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Abstract—The mass adoption of plug-in electric vehicles
(PEVs) requires the deployment of public charging stations.
Such facilities are expected to employ distributed generation and
storage units to reduce the stress on the grid and boost sustainable
transportation. While prior work has made considerable progress
in deriving insights for understanding the adverse impactsof
PEV chargings and how to alleviate them, a critical issue that
affects the accuracy is the lack of real world PEV data. As
the dynamics and pertinent design of such charging stations
heavily depend on actual customer demand profile, in this paper
we present and evaluate the data obtained from a17 node
charging network equipped with Level 2 chargers at a major
North American University campus. The data is recorded for
166 weeks starting from late 2011. The result indicates that
the majority of the customers use charging lots to extend their
driving ranges. Also, the demand profile shows that there is a
tremendous opportunity to employ solar generation to fuel the
vehicles as there is a correlation between the peak customer
demand and solar irradiation. Also, we provided a more detailed
data analysis and show how to use this information in designing
future sustainable charging facilities.

I. I NTRODUCTION

There has been a surge of interest in plug-in electric vehicles
(PEVs), as electric miles are cheaper and environmentally
friendly when compared to their gas-powered counterparts.
This motivation is further boosted by government policies
and regulations to support energy security and independence.
For instance, the State of California has set a goal of putting
1.5 million zero-emission vehicles on the road by year2025.
Therefore, PEV sales have risen tremendously [1]. In the last
five years more than300, 000 vehicles have been sold in the
U.S. and almost40% of the PEVs reside in California [2],
[3]. Therefore, such adoption rates have spurred the need to
deploy a robust network of public charging facilities.

Typically, PEV owners use garage charging with Level
1, 120 AC chargers during nighttime when there is unused
generation capacity. On the other hand, PEV owners living in
metropolitan areas may not have access to this option. Also,
the need for longer driving ranges requires the deployment of
public charging facilities. During the weekdays, PEV owners
can spend several hours parked at the workplace, school, or
while shopping. Hence, charging service at parking lots is
gaining popularity. A charging lot can be equipped with either

Level 2 single/three phase or fast DC charging technology [4].
On the other hand, incorporating these technologies translates
to major phase, additions to the existing power grid. For in-
stance under Level1 charging conditions each PEV represents
a load equivalent to50% of a house while under Level2
conditions PEV represents close to2.5 fold the equivalent
load.

The concern about the rapid adoption of PEVs by the
utilities is that they could have disruptive impacts on the power
grid. Excessive instantaneous demand can overload circuits,
increase distribution transformer losses, lead to harmonics dis-
tortion, voltage deviations, and thermal loading on distribution
system [5], [6]. Obviously, the extent of PEV impact depends
on the degree and regional density of their penetration, service
requirements and the time of the day they are charged.

For PEV adoption to occur seamlessly, the design and
operation of charging facilities are of paramount importance.
Corollary, there has been a growing body of literature on the
design of charging facilities [4], [7], [8] and efficient load man-
agement at them [9]–[12]. The station designs often consider
renewable generation (mostly solar power), energy storage,
and efficient charge rate control. For instance, the works in
[11] and [12] consider a parking lot charging facility equipped
with energy storage systems to smoothen the stochastic cus-
tomer demand. The studies in [4] and [8] provide a capacity
planning framework for large-scale charging facilities. Also,
utilities have started to deploy solar-powered charging stations
[13] and [14]. Moreover, the works in [9] and [10] propose
optimization frameworks for power flow.

However, the lack of real world data limits the applicability
of such studies in the US, while some work has been done
in Europe [15], [16]. Most of the studies have to rely on
simplifying assumptions, which may not be true. For instance,
the common assumption on PEV service/parking time is either
Gaussian or Exponential distribution, however, our results
indicate that real customer behavior is far from this two
assumptions. Also critical design problems such as resource
provisioning and sizing of storage and PV panels heavily
rely on the customer statistics, e.g., peak and spatiotemporal
demand, seasonal and diurnal variations, charging duration,
etc. Therefore, in this study we evaluate the data obtained from
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Fig. 1: Illustration of PEV charging lot.

Level2 chargers at a major North American University campus
for a period of166 weeks. To the best of our knowledge, this
paper presents one of the most comprehensive data in this field.
The main thrusts of this paper are to: (1) provide basic design
and capacity planning principles for charging stations equipped
with distributed generation and storage units; (2) analyzeand
present real-world PEV charging data on PEV charging; (3)
provide guidelines for how to use the measured information
to build the future sustainable charging facilities.

II. PEV CHARGING STATION DESIGNS

The design and architecture of sustainable charging facilities
should carefully address the potential negative impacts ofthe
concurrent PEV charging. The primary goal is to manage the
customer demand both in time and space so that the power
grid is not strained beyond its limits, and additional peaks
are prevented. An overview of the systems components is
presented in Fig.1. Next, we enumerate the design parameters
that enable effective demand control at PEV parking lots.

A. Renewable Energy

The recent studies conducted by Lawrence Berkeley Na-
tional Laboratory and National Renewable Energy Laboratory
reveal that the price of solar photovoltaic (PV) was reducedby
12% to 19% in 2013 and the trend continues to fall3%-12%
more by the end of2014 in the United States [17]. Moreover,
Department of Energy SunShot Initiative aims to reduce PV
integration cost75% by 2020 [18]. As the cost of photovoltaic
panels steadily drops and governments provide incentives,
solar generation can be used at parking lots to fuel PEVs. The
main advantage of using solar generation at Level2 parking
lots is that customers are typically parked and stationary for
3-5 hours during their daily activities. Due to long parking
durations, this method of charging has enough flexibility to
exploit solar generation, e.g., the effect of intermittencies
introduced by clouds, dust, etc. could be alleviated. Also,
since the electricity is generated and consumed locally, with
proper control techniques it eliminates the need for transferring
electricity from the far-off generator. This way the stress
on the grid is also reduced. Furthermore, solar electricityis
typically cheaper and cleaner than utility electricity power. For
instance, according to [13], the average cost per mile for solar
powered vehicles is $0.04, whereas the average cost for utility

0 

50 

100 

150 

200 

250 

300 

0
:0

0
 

1
:3

0
 

3
:0

0
 

4
:3

0
 

6
:0

0
 

7
:3

0
 

9
:0

0
 

1
0

:3
0

 

1
2

:0
0

 

1
3

:3
0

 

1
5

:0
0

 

1
6

:3
0

 

1
8

:0
0

 

1
9

:3
0

 

2
1

:0
0

 

2
2

:3
0

 

S
o

la
r 

P
V

 P
o

w
er

 O
u

tp
u

t 
(k

W
) 

One Year Average Solar Power at UC San Diego 

Mean 

First Quartile 

Third Quartile 

Fig. 2: Solar power generation at the University campus
parking deck (capacity of300kW).

electricity powered and gas powered are $0.06 and $0.20,
respectively.

The correlation between the seasonal customer demand
and the renewable generation should be carefully addressed.
For instance, one average solar PV power output of one
generation facility at UC San Diego is shown in Fig. 2. This
PV generation has300 kW-AC nominal capacity and is located
on one of the University parking deck. As it is clear, solar
generation has significant variation by presenting the first
and third quartiles, i.e.,25th percentile and75th percentile.
This profile shows that stand-alone solar charging may not be
practical. To aid the uncertainty, storage units and grid power
are used.

B. Energy Storage Systems (ESS)

Energy storage units are critical components as they aid in
smoothing customer demand and the integration of renewables.
Moreover, due to stochasticities involved, the local generation
may not perfectly align with customer demand. Storage units
can act as energy buffers and decouple the time of production
and demand by storing cheaper and cleaner off-peak hour
electricity and delivering it during the peak load periods to
handle the residual demand.

Considering their high acquisition, operation, and mainte-
nance costs, the optimal sizing of storage units is an important
design issue. Over-provisioning ESS size leads to under-
utilizing costly assets and under-provisioning it taxes operation
lifetime. Sizing storage units for DC fast charging stations is
addressed in [11] and [12], where authors model the charging
facility with a multi-dimensional Markov chain and solve
the storage size problem for the peak hour. Furthermore, in
[19] sizing problem is solved by Monte Carlo simulations.
Apparently, such studies could be improved by using data
of temporal customer load profile. For instance, the sizing
problem can be formulated in the following way. The station
can draw a constant power to serve some base load, and
the storage size could be determined to accommodate the
difference between the remaining customer demand and the
renewable generation. Another important aspect of storage
planning is to determine the required power rating parameter,
which depends on the statistics of customer charging rate,



energy demand, and the length of stay. For instance, a fast-
responding storage unit (e.g., supercapacitors, flywheels, etc.)
may be desired to overcome the problems introduced by short-
term variations in the solar generation.

System designers should also consider the physical size of
storage units as it may grow tremendously depending on the
application. To illustrate this point, assume that a storage unit
of size 64kWh of Maxwell BMOD0083P048 modules (each
has26.6Wh capacity) are chosen. Then the total volume of
the ESS would be24m3 for over2400 modules that would be
required for this application. This simple example depictshow
physical space can be problematic if the station is located in
regions with expensive real estate.

C. Capacity Planning

Capacity provisioning problem –determining how much
power to draw from the grid –is an important decision prob-
lem for sustainable charging facilities. The proper resource
provisioning depends on the customer demand profile and its
variability. For example, if the station resides over a relatively
well-confined region such as a university campus, then the
variability is probably lower than a larger region such as
stations located at shopping malls or interstate exchanges.
Hence, resource allocation problem of the first case is rel-
atively simpler than the second one. For instance, the work
presented in [8] proposes a capacity planning framework
for a campus size network composed of different charger
technologies (Level1, Level 2, DC fast etc.). They propose a
capacity planning framework to guarantee a certain quality
of service levels. However, since there is no measurement
study, this study assumes a sinusoidal demand function for
illustrative examples. Moreover, in most capacity planning
studies, resource provisioning is computed respect to peak
demand. On the other hand, the shape of the customer demand
and the peak-to-average demand ratio can affect important
design questions such as storage type, renewable portfolio,
etc. Hence, it is crucial to know the daily, weekly, and the
monthly demand profile.

Another key aspect of station planning is to determine
the number of physical chargers to be deployed at charging
facilities. The cost per Level2 charger hovers between $600 to
$1000, hence over-provisioning may be a costly option. The
works presented in [4], [8], [12] and [20] employ queuing
theory to model the charging stations. In such studies, the
number of physical chargers represents “servers” and the
operation principle investigates the case when some customers
do not get the charging service immediately if all of the
chargers are occupied. Hence, one of the goals is to investigate
the relation between waiting time and the number of chargers.
Then the design question is to find the optimal number of
chargers such that customers are provided with statistical
guarantees (no customer waits more than a target waiting
time). Queuing-based studies heavily rely on the assumptions
made on customer arrivals, departures, energy demand and the
population of PEVs. In the next section, we provide detailed
results of our data set.

TABLE I: Summary of PEV station design

Parameter Challenges Required Statistics

Solar -Decide PV size -Temporal customer load
-Forecast generation -Charging current ranges

ESS
-Power and energy rating -Customer demand profile
-Decide physical space -PV Output

Capacity
-Decide # of Chargers -Daily load profile
-Capacity planning -Arrival/Service stats.

D. Overview PEV Demand Control Techniques

As the population of PEVs increase, station operators may
need to apply control techniques to manage PEV demand.
The customer demand can be shaped by optimally setting;
(1) charging start time; (2) charging service location; and
(3) charging current. An overview of techniques is presented
in [5]. The impact and applicability of the control technique
depend on customer types. Forindividual customers who are
interested in maximizing their benefits, incentive-based frame-
works are applied to manage the spatiotemporal demand. On
the other hand, companies may havePEV fleets, who adhere to
the decisions of acentraldecision maker. Such entities can up
to a large extent decide charging current, service locationand
start time. This type of load is also considered asmanagable
load. For instance, the work presented in [11] manages a
hybrid population of both customer types to balance the load
among neighboring stations. The work in [12] offers incentives
to individualcustomers to convince them to receive the service
in a less congested station An overview is provided in Table
I.

III. PEV CHARGING MEASUREMENT

A. Charging Station Information

The chargers are physically located in parking lots at a
major North American University campus. All of the parking
lots employ Level2, 240 volt AC input chargers with SAE
J1772 connectors. Chargers can operate up to30 amperes and
can deliver6.5kW of electric power [21]. Energy and demand
metering employs ANSI 12.20 and IEC standards and the
communication network uses existing cellular networks.

In total, there are17 Level2 chargers deployed at9 different
parking lots. The charging nodes are located within a few
miles away from each other, and exact driving distances are
calculated with Google Maps and presented in Table II. It is
noteworthy that in most cases the driving distance is further
than the actual physical distance. From the design point of
view, this information is valuable because neighboring charg-
ing stations may be fed by the same distributed generation
units (e.g., solar arrays, wind), share the same storage device,
or connected to the same distribution transformer. Then the
chargers of charging stations reside in small well-confined
regions can be abstracted collectively as a super-station.For
instance, this may apply to Stations4 − 6, as the physical
distance is relatively short.

Among these9 places,2 of them, Stations2 and 8 are
dedicated to University vehicles. Hence, they continue to park



TABLE II: Driving distance (in miles) between the chargers.

From/To St. 1 St. 2 St. 3 St. 4 St. 5 St. 6 St. 7 St. 8 St. 9

St. 1 - 0.4 0.6 1 1.5 1 1.6 0.9 1.3
St. 2 0.4 - 0.3 1.4 1.3 0.7 1.3 0.2 0.2
St. 3 0.6 0.3 - 1.3 1.5 1 1 0.5 0.7
St. 4 1 1.4 1.3 - 0.3 0.3 2.3 1 1.4
St. 5 1.5 1.3 1.5 0.3 - 0.5 2.5 1.1 1.6
St. 6 1 0.7 1 0.3 0.5 - 2 0.6 1
St. 7 1.6 1.3 1 2.3 2.5 2 - 1.4 1.5
St. 8 0.9 0.2 0.5 1 1.1 0.6 1.4 - 0.5
St. 9 1.3 0.2 0.7 1.4 1.6 1 1.5 0.5 -

even after completion of the charge service. We refer to these
vehicles asPEV fleet. The remaining7 locations serve the
public, and we refer them asindividual customers. Detailed
charging station information is presented in Table III.

B. Data Set

Our data set contains more than6800 charge events col-
lected for166 weeks, starting from14 Nov. 2011 to 8 Jan.
2015. The collected data contains the following information
[22].

• Location nameand theaddress(street name, city, state,
zip code) of the charger. The chargers are at9 different
locations.

• Serial numberof the charger. This allows us to know the
exactly which charger is in use. As a future work, this
information can be used to conduct a study at a finer
granularity.

• Member guestis the unique identification number as-
signed to each customer. We identify1144 unique visits,
however, if the customer is not a member of the charger
network, a new ID number will be assigned for each visit.

• Connection and disconnection timeshows the arrival
and departure of each customer. The format is in
dd/mm/yyyy hh : mm : ss.

• Cumulative energyshows the amount of energy (in kWh)
stored at each charge service. This information is impor-
tant to learn the demand statistics of vehicles and it can be
used in simulation-based studies for larger scale charging
networks.

• Fee refers the cost for the charge service in $/kWh. The
fee depends on the location and the tariffs of the utility.
For instance, the rate of Level2 charging is$0.49 per
kWh in Southern California. However, the charging rate
in Seattle is10 cents cheaper. Furthermore, there can be
an additional cost in downtown areas related to parking
fees.

IV. A NALYSIS & RESULTS

We start our analysis by differentiating two different PEV
types individuals and PEV fleet. General public such as
students, faculty, employees, and visitors constitute thefirst
group, whereas the second group is composed of company
vehicles (shuttles, postal cars etc.). The rationale behind this

TABLE III: Detailed station information.

# of # of Service Dates Type
Chargers Completion

St. 1 3 1093 12/19/12-1/8/15 Public
St. 2 1 196 5/18/13-1/7/15 Public
St. 3 2 1182 9/14/12-1/8/15 Public
St. 4 1 838 12/2/11-1/8/15 Fleet
St. 5 1 147 7/4/13-1/8/15 Public
St. 6 1 121 5/21/13-1/6/15 Public
St. 7 2 1294 1/3/13-1/8/15 Public
St. 8 2 838 12/2/11-1/8/15 Fleet
St. 9 4 1111 11/15/11-1/8/15 Public

categorization is that since PEV fleets usually have certain
tasks, the demand for such vehicles can assumed to be manage-
able [11]. This can be done by optimally adjusting the charging
current and service duration, with respect to varying network
conditions. Thus, in most of our results are categorized as
individuals, fleets, andaggregated results.

Next, we present the distribution of energy demand of single
charging session for each customer case. The results depicted
in Fig. 3 shows that more than half of the customer demand
is within 0 − 8kWh and 90.1% of the total service request
is between0 − 16kWh. Considering the fact that mainstream
PEV packs range between16− 85kWh, we conclude that the
vast majority of the customers use parking lots to extend their
driving ranges. Furthermore, almost70% of the total energy
is transferred to individual PEVs. The findings reveal that
the system operator can manage the remaining30% of the
demand.

Obviously, these results may not be meaningful without
knowing the temporal customer behavior. Thus, in Fig. 4 we
evaluate the24 hours customer behavior. The results in Fig.
4(a) shows that the individual demand peak occurs between
10am to12pm, whereas the demand peak for company fleets
is around1pm. It is also noteworthy that the peak PEV fleets
demand may coincide with the peak demand of other electrical
loads. If this trend continues, fleet operators may need to shift
their usage to night time. From station design standpoint, this
information can be used to decide on how many physical
chargers to deploy in order to provide good Level of QoS,
as the number of vehicles increases the charging stations may
act aswaiting systems, and station operators could guarantee
to finish service within a target deadline. Moreover, charging
facilities are expected to employ solar panels and energy
storage units to aid the power grid operations. As given in
Section II-A, solar generation depends on daily and seasonal
variations. It can be seen that there is a correlation between
PEV demand and solar generation (depicted in Fig.2). This
means that solar energy has a great potential to provide
electricity during such hours. Another important parameter
is the seasonal customer demand; hence, we show the PEV
demand for each month of the year in Fig.5.

Next, we evaluate the daily customer demand. The results
depicted in Fig.6 shows that the service requests during the
weekdays constitute almost a flat profile. From the capacity
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(a) Hourly individual customer demand.
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(b) Hourly company PEV fleet demand.
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(c) Hourly aggregated demand.

Fig. 4: PEV hourly demand
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(b) Monthly company PEV fleet demand.
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(c) Monthly aggregated demand.

Fig. 5: PEV Monthly demand

planning standpoint, this is a desired behavior because less un-
certainty in customer demand will translate to higher resource
utilization, i.e., storage and solar usage. It is also noteworthy
that the customer demand during weekends is considerable
less than the weekdays. Station operator can store and sell the
energy back to the power grid. Also, some portion of the PEV
fleet load on Mondays could be served on Sundays to allow
more individual customers.

Our final evaluation is on customer demand over time. We
compute the number of PEV services from Nov.2011 to Nov.

2013 and the results depicted in Fig. 7 shows that as the
PEV adoption increases the need for charging service surges
accordingly. In fact,4 out of 9 charging locations are opened
after year2013. This data is extremely important to forecast
the customer demand and determine the required number of
charging nodes.

V. CONCLUSIONS& FUTURE WORK

In this paper, we have analyzed and presented the data
obtained from a Level2 charging network located in major
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(b) Daily company PEV fleet demand.
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Fig. 6: PEV daily demand
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Fig. 7: Weekly charging data. The number of service request
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North American University campus. As the future sustainable
charging facilities are expected to employ renewable genera-
tion and storage units, along with smart energy management
systems, we have provided detailed guidelines for charging
station design. As a future work, we are aiming to investigate
the potential usage of solar powered stations using the obtained
data.
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