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Abstract

Vehicle to grid is an emerging technology that utilizes plug in hybrid electric vehicle batteries to
benefit electric utilities during times when the vehicle is parked and connected to the electric grid.
In its current form however, vehicle to grid implementation poses many challenges that may not
be easily overcome and many existing studies neglect critical aspects such as battery cost or driv-
ing profiles. The goal of this research is to ease some of these challenges by examining a vehicle to
grid scenario on a university campus, as an example of a commercial campus, based on time of use
electricity rates. An analysis of this scenario is conducted on a vehicle battery as well as a statio-
nary battery for comparison. It is found that vehicle to campus and a stationary battery both have
the potential to prove economical based on battery cost and electricity rates.
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1. Introduction

Plug in hybrid electric vehicles (PHEVs) are becoming more prevalent. Many studies seek to examine possible
services these vehicles may provide to electric utilities. In order to understand the implications of introducing
PHEVs to a distribution system, one must first define what constitutes classification of a PHEV. Hybrid electric
vehicles (HEVs) use both an internal combustion engine and an electric system usually consisting of a battery
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and a motor to meet the requirements of propulsion. A vehicle must meet the following three requirements
beyond those of a typical HEV in order to be classified as a PHEV by the IEEE [1].

1) A 4 kWh battery that is used for propulsion must be installed in the vehicle.

2) A connection to the electric grid must be present to recharge the battery.

3) A vehicle must be able to drive 10 or more miles solely using electric power.

Each PHEV used for the analysis presented in this paper meets these requirements with a battery capacity of
16.5 kWh and all electric range of 38 miles [2]. AC PHEV chargers are typically broken up into three categories.
These categories are listed in [3] and summarized in Table 1. Based on the charging stations recommended for
the PHEV used in this study by [4], only Levels 1 and 2 chargers are considered. A shorter charge time for the
PHEV used in this study is listed when a Level 2 charger is used [2]. It is assumed that most consumers will
choose the faster charge time if available, so a maximum charge/discharge rate is chosen to correspond to a
Level 2 charger.

One of the services that PHEV's may be able to provide to an electric utility is peak shaving through vehicle to
grid (V2G). In V2G, PHEV batteries are charged during off peak energy usage times and discharged during
peak energy usage. One method of implementing this type of scheme involves using time-of-use (TOU) rates.
TOU rates charge more for energy used during peak usage periods than for energy used during off peak usage
periods [5]. Using TOU rates in a V2G scheme, a PHEV owner would charge the vehicle battery during off peak
pricing periods and discharge the battery back to the electric grid during peak pricing periods.

V2G schemes typically require a communication network to be installed to allow utilities to communicate
with PHEV chargers. Also, adding PHEVs utilizing V2G to a radial distribution system that typically sees only
unidirectional power flows may create bidirectional power flows on the system. Both the additional communica-
tion network and bidirectional power flows lead to a high cost associated with V2G [6]. Furthermore, PHEVs
are only capable of supplying a small amount of power in comparison to the overall system load of a large utility.
Due to these factors, using PHEVs for peak shaving through V2G will likely face many challenges. Some exist-
ing studies attempt to conduct an economic analysis of V2G, however they either do not consider actual vehicle
driving cycle data, fail to include the costs of negative impacts on the battery, or are conducted on large scale
systems where the implementation of V2G is expected to be slow to gain traction [6]-[8]. Also, studies fail to
show the breakeven point for PHEV owners in terms of TOU rates.

This research aims to implement V2G on a university campus system or other large commercial campus,
henceforth referred to as V2C. This type of system will alleviate some of these concerns while still allowing the
potential for both the consumer and utility to benefit. In the system being studied, which is the Clemson Univer-
sity distribution system, the campus is seen as a large net consumer by the electric utility, similar to a large
commercial building. Therefore, a large number of vehicles can be connected before all of the campus loads
would be supplied by sources other than the electric utility. This would eliminate the issue of two way power
flows on the electric utility system caused by the campus or other large commercial building supplying power
back to the electric utility. Also, by using TOU rates, a decentralized method of control is used to command ve-
hicle charging and discharging in order to greatly reduce or eliminate the need for communication. The electric
utility also benefits through a reduction of load power drawn by the university campus during peak energy usage
times. The economic analysis on such a scheme is conducted to show at what point it becomes economically
beneficial for PHEV owners to participate. An economic comparison with stationary battery energy storage is
also conducted.

The structure of this paper is as follows: Section 2 contains details of spatial and temporal PHEV models used
for this study; Section 3 contains specifics of the vehicle to campus algorithm; Section 4 has details and the
results for the economic analysis; Section 5 shows the peak shaving impacts of the vehicle to campus algo-
rithm; and Section 6 contains the final conclusion of this paper. Notation may be found at the end of the

paper.

Table 1. PEV charging levels [3].

Charging Level Supply Voltage Maximum Current Real Power
1 120 V, 1 ph 12 A 1.44 kW
2 208 -240 V, 1 ph 32A 6.66 - 7.68 kW
3 208 - 600 V, 3 ph 400 A >7.68 kW
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2. Vehicle Spatial and Temporal Distributions

In order to complete an accurate analysis of V2C, the locations of PHEVs during different times of the day are
needed. Both temporal and spatial distributions of PHEVs must be determined. The spatial distribution is used to
determine how far a PHEV has traveled when it arrives on campus from home and how far it must travel to re-
turn home. The temporal distribution is used to determine what time PHEVs arrive on campus and what time
they leave to return home. In order to develop accurate distributions, data from the 2009 National Household
Travel Survey is used along with the distribution fitting command in MATLAB [9]. For the spatial distribution,
the responses to how far a worker’s job is from home are used. These responses correspond to the variable
DISTTOWK in [9]. Based on the responses, an exponential distribution with the probability density function
shown in Figure 1 is chosen for the distance driven between work and home. The average distance driven be-
tween work and home is determined to be 14.1 miles.

The times PHEVs arrive on campus as well as when they leave must also be approximated. For the temporal
distribution of when vehicles arrive on campus, the responses to the end time of all trips with the destination of
work are used. For the temporal distribution of when vehicles leave campus to return home, the responses cor-
responding to the start time of all trips with the destination of home are used. These responses correspond to the
variables ENDTIME, STRTTIME, and WHYTO for the arrival time, leaving time, and purpose of the trip, re-
spectively. Based on the responses, normal distributions with the probability density functions shown in Figure
2 are chosen for the arrival and departure times. The average arrival time of PHEVs on campus is determined to
be 9:07 am and the average departure time of PHEVs from campus is determined to be 3:23 pm.
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Figure 1. Spatial probability density function.
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Figure 2. Temporal probability density function.
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3. Vehicle to Campus Algorithm

In order to implement V2C, a decentralized algorithm is implemented. The algorithm requires the PHEV owner
to estimate how far the vehicle will be driven after departure from campus and also input the time the PHEV
will depart. The goal of the algorithm is to utilize V2C to supply as much energy as possible during the peak
pricing period while also maintaining enough charge upon departure that the distance input by the PHEV owner
can be traveled solely on electric power. The necessary state of charge (SOC) is calculated using the estimated
distance input by the user as well as the 98 MPGe and 16.5 kWh battery capacity given in [2]. Any charging ne-
cessary is performed during off peak pricing if possible. The only time on peak charging would occur is the case
where a vehicle is not connected long enough during off peak times to reach the necessary SOC required by the
PHEV owner.

The algorithm attempts to charge the PHEV as much as possible before the on peak period, limited by a
maximum charging rate of 7 kW, which is chosen based on a level 2 charger [3]. The algorithm also attempts to
discharge the PHEV as much as possible during on peak periods, limited by maintaining enough energy in the
battery at the time of departure and a maximum discharging rate of 7 kW. If the PHEV remains connected after
the peak period ends, off peak charging is also allowed during this time. An SOC operating range of 10% - §9.2%
is chosen based on 98 MPGe, 38 mile all electric range, and 16.5 kWh battery capacity [2]. An efficiency of 90%
is assumed for both charging and discharging operations [8]. Charging and discharging rates are reduced from 7
kW wherever possible such that the rate is the lowest that will allow completion of the energy transfer in the al-
lotted time.

For the economic analysis, it is assumed that the PHEV is driven the average of 14.1 miles to campus and arrives
at 9:07 am. It is also assumed that the vehicle will be driven the average of 14.1 miles from campus to home
upon departure at 3:23 pm. On peak pricing is assumed to start at 2:00 pm and to end at 8:00 pm [10]-[16].
Based on these parameters, the SOC profile of the PHEV battery while the vehicle is parked in campus is shown
in Figure 3. The blue line in Figure 3 represents the energy stored in the PHEV battery over time, starting at the
arrival time and ending at the departure time. The vertical red lines show the beginning and end of the on peak
pricing period.

4. Economic Analysis

In order to fully examine the economic analysis of a V2C scheme, a comparison with a stationary battery that
has the same capacity as the PHEV battery is conducted. The same SOC operating range and efficiency for the
PHEV battery are also assumed for the stationary battery. Figure 4 shows the energy stored in the stationary
battery throughout the day.
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Figure 3. Energy profile of the PHEV battery throughout the day while

parked on campus.
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Figure 4. Energy profile of the stationary battery throughout the day.

To produce a meaningful comparison for V2C operation, a baseline cost for operating a PHEV without V2C
must be considered. For the baseline, the cost of charging the PHEV only during off peak is considered. Also,
only the energy necessary to drive to work and make the return trip home is necessary to consider as no other
energy is depleted from the PHEV battery. Charging efficiency is also included in the calculation. The baseline
cost is calculated using Equation (1). For operation without V2C, there is no accelerated degradation of the bat-
tery, so no additional cost to compensate for that is necessary.

Costy, =(E, + E, ) *Rate,, (1)

Whenever V2C is employed, an accelerated degradation of the PHEV battery occurs compared to without
V2C due to the increased cycling of the battery. After repeated cycling, a battery loses some of its usable storage
capacity. For this study, a cycle life of 2500 cycles was chosen based on [2] [8]. This must be accounted for in
order to give PHEV owners an accurate estimate of whether or not it is economical to participate in V2C. This
cost is accounted for using Equation (2). This compensates the PHEV owner for a partial cycling of the battery
based on how much energy is discharged from the battery for V2C operations [8].

Cost, . E,

Cost, = C
ver  Ey

(@)

It is stated in [17] that the goal for battery price in PHEVs varies from $150 - $500 per kWh. For this study,
three different battery costs are studied including the two extremes and one halfway between these estimates.
These costs include $150 per kWh, which corresponds to a battery cost of $2475, $325 per kWh, which corres-
ponds to a battery cost of $5362.50, and $500 per kWh, which corresponds to a battery cost of $8250.

The total cost of energy exchange during V2C is given by Equation (3). The total savings that are seen from
using V2C are calculated using Equation (4).

Cost, = E * Rate,, — E,, * Rate,, 3)
Sav,,. = Costy, —(CostC + CostE) “)

The results are shown in Figure 5 for the three battery costs. The axes show the off peak price, the price dif-
ference between peak and off peak prices, and the total savings. In Figure 5(a), Figure 5(c), and Figure 5(e)
any points above the black surface represent an economic benefit from utilizing V2C while those below it
represent a loss of money through utilizing V2C. Figure 5(b), Figure 5(d), and Figure 5(f) give an overhead
view of these surfaces, where the magenta line represents the intersection with the black surface. All points
above the line represent an economic benefit from utilizing V2C while those below it represent a loss of money
through utilizing V2C.

It can be seen that as battery costs increase, the difference between peak and off peak price must increase in
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Figure 5. Break even analysis of vehicle to campus using the average cycle. (a) Battery cost—$2475; (b) Battery

cost—$2475—overhead view; (c) Battery cost—$5362.50; (d) Battery cost—$5362.50—overhead view; (e) Battery
cost—$8250; (f) Battery cost— $8250—overhead view.

order to realize an economic benefit from V2C. In all cases however, an economic benefit is possible if the dif-
ference between peak price and off peak price is large enough. It can also be seen that at the high off peak prices,
the difference between peak and off peak prices must be larger than the low off peak prices in order to see an
economic benefit. This is due to the charging and discharging efficiencies, both of which are below 100%. A
PHEYV owner may have to pay for energy losses, in which case this must be included in the analysis for accuracy.
At high off peak prices, the cost of energy losses is higher than during low off peak prices.

A similar economic analysis is conducted for a stationary battery. Figure 4 shows a stationary battery’s SOC
profile and the cycle compensation is again given by Equation (2). In this case however, ED represents the full
usable battery capacity, EB. For the stationary battery, the savings are calculated using Equation (5).

Savg, =—(Cost.. +Cost,) %)

The results of the economic analysis for the stationary battery can be found in Figure 6. Again, all points
above the black surface or magenta line represent an economic benefit from utilizing stationary storage while
those below represent a loss of money. It can be seen that the break even line for the PHEV battery and statio-
nary battery is the same. This is due to using the same battery parameters for both comparisons. However, the

amount of savings is different between the two analyses. This is due to the different charging and discharging
profiles of the PHEV and stationary batteries.
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Figure 6. Break even analysis of stationary battery to campus. (a) Battery cost—$2475; (b) Battery cost—$2475—over-
head view; (c) Battery cost—$5362.50; (d) Battery cost—$5362.50—overhead view; (e) Battery cost —$8250; (f) Bat-
tery cost—$8250—overhead view.

5. Peak Shaving Impacts

Based on the ability of V2C to prove profitable, it has been shown that V2C has the potential to benefit consum-
ers without impacting required driving behavior. This section focuses on showing the benefit of V2C to the
electric utility feeding campus. The V2C algorithm previously described works by charging PHEVs during off
peak rate times and discharging them during peak rate times. The peak rate times correspond to the peak load
values seen from campus loads. Figures 7-9 show the campus load profile on the 12.47 kV circuit for a spring,
summer, and winter day based on a base case simulation, respectively. These load profiles do not include V2C
or stationary battery energy storage. It can be seen that the peak load for the spring day occurs between 2 and 3
pm. For the summer day, the peak load also occurs between 2 and 3 pm. The winter day’s peak occurs between
12 and 1 pm. It can also be seen that the highest peak load occurs during the spring season.

In order to examine the impacts of adding PHEVs to the campus system while utilizing V2C, a total of 300
PHEVs are added in a total of 8 car parks around campus. The car parks are located based on currently available
parking lots on campus. Six of the car parks contain thirty PHEV charging stations each, while the other two
contain sixty PHEV charging stations each. The distance driven to campus, arrival time, and departure times are
all chosen using random variables corresponding to the distributions described previously, with the constraint
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that departure time must be later than arrival time. Arrival and departure times are rounded to the nearest minute.
Based on these parameters, the V2C algorithm is applied to each vehicle to determine the charge and discharge
rates. In order to examine the maximum effects of peak shaving due to PHEVs, it is assumed for this section that
the difference between on peak and off peak rates is high enough that V2C proves profitable. The charge and
discharge rates from the V2C algorithm are then applied to the 300 PHEVs. Due to the arrival and departure
times, not all PHEVs are present on campus during the peak rate period, meaning not all PHEVs participate in
peak shaving. Based on the temporal distributions however, it can be seen that the majority of PHEVSs that park
on campus regularly will be present during the beginning of the peak rate period, with the availability decreasing
as the time gets later.

Figures 10-12 show the campus 12.47 kV system load with PHEVs participating in V2C for a spring, sum-
mer, and winter day, respectively. It can be seen that the peak system load is reduced for both the spring and
summer cases. For the winter case, the load is reduced during the utility peak pricing period, however this does
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Figure 10. Clemson University 12.47 kV system load—spring-V2C.
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Figure 11. Clemson University 12.47 kV system load—summer-V2C.
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not overlap with the system peak load, so the peak is not reduced. Due to the use of PHEVs in a V2C campus
scenario, the electric utility providing electric power to campus can expect a significant reduction of campus
load during the peak pricing periods. By drawing less energy during peak rate periods, the campus will also save
money on the purchase of electricity.

In order to show the viability of using V2C as an acceptable source for peak shaving, a comparison with sta-
tionary battery energy storage is again conducted. In order to draw a meaningful comparison, each PHEV is re-
placed with an equivalent sized stationary battery of the same capacity at the same location. The profile of the
stationary battery energy is shown in Figure 4. The load profile for the campus with stationary energy storage is
shown in Figures 13-15 for a spring, summer, and winter day, respectively.
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Figure 12. Clemson University 12.47 kV system load—winter-V2C.
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Figure 14. Clemson University 12.47 kV system load—summer-stationary battery.
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Figure 15. Clemson University 12.47 kV system load—winter-stationary battery.

It can be seen that the peak shaving impacts of the stationary battery energy storage are similar to that of the
PHEVs using V2C. The main difference is that more peak shaving occurs with the stationary battery energy
storage than with PHEVs using V2C. This is especially apparent during the latter portion of the peak rate time.
This is due to the disconnection of PHEVs based on the temporal distributions and the minimum SOC require-
ment placed on individual PHEVs by the spatial distribution.

6. Conclusion

An economic analysis and peak shaving analysis for both V2C and stationary storage are conducted. It is shown
that V2C and stationary storage can both be cost effective and allow for peak shaving on a university campus.
The cost effectiveness and the amount of savings are dependent on the battery cost and electricity pricing during
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both on and off peak times. Under the V2C scenario, the PHEV owner is left with enough energy to travel a de-
sired distance solely under electric power while still participating in V2C. Implementation of V2C reduces the
load of the university campus, as seen by the electric utility, during peak usage times, thus benefiting the electric
utility without the concern of two way power flows occurring on the utility system. While a stationary battery
has the potential to save more than a PHEV battery, the break even point between the two is the same. Thus, uti-
lizing V2C will allow a university campus to achieve similar benefits without the initial high cost and space re-
quirements of a stationary battery.
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Notation

Costg: The cost of the battery;

Costp;: The baseline charging cost without V2C;

Costc: The compensation that is necessary for each instance of V2C;

Costg: The total energy cost;

Cycg: The number of cycles the battery is rated for;

Ep: The usable capacity of the battery;

E¢: The total energy supplied to the vehicle during charging including losses;
Ep: The total energy supplied from the vehicle to the campus, after losses are subtracted;
Ey: The energy used to home from work;

Eyw: The energy used to travel from home to work;

Rateqy: The price of electricity during off peak times;

Rateop,: The price of electricity during peak times;

Savsg: The amount of money saved using a stationary battery;

Savy,c: The amount of money saved using V2C.
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