W accordingly from Table 22. Meanwhile, the sensibility of

the incentives also has a similar value of 5 year/$/W.
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5. CONCLUSION

Within this thesis, the economic performance of the residential renewable
energy system is analyzed. PV and wind power are first evaluated separately, then
a hybrid system is assessed. Factors of environmental parameters and also

marketing elements are included.

1. Solar

PV is affected by the irradiance level and the incentives, and also the
orientations and tilt angles of the panel. In Chapter 2, we assume a 4 kW PV
system in Arizona served by APS, and the analysis of the economic performance
of the system is based on different orientations, which lead to different incident
radiation. As buildings in Arizona are mostly built with a roof angle of 18.01°, we
fixed the panels with that angle, and set the orientations as east, southeast, south,

southwest, and west.

Clearly, it is found that in northern hemisphere, we can obtain the most
radiation with a panel facing south; and then followed by southwest, southeast,
west and east. Generally, PV panels facing westward tend to generate more power
than those facing eastward. However, in contrast with the flat rate plan, with the

TOU plan, the most generation does not equal the most electricity savings. Since
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the electricity rate reaches a higher level during the peak time in the afternoon,
which makes the electricity generated then more valuable. Consequently, PV
towards southwest which is more productive in the afternoon achieves the most

electricity savings. Therefore, it also means a shorter payback period.

(*Note: For southern hemisphere, the ‘south’ needs to be converted to

‘north’, ‘southwest’ to ‘northwest, ‘southeast’ to ‘northeast’ accordingly.)

2. Wind Power

Wind power is an intermittent energy resource, and significantly affected by
the geographic factors. Even in two very close locations, wind resources can be
very different. In Chapter 4, we research the wind turbine performance within two
different locations, California and Arizona, which have quite different wind

resources and incentive systems.

Software is developed to test the payback period with a range of wind speed
corresponding to the location. The Skystream 3.7 wind turbine is chosen as a
certified grid-tied small wind turbine to apply in the system. The results show that
higher wind speed leads to a better economic performance. Specifically, in
Arizona, if the wind speed increases from 5 m/s to 13 m/s, the payback period is

reduced by 9 years; while in California, the reduction is 30 years. In addition,
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incentives and net metering price have impacts on the payback period as well.
Better incentives and net metering contribute to a shorter payback period, which
can be observed from the difference between the Arizona case and the California

Cases.

3. PV-Wind Hybrid system

In Chapter 4, the impacts of each component on a hybrid system are
analyzed. First of all, the different size combinations lead to different energy
output and also different incentive structure. Meanwhile, it has a regional
difference as well. Thus two specific locations (Midhill and Altamont, CA) are
selected accordingly to include the regional factors. Thus we can see that,
although a system with larger PV always has a shorter payback period due to the
lower base cost, for places with better wind resources than solar, after a certain
year, larger wind turbines lead to a higher return on investment. Furthermore, the
impacts of incentives for both renewables are researched. As expected, the result
shows that the hybrid system with a higher rebate rate therefore achieves a shorter
payback period than the one with a lower rebate rate. On the other hand, the
impact of installing base cost of both renewables is discussed. Also as expected,

higher PV and wind turbine costs lead both to longer payback periods, while the
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payback period tends to have a steeper slope as the cost increases; that means the

higher the cost is, the faster the payback period increases.

4.

1)

2)

3)

Future work

There are still many potential works that may be included in the future.

Incentives like 3" party programs are not included in the thesis. Third party
programs allow people to have a third party install a renewable system in
one’s own home, while the installer receives the incentives such as, cash
rebate, tax credit and so on, whereas the homeowner would achieve a lower
electricity price by interconnecting the system to the grid. This is also a
promising way to get renewable systems at home. However, the payback with
a third party is more complicated as it involved in more than one benefiter,
and more complicated cost calculation.

Also other factors, such as the increase of the electricity prices, the money
value changes caused by the inflation, the price of the equipment material and
so on, also impact the economic performance of renewable systems
continuously.

For the wind turbine, we chose only the Skystream during the research. We

chose it because there are only three small grid-tied wind turbines that have
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4)

5)

been certified by the SWCC. By the requirements of most states, a certified
wind turbine is necessary to get the system approved. However, more and
more certified wind turbines and new manufacturer s may emerge in the near
future.

With residential-sized system, we assume the system around 4 kW, while
actually, system can be up to 10 kW, like for some farms.

Moreover, the relationship between the time variation of generation and the

load are not discussed in the thesis.
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