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Abstract—Pollution, increased government regulations, and
energy dependency are causing both governments and private
entities to search for less polluting energy generating solutions.
CO2 emissions can be greatly reduced by using renewable energy
resources such as wind and solar power. Pollution can also be
reduced if the transportation sector focuses more on electric and
plugin electric vehicles. Furthermore, charging such vehicles
from energy that was generated from a renewable source is a
huge environmental advantage. In this paper, we present a
complete residential photovoltaic system that consists of a grid
connected photovoltaic array. The system furthermore includes a
charging station that supports the charging of a plugin electric
vehicle and possibly a battery bank. The system is analyzed in
various geographic locations within the United States. This
analysis will help engineers and system designers to do cost
analysis on whether battery banks are beneficial to be installed
based on the specific residential location. Results show that based
on the location and house loads it might make more sense to not
install any battery bank to the system.

1. INTRODUCTION
The need to reserve energy and reduce carbon emissions is
a high priority task. Governments as well as growing number
of environmentalists keep pushing for less CO2 emissions. With
the increased global warming, actions must be taken to reduce
or stop this trend. One of the most polluting factors relies in the
transportation sector. For example, the transportation sector in
the United States accounts for two-thirds of the petroleum use,
thus shifting drivers towards Electric (EV) or Plugin Electric
Vehicles (PEV) will reduce total CO2 emissions by almost half
[1]. In Europe, more than two-thirds of all consumed oil is used
in transportation and a quarter of CO2 emissions are generated
from road transportation [2]. As an example, and to help fix
this problem the German government has set the target of one
million electric vehicles on the road by 2020.
Shifting drivers into EV or PEV is not enough. If the
energy source that is producing the energy to propel these cars
is polluting, then the problem wouldn’t be entirely fixed. To
have a complete solution, the energy source that is used to
charge the batteries of such vehicles must come from a
renewable source. Another huge factor is to have as much
generated energy as possible from renewable sources such as
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wind and solar. Solar cells can be installed on residential
rooftops and are gaining a lot of momentum. This paper
presents the architecture of a photovoltaic system. All the
different components of the system will be presented. The
system will then be simulated in various geographic locations
in the United States. This paper is organized as follows:
Section II will discuss some of the related work in the field.
Section III will discuss each of the main components of the
system which are:
a.
b.
c.
d.
e.

Electric Vehicle or Plugin Hybrid Electric Vehicle
Solar Panels
Battery Bank
Smart Grid
House Loads

The following sections will talk about putting all the
components listed earlier together and analyzing the system
energy profile based on 4 US geographic locations. Results are
then presented and discussed. The paper is then ended with a
future work section and a conclusion.
2. RELATED WORK
Very few works have discussed the photovoltaic
architecture as a complete system. For example, in [3] the
paper aimed at minimizing the impact of EV charging on the
grid. The system designed to achieve the desired objective
consists of a photovoltaic system, DC/DC boost converter,
DC/AC bi-directional converter and DC/DC buck converter.
The output of the DC/DC boost converter and input of the
DC/AC converter share a common DC bus. A unique control
strategy based on DC bus voltage sensing is proposed for the
above system for efficient transfer of energy. By using the
proposed control strategy, the operations of charging station
can be categorized into four modes: grid-connected
rectification, PV charging and grid connected rectification, PV
charging and grid-connected inversion. In [4], the authors
presented a way for the PEV to communicate with a smart
grid system but without the installation of photovoltaic
system. In [5], the authors analyzed the EV - Photovoltaic
system synergies on the scale of the smallest entity: A
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photovoltaic system rooftop mounted on a single family house
in combination with an EV. Simulation was performed over a
period of 10 years. They classified drivers as short distance,
medium distance, and long distance commuters. Simulation
was performed assuming a photovoltaic system installed in 4
suburban locations in Germany. The authors developed a
model that outputs charging and load curves for the EV,
photovoltaic system, the distribution grid, and the household
over time. The model had 3 main inputs:

i.
ii.
iii.

EV’s user profile
PV generation curve
Domestic load curve.

Mischinger et al developed user profiles for commuters
based on Monte Carlo simulations approach and simulated
different charging patterns with an average EV having a
useable battery capacity of 29 kWh [6]. Overlaying both effects
of cell degradation, the simulation leads to battery capacities of
about 80% after ten years of photovoltaic optimized charging
for user profiles driving 10,000 km per year. This value is
defined as the end-of-life-capacity of an EV’s battery [7].
3. PHOTOVOLTAIC SYSTEM COMPONENTS
This section will discuss the 5 elements that were presented
in Section I.
a. Electric Vehicle or Plugin Hybrid Electric Vehicles
EV or the PEV vehicles are capable of driving up to 300
miles on a single charge, although the range is typically far less
for the average priced vehicle. Many Original Equipment
Manufacturers (OEMs) have released such vehicles to the
market. Examples are the Fiat 500ev, Nissan Leaf, Chevrolet
Volt, BMW i3, etc.
Typical charging times for such vehicles are 4 hours for an
EV and 2 hours for a PEV using a 220/240 volts AC outlet
with an onboard charger. The onboard charger is typically rated
at 6.6 kilo watts. Some OEMs use a 3.3 kilo watt charger but
this will double the charging time. DC chargers are also used
and are typically installed for public use. They are almost never
installed in a household setup mainly because of the huge cost
and the significant power it consumes. Local transformers
cannot typically handle such power greedy equipment, finally
residential solar cells cannot typically support power greedy
DC charging.
Typical battery capacity of EV and PEV are listed in Table
I. The average battery capacity for EV excluding the Tesla
Roadster is around 22.1 kWh. The average battery capacity for
PHEVs is around 8 kWh.
b. Photovoltaic System
The amount of energy that the photovoltaic system can
generate is based on many factors. The area of the photovoltaic
system is of course a huge factor. The bigger the area the more
power such systems can generate. Photovoltaic systems are
pricy so most costumers need to find the right balance between
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cost and size. Another factor is the geographic location of the
system installed. Both the amount of sunlight and ambient
temperature have big factors on the amount of energy the solar
panel can produce. It is well known that the efficiency of the
solar cells increases as temperature decreases [8]. Fig. 1 shows
this relationship.
An approximation of the amount of energy that can be
acquired from the photovoltaic cells is available through the
HelioClim-2 Database that is available online [9]. For example,
the hourly solar irradiance data of a residential unit located at
36.91° north and 30.68° east with tilt angle of 30° and azimuth
angle of 180° (towards to south) from 2005-01-01 to 2005-1231 is taken from HelioClim-2 Database as shown in [10] is
shown in Fig. 2. The average size of the photovoltaic cells sold
in the USA is 5 kilo watts.
TABLE I
BATTERY PACK CAPACITY (kWh)
EV
Fiat 500ev
Nissan Leaf
Tesla Roadster
BMW i3
Chevrolet Volt

24.0
24.0
56.0
22.0
18.4

Toyota Prius
Ford Fusion
Mitsubishi Outlander

4.4
7.6
12

PHEV

Fig. 1: Efficiency versus Temperature

c. Battery Bank
Energy generated from the photovoltaic cells might not
always have a receiver. For example, the EV or the PHEV
might not be connected or it can be connected but be fully
charged. House loads might also be insignificant at some
points. A battery bank although not mandatory will allow for
better energy preservation and flow. The size of the battery is
dependent on the size of the photovoltaic cells and the
geographic location of the setup.
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Fig. 3: Typical Home Load Power Consumption for a Summer Day
Fig.2: Hourly Energy per Solar Surface Area

d. Smart Grid
Smart grid is defined as when there is a communication
interface between the electric utility company and the
consumers’ household. Power flow needs to be bidirectional as
well, this means that power flows from the grid to the
household and vice versa. Households generally need to be
equipped with smart meters that can measure and record power
flow in both directions. The household must also be equipped
with capabilities to match the grid voltage and frequency
before being allowed to send electric power to the grid. This
adds cost to the setup but also allows the household to sell back
electricity to the grid and thus recover some of the setup and
operating cost. Loads on the electric utility are significantly
affected by the lifestyles of people living in those communities.
People tend to go to work and return home at specific times
mainly around 8-9 am and 5-6 pm respectively. These trends
put a significant load on the grid specifically in the morning
and early in the evening. This is caused by people getting ready
for work in the morning and then returning home from work.
This load will further be escalated when people plug in their
vehicles to charge after they return home from work. A smart
grid system will allow such households to act as stabilizing
systems thus lessening the pressure on the local electric utility
company.
e. House Loads
A home load varies based on many reasons mainly due to the
household size and the geographic location. Fig. 3 shows a
typical household load in a summer day in the United States. It
is obvious from the figure that the power consumption peaks in
the afternoon when people get home from work. This is also
the time when sunlight has almost faded and very insignificant
solar energy is being generated. To escalate the problem even
further this is when drivers plugin their vehicles for charging.
This is why a battery bank that was charging throughout the
day comes into help. The battery bank can help with the
household load if it needs it. It can also store energy to be sold
later to the grid incase the household does not require any extra
energy. The next section will discuss the system and how all
these components are put together.
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4. SYSTEM MODELLING AND COST ANALYSIS
This section will study the economic feasibility of whether
installing a battery bank makes sense or not given the
geographic location of the residential setup and the load of the
household. Fig. 5 shows an image [13] of the average power
output from a solar panel given the geographic location in the
United States. Using data from the US Department of Energy
[14] Table II shows the average monthly household power
consumption, price, and bill for 4 selected states that cover
regions from the Midwest, West Coast, the Nevada Desert and
Hawaii.

Fig. 5. Photovoltaic Solar Resource of the United States

Table II: Various Household Power Characteristics for 4 different US
Regions
State/Region Average Monthly
Average Price
Average
Consumption
(cents/kWh)
Monthly Bill
California
562 KWh
16.25
$91.26
Michigan
654 KWh
14.46
$94.52
Hawaii
506 KWh
37.04
$187.59
Las Vegas
894 KWh
12.93
$115.64

Given the characteristics from Table II, one can compute
the hourly average household power consumption for the 4
regions as shown in Fig. 6.
The next step is to get the amount of energy that the solar
panels can generate. Again this information is available
through the US Department of Energy. Table III summarizes
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these numbers. It is clear that the solar panels that are displaced
in the Las Vegas area have the highest output.
Given the data provided from Table III, the average hourly
power output from the solar panels can be generated for each
area. For simplicity, we will only show 3 plots for each, these
plots represent winter, summer, and fall/spring seasons. Figs. 7,
8, 9, and 10 show these plots for South East Michigan, South
California, Las Vegas, and Hawaii respectively. The plots also
account for the sunrise and sunset time for each region. It is
clear that the shorter days in Michigan’s winter affect the
power output from the solar panel as shown in Fig. 7.
Given the available information that is presented in Figs. 7
to 10, we can calculate the hourly excess energy that we have
available. This energy is basically the energy that is not
available for direct household consumption. Figs. 11, 12, 13,
and 14 shows this excess energy for South East Michigan,
South California, Las Vegas, and Hawaii respectively. These
plots have been calculated using a 4 m2 solar panel. This area
size is typical for a household setup and it is being used in our
simulations. Table IV shows the summary of the excess power
for each region.

discounted rate is better than wasting energy when there is no
receiver to absorb this extra energy. Most of the excess energy
is available during the time when the house loads are minimal.
This is also the time when most people are at work. This
energy can be used to charge an EV or PEV but the vehicle is
most likely not able to be plugged-in at that time because most
people will be at work. Storing this excess energy in a battery
bank can be a feasible option. If this option is selected the
electric power must go through these 2 steps:
1. Voltage boost from Low voltage solar panel voltage to
HV battery voltage
2. DC to AC conversation when the stored energy is
ready to be used at the household
Anytime a conversion is done, efficiencies must be
analyzed. For example 100 watts generated at the solar panel
level might become 90 watts or less at the household power
outlet. If that same energy is stored in a battery bank it will be
much less than 90 watts. Installing a battery bank in Hawaii
makes more sense than one in Michigan or even Las Vegas
because of low sun intensity for the first and high average
household power consumption for the latter.
S.E. Michigan: Typical power output from a solar panel per meter-square
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Table III: Average Daily Solar Panels Energy Output
(Kwh/m2/day)
Month
S.E. Michigan
S. California
Hawaii
Las Vegas
January
1.97
4.49
4.91
4.42
February
3.39
4.79
6.07
5.35
March
4.46
6.17
5.88
6.27
April
3.90
6.82
5.82
7.45
May
4.94
6.54
5.81
7.97
June
4.19
6.74
5.47
8.11
July
5.29
6.75
5.32
8.0
August
5.52
6.94
5.76
7.56
September
5.49
6.24
5.49
7.11
October
2.45
4.76
5.60
5.96
November
2.59
4.77
4.95
4.93
December
1.20
4.51
4.87
4.21
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S. California: Typical power output from a solar panel per meter-square
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Looking at the results listed in Table IV, one can conclude
the following points. If a smart grid is installed in the
residential setup, all the excess energy generated can be sold
back to the utility company. Selling back electricity at a
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Fig. 7: S.E. Michigan Hourly Power Output per Meter Square
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Fig. 8: S. California Hourly Power Output per Meter Square
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S. California: Excess power delta between house loads and solar output

Las Vegas: Typical power output from a solar panel per meter-square
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Fig. 12: Excess Hourly Power for S. California

Fig. 9: Las Vegas Hourly Power Output per Meter Square
Hawaii: Typical power output from a solar panel per meter-square
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Fig. 10: Hawaii Hourly Power Output per Meter Square
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Fig. 13: Excess Hourly Power for Las Vegas
S.E. Michigan: excess power between house loads and solar output

Hawaiia: Excess power delta between house loads and solar output
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Fig. 11: Excess Hourly Power for S. E. Michigan
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Fig. 14: Excess Hourly Power for Hawaii
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Location
S.E. Michigan
Las Vegas
S. California
Hawaii

Table IV
Excess Energy Summary (Wh/day)
Panel Size
Winter
Summer
4 m2
55.4 Wh
251.3 Wh
4 m2
161.7 Wh
353.2 Wh
4 m2
303.9 Wh
456.1 Wh
4 m2
375.2 Wh
400.6 Wh

Fall/Spring
181.6 Wh
299.9 Wh
397.2 Wh
424.2 Wh

5. FUTURE WORK AND CONCLUSION
This paper presented a general overview of a photovoltaic
system that consists of photovoltaic cells, EV or PHEV, battery
bank setup, and a smart grid. The paper described each
component and how these components interface together
alongside the power flow between each one of them. The setup
is placed at various geographic locations within the United
States. The simulated amount of solar energy produced is also
presented. As a future work, we would like to extend our work
by looking into the optimization control in terms of making
sure that each component is run at its highest optimization
point to improve performance, reduce costs, and deliver more
renewable energy to the customers. More advanced control
techniques might also be used to fulfill these tasks such as the
ones described in [11] and [12]. This is work has sponsored by
Shaqra University at Kingdom of Saudi Arabia.
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