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 With the increased pollution levels and global warming, people are getting 

more aware of this persisting problem. This is causing a great push for the 

demand of renewable energy. The trend started with electric vehicles, 

although this is a good step but still not enough. One of the most promising 

solutions is the installation of solar cells in household setups. With the tax 

credits and the installation of smart grids, which allow to recuperate some of 

the initial cost back, the equivalent cost of installing such systems is getting 

cheaper and thus becoming more feasible and within the budget of a lot of 

people. This paper, models the photovoltaic setup, the proposed system 

includes a battery bank, electric or a plugin electric vehicle, smart grid, and 

an array of photovoltaic cells. The proposed method also aims at maximizing 

the solar energy usage, or in other words reduces the amount of said energy 

that is going to waste by not having any active receiver at any given time of 

the day.   
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Introduction: 

A significant role in reducing greenhouse emissions 
and decreasing pollution levels can be accomplished by 
installing photovoltaic cells (PV) in residential 
households [8]. Other than the fact that PV cells 
decrease pollution levels, it can have many other 
advantages as well. For example, the stochastic 
distribution of such systems can help stabilize the grid 
and decrease costs for local utility companies [7, 6]. It 
can also help in reducing costs by providing local power 
energy at some points, thus helping the utility 
companies to use less power-rated transformers which 
are generally cheaper. All these advantages to the utility 
company push the price to be cheaper. Home owners in 
the USA can benefit from huge tax incentives if they 
install a PV system or any other renewable energy 
component. Utility companies are also willing to pay for 
the solar energy that the household is generating. This 
purchase often happens at peak load hours and thus it is 
more beneficial for the end user. 

PV systems can be fully utilized if bundled with 
other components to help fully utilize the whole system. 
The components that make up the whole system are: 

 

1. Electric Vehicle or Plugin Hybrid Electric 

Vehicle 

2. Photovoltaic System 

3. Battery Bank 

4. Smart Grid 

Electric (EV) or plugin electric vehicles (PEV) are a 
very efficient way to help reduce greenhouse emissions 
and reduce pollution levels [10, 9, and 1]. This is not 
enough though, if the energy source that is producing 
the energy to propel these cars is polluting, then we 
haven’t fixed the problem. To have a better solution, the 
energy source that is used to charge the batteries of these 
vehicles must come from a renewable source. This 
energy can be generated from the PV setup that is 
installed in the residential household. 

Given that once the installation of the PV system is 
complete, the energy generated from said PV cells is 
free and does not cost any money. Thus having a setup 
and a control strategy that fully utilizes this fact is very 
important and critical to the overall efficiency of the 
system. The goal of this paper is to propose a system 
setup and a high level control architecture that ensures 
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this fact. Our goal will ultimately be to make sure that 
no solar energy is wasted because no energy receiver 
was present at any point. 

The rest of the paper will be organized as follows. 
The next section will present the literature survey and 
present what was done earlier in this field. The 
following section will describe our work and what we 
are proposing. Results and future work section will be 
presented later. The paper is then ended with a summary 
and conclusion section. 

Related Work: 

In a previous work [1], we analyzed a photovoltaic 
system which contains all the components needed to 
model the complete architecture established on 4 
different US based geographic locations. The previously 
done work did not get into technical details or try to 
optimize any part. In this paper, we are taking what was 
presented in the earlier paper and continue on that work. 
Before, we present our work, the rest of this section will 
list some of the work that was done in this field. 

The authors in [18] presented an all-electric smart 
house with a Solar Collector (SC), PV, a fixed battery 
and an EV. The authors determined the optimal 
operation scheduling of the controllable loads (smart 
equipment) to minimize operation cost using Matlab 
simulations. Researchers in [3] presented a feasibility 
analysis done for a grid-connected PV system for a rural 
settlement consisting of several houses. This analysis 
was done to explore feasibility from a technical and 
economical point of view. They used simulation 
software called HOMER to obtain optimization results. 
They deduced that the project would be only feasible if 
solar credits are provided, capital costs are reduced and 
rebate structures are available. A rolling optimization 
based on Mixed Integer Linear Programming (MILP) to 
efficiently manage energy consumption in a smart home 
was introduced in [5]. The house is equipped with a 
battery bank and a photovoltaic system. The authors 
optimized the cost in a house that is connected to the 
grid with real time pricing. The authors were able to 
develop an algorithm to make decisions to minimize 
energy use. The authors in [7] used Tabu search and 
genetic algorithm to control loads and minimize 
operational cost in an all-electric house equipped with 
renewable energy systems (wind and solar) and a battery 
band and has an EV. The authors assumed that the 
forecasted power data for the renewable energy systems 
and load demands were available for day ahead. In [11], 
the authors again used HOMER software to minimize 
the unit cost of energy and greenhouse gas emissions for 
a stand-alone hybrid renewable power generation 
systems that included a combination of the following: 
PV, wind energy system, a battery bank, and diesel 
generators. The cost analysis was based on load profile, 
solar irradiance, wind speed, and fuel price.  The authors 
were able to optimize the system to reduce cost and 
emissions significantly. The real-time scheduling of 
residential appliances in the home energy management 
system (HEMS) was investigated in [19]. The home 
included various loads including an electric water heater 
and other loads, an EV, a photovoltaic cell, and a 

battery. The proposed demand response mechanism and 
real-time scheduling algorithm was able to optimize the 
operation of loads to reduce the utility bill. An optimal 
centralized scheduling method to control the 
consumption of electric appliances in a house was 
proposed in [13]. Discharging the EV is also considered 
to support the microgrid. The micro grid uses the EV as 
electricity storage to improve the efficiency and 
reliability of the system. 

Optimizing the operation of renewable energy 
sources allowed for increasingly efficient sources (see 
[12]). HEMS have also helped alleviate grid pressure 
during peak times. Genetic algorithms, neural network, 
and fuzzy logic algorithms have been increasingly 
playing a role in home monitoring and control systems 
[19] and [4]. The next section will describe the system 
and architecture that we are proposing. 

System Architecture: 

The system components were discussed in details 

in a previous work [1]. The system consists of the 

following components:  

1. EV or Plugin Hybrid Electric Vehicle 

2. Photovoltaic System 

3. Battery Bank 

4. Smart Grid 

5. House Loads 

Different combinations of the components are 

considered based on the following parameters: whether 

the user has a battery bank at home or not, whether the 

user charges the EV (or PEV) at work, and finally 

whether the EV (or PEV) allows reverse power flow 

from the vehicle to the house. 

Table: 1 shows the different possible 

configurations. The average one-way commute distance 

from home to work in the USA is 16 miles [16]. 

Typical EVs go 2.5 - 3 miles per kWh. For example, 

Nissan Leaf’s rated efficiency is 2.94 miles per kWh 

[14]. Therefore, the average person would need 5 kWh 

for a one-way commute to work. For a 15 kWh battery 

pack, that translates to 33% State of Charge (SOC). 

Table 1: Various Configurations 

 The power flow at any given time for the proposed 

setup is given as shown in the equation below: 

                                    

 Where      , represents the power flow into the 
battery bank. This value can either be positive or 
negative.       represents the power into or from the 
grid, this one also can either be positive or negative. 

Case 
Battery 

Bank 

Charges EV 

(or PEV) at work 

Reverse Power 

Flow Supported 

1 No Yes Yes 

2 No Yes No 

3 No No No 

4 Yes Yes Yes 

5 Yes Yes No 

6 Yes No No 
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     represents the power into or from the vehicle. This 
value can also be either negative or positive.             
represents the power consumption of the household, this 
value can only be negative as the household can only 
consume power.     represents the power generated 
from the PV array. This number can only be positive as 
the PV cells can only generate and not consume any 
power. The goal of this paper is to try to maximize     
at any given time. Multiplying the power flow equation 
by time (t) will yield the equation below, which 
represents the energy equation of the system: 

                                        

We assume that the power flowing into the battery 
bank only comes from solar energy, otherwise a rectifier 
will be needed and thus adding to the total cost of the 
system. Based on this assumption, the total size of the 
battery pack given by Equation (1) should not exceed a 
value that is defined by the size of the solar cell and the 
geographic location of the setup. 

           (1) 

The United Stated National Renewable Energy 
Laboratory lists the amount of energy that can be 
delivered per square meter of PV area anywhere in the 
country [15]. Another resource is the NASA Surface 
meteorology and Solar Energy resource [17]. Using that 
interactive map [15], we can predict the amount of 
energy that can be generated using a known size PV 
cell. Given that assumption, the value in Equation 1 
must be less or equal to the amount of energy that can be 
generated from the PV cells. 

The average household load was shown in our 
previous work [1]. Figure 1, below shows the load 
profile. 

 

Fig: 1. Typical Home Load Power Consumption for a 
Summer Day 

Adding an EV or a PEV load to this profile, and 
assuming that the driver selects schedule charging to 
that the vehicle will only charge during off peak hours. 
This added load as described earlier can be on average 
either 5 kWh if the driver charges at work or 10 kWh if 
the driver doesn’t charge at work. This new load will 
affect Fig: 1 and it will become as shown in Fig: 2. Fig: 
2a shows the profile if charging is done at work, Fig: 2b 
shows the profile if no charging is done at home. 

Given all the information and assumptions listed 
earlier, this information is modelled to find out the most 
energy used from the PV cells. Our model assumes that 
the average household power usage is similar between 

different locations. This fact implies that because 
     and             are similar throughout our 
simulations then the goal of maximizing     can be 
fully achieved by minimizing the amount energy that is 
used from the grid. In other words, minimize the       
term from power flow equation listed earlier. 

Simulation Setup: 

Simulation is performed using Microgrid Analysis 
Tool HOMER Pro. The system defined in the model 
consists of the components discussed in a previous 
section. The following prices are assumed: photovoltaic 
cells are $1,000/kW, battery bank is $450/kWh, 
converter is $300/kW, and grid power price is 
$0.23/kWh and gird sellback price is $0.01/kWh. Project 
lifetime is set to 25 years and the NASA Surface 
meteorology and Solar Energy resource is used for daily 
radiation values in the San Francisco Area (Table 2). 
The energy profile is assumed constant throughout the 
year and the energy profile shown in figure 2b is used, 
this includes the EV/PEV load profile. This makes our 
simulation more relevant to the EV or PEV owner. The 
sizes for PV (kW), battery bank (kWh), and converter 
(kW) considered are 0, 1,2,3,4, and 5. The length of the 
simulation is 25 years. 

    (a) 

 

                (b) 

 

Fig: 2. Typical Home Load Power Consumption for a 

Summer Day with Vehicle Load 

Results and Discussions: 

In this paper, we are interested in optimizing the 
system to reduce the amount of energy purchased from 
the grid. After carefully analyzing the data, four cases 
out of 175 are selected (shown in Table 3). Case #1 
represents the optimal combination for the system. It 
includes a 5 kW PV system, a 4 kW converter and does 
not include a battery bank. Case #2 represents a system 
that is only connected to the grid with no additional 
components. Case #3 includes a 5kW PV system, a 1 
kW converter and 5 kWh battery bank. Finally, case #4 
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includes a 5 kW PV system, a 3 kW converter and a 
1kWh battery bank.  

Table: 2. Daily Radiations for San Francisco 

Month 
Clearness 

Index 

Daily Radiation 

(kWh/m
2
/day) 

January 0.512 2.370 

February 0.531 3.180 

March 0.578 4.570 

April 0.604 5.910 

May 0.612 6.770 

June 0.600 6.950 

July 0.543 6.130 

August 0.537 5.490 

September 0.559 4.850 

October 0.576 3.770 

November 0.551 2.710 

December 0.518 2.180 

 

Table: 3. Result Cases Considered 

Case  

# 

PV 

(kW) 

Converter 

(kW) 

Battery  

Bank(kWh) 

1 5 4 - 

2 - - - 

3 5 1 5 

4 5 3 1 

 

Table: 4. Results for Different Cases 

Case  

# 

COE 

($) 

Energy Purchased 

(kWh/yr) 

1 0.195 15,602 

2 0.23 20,166 

3 0.258 16,850 

4 0.226 17,075 

 

Table 4, Fig: 3 and Fig: 4, show the results for the 
four cases under consideration. Fig: 3 shows the COE 
(Cost of Electricity) which is the average cost of kWh of 
useful electricity produced by the system over the 
lifespan of the simulation. COE takes into account the 
capital investment as well as the operation and 
maintenance cost. Case #1 showed the lowest COE 
among all the combinations. Case # 4 also showed 
improvement compared to the grid-only option (Case 
#2). Fig. 4: shows the energy purchased (in kWh/year) 
for the four cases. Case # 1 showed the most reduction 
in energy purchased from the grid.   

Therefore, Case #1 showed the most improvement 
by both reducing the COE and reducing dependency on 
the grid. Case # 4 showed a lower COE compared to the 
Case #2. Both Cases # 3 and 4 also reduced the amount 
of energy purchased from the grid. For readers looking 
for more simulation results, Appendix A at the end of 
this paper, lists hundreds of test cases that we ran with 
our simulation program. 

 

 

Fig. 3:  COE for Different Cases 

 

 

Fig: 4. Energy Purchased per Year for the Different 

Cases of Study 

Conclusion: 

Adding a battery to the system does not improve 
performance compared to a system only equipped with a 
PV and a converter. This might be due to loses in the 
converter and the battery. However, the battery bank 
might help alleviate the stress on the grid during peak 
times. Adding a PV system and a converter significantly 
reduces the amount of energy purchased per year 
compared to a house that is only connected to the grid. 
In addition, a system that includes a PV system, a 
converter and a battery bank might help reduce the 
stress on the grid during peak time while also reducing 
the amount of energy purchased per year. Although the 
combination shown in case #1 proved to be the most 
optimal combination, adding a battery bank as shown in 
case #4 still performed better (lower COE) than a 
system that is only connected to the grid. Case #4 would 
also significantly reduce dependency on the grid and 
reduce stress during peak times which is usually when 
the PV is providing less energy (early mornings and 
evenings). 

In conclusion, this paper, models a system that 

includes a converter, a battery bank, an electric or a 
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plugin electric vehicle, smart grid, and an array of 

photovoltaic cells. Optimization simulations are 

performed in order to maximize the solar energy usage, 

or in other words to reduce the dependency on the grid. 

It is reported that the proposed system decreases the 

dependency on the grid and reduces the cost of 

electricity for the house.  
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Appendix A 

PV (kW) 
Battery Size  

(kWh) 

Converter 

Size (kW) 
COE ($) 

PV 

Production 

(kWh/yr) 

Energy 

Purchased 

(kWh/yr) 

Energy Sold  

(kWh/yr) 

5  - 4 0.1953 7648.6 16138.9 2845.3 

5  - 5 0.1966 7648.6 16138.9 2856.4 

5  - 3 0.1968 7648.6 16138.9 2537.3 

5  - 6 0.1980 7648.6 16138.9 2856.4 

5  - 2 0.2062 7648.6 16161.8 1429.0 

3  - 2 0.2079 4589.2 16945.2 825.3 

3  - 3 0.2085 4589.2 16945.2 909.2 

3  - 4 0.2100 4589.2 16945.2 909.2 

3  - 5 0.2114 4589.2 16945.2 909.2 

3  - 6 0.2129 4589.2 16945.2 909.2 

2  - 2 0.2154 3059.4 17607.8 195.0 

2  - 3 0.2169 3059.4 17607.8 195.0 
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2  - 1 0.2173 3059.4 17723.8 0.0 

2  - 4 0.2184 3059.4 17607.8 195.0 

3  - 1 0.2188 4589.2 17253.8 0.0 

2  - 5 0.2200 3059.4 17607.8 195.0 

2  - 6 0.2215 3059.4 17607.8 195.0 

1  - 1 0.2227 1529.7 18789.5 0.0 

1  - 2 0.2242 1529.7 18789.5 0.0 

1  - 3 0.2258 1529.7 18789.5 0.0 

5 1 3 0.2267 7648.6 17075.2 2634.2 

5 1 4 0.2270 7648.6 17088.0 2901.6 

5  - 1 0.2271 7648.6 16794.1 0.0 

1  - 4 0.2273 1529.7 18789.5 0.0 

5 1 5 0.2287 7648.6 17024.2 2847.2 

1  - 5 0.2288 1529.7 18789.5 0.0 

5 1 6 0.2301 7648.6 17028.8 2849.5 

1   6 0.2304 1529.7 18789.5 0.0 

5 1 2 0.2346 7648.6 16968.1 1463.0 

3 1 2 0.2408 4589.2 17904.9 869.6 

3 1 3 0.2427 4589.2 17959.8 1006.5 

3 1 4 0.2443 4589.2 17965.1 1010.8 

3 1 5 0.2458 4589.2 17965.1 1010.8 

3 1 1 0.2469 4589.2 17979.5 0.0 

3 1 6 0.2473 4589.2 17965.1 1010.8 

2 1 1 0.2477 3059.4 18525.9 0.0 

2 1 2 0.2505 3059.4 18752.4 391.4 

2 1 3 0.2521 3059.4 18765.0 400.9 

3 3 1 0.2526 4589.2 17813.0 0.0 

3 2 1 0.2529 4589.2 18033.9 0.0 

3 4 1 0.2530 4589.2 17653.2 0.0 

5 1 1 0.2535 7648.6 17485.5 0.0 

3 5 1 0.2536 4589.2 17514.1 0.0 

2 1 4 0.2537 3059.4 18765.0 400.9 

2 2 1 0.2548 3059.4 18649.5 0.0 

2 1 5 0.2552 3059.4 18765.0 400.9 

5 2 3 0.2554 7648.6 18156.6 2726.9 

5 2 4 0.2558 7648.6 18213.0 3059.1 

2 3 1 0.2560 3059.4 18585.3 0.0 

2 1 6 0.2567 3059.4 18765.0 400.9 

2 4 1 0.2572 3059.4 18528.7 0.0 

5 2 5 0.2579 7648.6 18196.3 3071.9 

5 4 1 0.2584 7648.6 17037.0 0.0 

1 1 1 0.2584 1529.7 19798.4 0.0 

5 5 1 0.2584 7648.6 16850.1 0.0 

2 5 1 0.2586 3059.4 18494.8 0.0 

5 2 1 0.2590 7648.6 17521.4 0.0 

5 3 1 0.2596 7648.6 17364.3 0.0 

5 2 6 0.2600 7648.6 18189.9 3055.7 

5 2 2 0.2616 7648.6 17789.0 1457.5 

1 1 2 0.2618 1529.7 19924.9 93.9 

1 1 3 0.2633 1529.7 19924.9 93.9 

1 1 4 0.2648 1529.7 19924.9 93.9 

1 1 5 0.2664 1529.7 19924.9 93.9 

1 2 1 0.2674 1529.7 20069.5 0.0 

1 1 6 0.2679 1529.7 19924.9 93.9 

1 3 1 0.2686 1529.7 20068.9 0.0 
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PV (kW) 
Battery Size  

(kWh) 

Converter 

Size (kW) 
COE ($) 

PV Production  

(kWh/yr) 

Energy  

Purchased  

(kWh/yr) 

Energy Sold  

(kWh/yr) 

1 5 1 0.2709 1529.7 20063.5 0.0 

5 3 4 0.2713 7648.6 18896.9 3095.9 

5 3 5 0.2719 7648.6 18913.1 3192.2 

5 3 6 0.2727 7648.6 18943.1 3228.3 

3 2 2 0.2727 4589.2 19079.0 958.4 

3 2 3 0.2738 4589.2 19186.0 1228.5 

5 3 3 0.2745 7648.6 18856.5 2678.5 

3 2 4 0.2749 4589.2 19191.0 1252.3 

5 3 2 0.2752 7648.6 18190.1 1435.0 

3 2 5 0.2764 4589.2 19193.4 1253.8 

3 2 6 0.2779 4589.2 19193.4 1253.8 

5 4 2 0.2798 7648.6 18251.1 1389.2 

2 2 2 0.2826 3059.4 20072.9 658.8 

5 5 2 0.2837 7648.6 18377.3 1366.1 

2 2 3 0.2849 3059.4 20139.5 719.6 

2 2 4 0.2864 3059.4 20139.5 719.6 

3 3 2 0.2879 4589.2 19695.3 1030.2 

2 2 5 0.2879 3059.4 20139.5 719.6 

2 2 6 0.2894 3059.4 20139.5 719.6 

3 4 2 0.2897 4589.2 19701.3 1006.3 

3 5 2 0.2910 4589.2 19715.9 1013.7 

3 3 3 0.2921 4589.2 20035.1 1395.7 

3 3 4 0.2931 4589.2 20035.5 1428.5 

3 3 5 0.2945 4589.2 20035.5 1428.9 

3 3 6 0.2960 4589.2 20035.5 1428.9 

2 3 2 0.2974 3059.4 20717.7 815.7 

1 2 2 0.2978 1529.7 21514.9 507.7 

2 4 2 0.2991 3059.4 20751.4 825.8 

1 2 3 0.2993 1529.7 21515.0 506.9 

2 5 2 0.3001 3059.4 20757.1 835.5 

1 2 4 0.3008 1529.7 21515.0 506.9 

5 5 3 0.3016 7648.6 19966.9 2703.7 

1 2 5 0.3024 1529.7 21515.0 506.9 

5 4 3 0.3030 7648.6 20203.6 2907.5 

2 3 3 0.3031 3059.4 20974.7 900.6 

1 2 6 0.3039 1529.7 21515.0 506.9 

2 3 4 0.3048 3059.4 20996.8 910.8 

2 3 5 0.3063 3059.4 20996.8 910.8 

2 3 6 0.3078 3059.4 20996.8 910.8 

5 4 5 0.3079 7648.6 21134.8 4102.5 

5 4 6 0.3083 7648.6 21062.1 4108.0 

5 4 4 0.3088 7648.6 21188.1 3922.8 

3 5 3 0.3108 4589.2 20893.7 1628.2 

1 3 2 0.3124 1529.7 22256.1 744.6 

1 4 2 0.3138 1529.7 22265.9 745.2 

1 5 2 0.3152 1529.7 22286.1 759.9 

3 4 3 0.3194 4589.2 21652.2 2039.7 

1 3 3 0.3199 1529.7 22592.2 854.7 

1 3 4 0.3214 1529.7 22592.2 854.7 

1 3 5 0.3229 1529.7 22592.2 854.7 

2 5 3 0.3233 3059.4 21874.6 1144.6 

1 3 6 0.3244 1529.7 22592.2 854.7 

5 5 4 0.3267 7648.6 23220.1 5040.1 

5 5 5 0.3277 7648.6 23797.9 5719.2 

3 4 4 0.3279 4589.2 22497.0 2605.7 
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5 5 6 0.3280 7648.6 23786.3 5809.0 

3 4 5 0.3292 4589.2 22485.7 2598.2 

1 5 3 0.3297 1529.7 22764.6 753.4 

3 4 6 0.3306 4589.2 22485.7 2598.2 

2 4 3 0.3327 3059.4 22886.6 1741.1 

2 4 4 0.3420 3059.4 23842.3 2344.8 

2 4 5 0.3434 3059.4 23842.3 2344.8 

2 4 6 0.3448 3059.4 23842.3 2344.8 

3 5 4 0.3453 4589.2 24626.9 3868.4 

1 4 3 0.3496 1529.7 24771.0 1893.5 

3 5 5 0.3498 4589.2 25250.8 4300.3 

3 5 6 0.3511 4589.2 25250.8 4300.3 

1 4 4 0.3576 1529.7 25535.5 2338.2 

1 4 5 0.3590 1529.7 25535.5 2338.2 

1 4 6 0.3604 1529.7 25535.5 2338.2 

2 5 4 0.3608 3059.4 26301.9 3828.5 

2 5 5 0.3644 3059.4 26711.9 4089.0 

2 5 6 0.3657 3059.4 26711.9 4089.0 

1 5 4 0.3769 1529.7 28269.9 3999.9 

1 5 5 0.3805 1529.7 28772.1 4328.2 

1 5 6 0.3818 1529.7 28772.1 4328.2 
 


