(EvTES) g

NSF Industry/University Cooperative Research

The Role of PHEV/BEY in
Outage/Asset and Demand Side
Management

Final Project Report

Sponsored by NSF I/UCRC: Electric Vehicle

Transportation and Electricity Convergence (EV-TEC)



The Role of PHEV/BEYV in Outage/Asset
and Demand Side Management

Final Project Report

Project Team

Faculty:
Mladen Kezunovic, Project Leader
Texas A&M University

Students:

Qin Yan
Chengzong Pang
Bei Zhang
Texas A&M University

EV-TEC-1

April 2013



Information about this project
For information about this project contact:

Mladen Kezunovic

Ph.D., P.E. Eugene E. Webb Professor
Department of Electrical Engineering

Texas A&M University

College Station, TX 77843-3128

Phone: 979-845-7509  Fax: 979-845-9887
Email: kezunov(@ece.tamu.edu

NSF Industry/ University Cooperative Research: Electric Vehicle
Transportation and Electricity Convergence (EV-TEC) Center

The Electric Vehicle Transportation and Electricity Convergence (EV-TEC)
Center represents a joint effort by Texas A&M University, The University of
Texas at Austin, and the National Science Foundation with numerous
corporate and governmental agencies. More information about EV-TEC can
be found at the Center’s website: http://electricvehicletec.wordpress.com/

For additional information, contact:

EV-TEC

University of Texas at Austin
Center for Transportation Research
1616 Guadalupe, Suite 4.202
Austin, Texas, 78701

Phone: 512-232-3100

Fax: 512-232-3153

Notice Concerning Copyright Material

EV-TEC members are given permission to copy without fee all or part of
this publication for internal use if appropriate attribution is given to this
document as the source material.

© 2013 Texas A&M University. All rights reserved.



Acknowledgements

This is the final report for the Electric Vehicle Transportation and Electricity
Convergence (EV-TEC) research project T-40 titled “The Impact of
PHEV/BEV Charging on Utility Distribution System.”

We express our appreciation for the support provided by the Electric Vehicle
Transportation and Electricity Convergence (EV-TEC) members and by the
National Science Foundation under grant received under the Industry /
University Cooperative Research Center program.



Executive Summary

With the ever-increasing number of Plug-in Hybrid Electric Vehicles/
Battery Electric Vehicles (PHEVs/BEVs) on the road today, there is also an
increased demand for electricity used to charge these vehicles. As the
penetration of PHEVs/BEVs increases in the near future, the charging
behavior associated with these vehicles may have the potential to affect the
existing distribution systems.

PHEVs/BEVs provide two options when connected to the grid using a plug,
EVs can charge the battery using electricity from an electric power grid, also
referred to as “Grid-to-Vehicle” (G2V) mode, or discharge the power to the
electric power grid or a building during the peak load hours or outage time
intervals, also referred to as “Vehicle-to-Grid” (V2G) mode or “Vehicle-to-
Building” (V2B) mode. EVs are regarded as a “load” when operate in G2V
charging mode; while EVs are regarded as a supply source “generator” when
operate in V2B discharging mode.

This project investigates the potential impacts of PHEVs/BEVs on utility
distribution systems in different areas: asset management, demand side
management, outage management, etc. For each research area, this report
investigates the impact of PHEVs/BEVs considering both G2V mode and
V2B mode.

In the first part of the report, the development and the roles of PHEVs/
BEVs in both transportation and power systems are presented. The battery
performance of vehicles and requirements for a multi-level vehicle charging
infrastructure, especially the smart charging methods, are investigated. The
report also discusses the impact of charging vehicles from renewable energy
source, such as photovoltaics and wind.

In the second part of the report, the adoption models of PHEVs/BEVs are
discussed. Various implementation options and feasibility scenarios that
impact the power grid depending on the various adoption rates of electric
vehicles, different charging methods, time-of-charge (TOC), and driver’s
charging inclination are considered. Very specific scenarios resulting from
the drive cycles in a given community (for this report, a small college town)
are described. The battery State-of-Charge (SOC) simulations are provided
and the SoC properties are then used to estimate the availability of the
mobile battery to serve as either a load or supply source as needed to provide
benefits for the demand side management and outage management
programs.



The main part of the report focuses on three areas:

The first study aims to analyze the potential impact of EV charging on
distribution systems, especially the service lifetime of distribution
components at the residential level. The modeling and simulation for the
proposed scenarios of the impact of PHEVs/BEVs charging on distribution
transformers 1s developed. The results highlight that under several charging
scenarios the factors that indicate the negative influence on the transformers
are not negligible and appropriate control strategy is essential to alleviate the
impact on the service life of the distribution components.

The second study focuses on using the energy stored in the battery of
PHEVs/BEVs to support the local load during severe system loading, and
charging management the connected PHEVs/BEVs during the low load
valley of the day. A case study demonstrates how the daily load profile is
optimized by properly managing the charging/ discharging time and the
amount of power that is delivered from and to the electric vehicles parking
in the smart garage of the building.

The third study investigates the impact of PHEVsS/BEVs charging/
discharging on outage management of distribution systems. An outage is
typically caused by several unplanned events or a periodic detection, and
mitigation of such situation is a real concern for the utility. As dynamically
configurable (mobile) energy storage, electric vehicles could help restore the
supply service, leading to a lighter interruption of service to the customers.
Especially for the load of significant level, EVs could serve as an emergent
power supply.

This project aims to help utilities better understand the impact and improve
the distribution system planning and operation in order to adapt to the
additional demand. For the fleet aggregators/owners, better requirements for
fleet charging needs and deployment management strategies are obtained.
Metropolitan planning organizations are able to obtain more comprehensive
requirements for placing the charging infrastructure and selecting the type of
chargers.

As future work, this report recognizes that more accurate estimation of
market penetration rate of PHEVs/BEVs is beneficial. The models proposed
in this report for the smart garage can be improved upon to account for
uncertainty, modification of the model parameters from the survey results,
and addition of other potential revenue and cost components.
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1 Introduction

1.1 Problem Definition

Since the price of gasoline and the threat of global climate change have
rapidly increased in the recent years, the Electric Vehicles (EVs) technology
may become a sensible choice that can enhance energy security by reducing
the current dependency on oil-based fuels [1]. Moreover, Gasoline costs are
expected to increase further, eventually making EVs an economical
alternative choice for transportation [2]. Meanwhile, widespread adoption of
EVs will improve air quality and carbon footprint, since point source
pollution is easier to control than mobile source pollution [1]. This level of
control is essential for effective implementation of carbon cap-and-trade
markets, which may spur further innovation [2].

Beyond fuel costs and sustainability, the primary concern of the
transportation sector is congestion. In 2005, congestion was estimated to
cost the U.S. economy $78.2 billion in wasted time and fuel. If EV drivers
are given appropriate incentives (e.g., strategically placed energy exchange
stations) traveler behavior (e.g., choice of routing, departure time, and
destination) impacting congestion may be alleviated [1].

In addition, power system security and reliability are becoming more and
more challenging due to the increasing complexity of power system
operation as well as the growing demand of system customers [1, 3]. It is
well known that a large blackout can cause millions of dollars in loss and
thus maintaining power system security and reliability while meeting with
the challenge of increasing complexity and growing demand has become an
urgent task. If proper policy is in place, EVs may provide a promising
solution acting as mobile and decentralized storage that makes renewable
energy dispatchable [1, 3]. BEVs/PHEVs have large-capacity batteries and
an intelligent converter to connect to electric power grid. BEVs/PHEVs can
charge the battery using electricity from an electric power grid, also referred
to as “Grid-to-Vehicle” (G2V) operation, or discharge it to an electric power
grid during parking hours, also referred to as ‘“Vehicle-to-Grid” (V2G)
operation [4]. However, the realization of the concept of V2G is based on
the assumption of large-scale penetration of EVs, which is envisioned at a
10-15 year time horizon in the most optimistic scenarios. A near term
application of V2G, Vehicle-to-building (V2B) operation is used in this



project, which is defined as the option of exporting electrical power from a
vehicle battery into a building connected to the distribution system to
support local loads [3].

Moreover, a study conducted at University of California, Berkeley on EV
penetration forecasts that by 2030, 24% of the light vehicle fleet will be EVs
and will hold 65% of the new U.S. light vehicle sale [5]. This increasing
penetration of electric vehicles may create new peak load spikes in demand
if their charging is not controlled, and hence may have some impact on
power grid assets and operation [6]. The non-linearity of the EV battery
chargers will also have harmonic impacts on the power quality of the
distribution system. For example, the current harmonics that are produced by
EV battery chargers create additional loss in transformer, which is one of the
major components of the power system. Consequently, the transformer
temperature increases, thus reducing its lifetime significantly [7]. With more
and more EVs put into service as an inevitable trend, their potential impacts
on power grid should be closely investigated.

1.2 Project Scope

This project will investigate the potential impacts of PHEVs/BEVs on the
utility distribution system in different areas: asset management, demand side
management and outage management.

Asset Management: The increasing penetration of EVs will create
new load peaks which may exceed the transformer capacity and hence
reduce transformer life expectancy. The adoption of EVs will have a
significant impact on the asset in the distribution system and may increase
the cost of managing these assets. This project will closely investigate the
potential influence of PHEVs/BEVs on transformer’s life expectancy in
various scenarios.

Demand Side Management (DSM): EVs can be used as dynamically
configurable dispersed energy storage and DSM may be one of the benefits.
By cooperative activities between the utility and its customers to utilize
DSM, it will provide the benefits to the customer, utility, and society as a
whole. This project closely examines the potential influence of



PHEVs/BEVs, including load shifting and load shaving, depending on
various charging methods, TOC, and other circumstances.

Outage Management (OM): another important benefit of EVs as
dispersed energy storage is using the battery energy storage in BEVs/PHEVs
as an emergency back-up power for the commercial facility/building, which
increases the reliability of the power supply for that load. The batteries of
PHEVs/BEVs can be temporarily act as power source and provide energy to
the customers, mitigating the outage situations and helping to restore
service. This project will study the role of PHEVs/BEVs in OM and give a
restoration strategy under an outage circumstances.

This project will investigate various implementation options and study
feasibility scenarios that impact the power grid based on various adoption
rates of electric vehicles, different charging methods, TOC, and driver’s
charging behavior. The proposed scenarios consider a variety of realistic
circumstances and behavioral patterns for drivers of PHEVs/BEVs regarding
spatial and temporal aspects of vehicle charging. The impact of the use of
electric vehicles with faster charging requirements will also be discussed.

1.3 Goals and Objectives

This project aims to:
(1) Investigate the potential impacts of PHEVs/BEVs on utility distribution
system

This project will investigate the potential impacts of PHEVs/BEVs on the
utility distribution system in different areas including asset management,
DSM and OM. In this project, the impact of EV charging on distribution
transformers at the residential level is studied, especially EVs’ potential
influence on transformer life expectancy. The load shaving and shifting
effect 1s also investigated. The role of PHEVs/BEVs in outage management
is illustrated and a restoration strategy is provided.

(2)Helping utility companies improve power grid reliability, security and
safety

Knowing the potential impact of PHEVs/BEVs on distribution system,

utility companies can better operate their systems. For example, utility

companies can improve scheduling of maintenance and thus increase system



security and reliability. On the other hand, utility companies can provide
some incentives to affect EV drivers charging behavior in order to decrease
the charging of EVs on distribution components. Utility companies can also
regulate EV charging and discharging to alleviate system peak load, as well
as to provide a temporary power source during an outage. Utility companies
can work out better schemes and metrics to increase power grid reliability,
security and safety, leveraging the potential impact of PHEVs/BEVs
investigated in this project.

(3) Framing the problem in temporal and spatial (dynamic) terms

This project will investigate various implementation possibilities and study
feasibility scenarios that impact the power grid depending on: adoption rates
of electric vehicles, charging methods and TOC, and drivers charging
behavior, in order to model the problem from both temporal and spatial
dimensions. This will provide a more comprehensive view of the potential
influence of PHEVs/BEVs on the distribution system.

1.4 Organization of Report

This project report will be organized as follows. Chapter 2 presents some
background information including introduction of Distribution Systems
Management, impact of Electric Vehicles and research areas. In chapter 3,
simulation models such as Base Load Model and EV Load Model are
introduced. Chapters 4 to 6 illustrate in detail the impact of PHEV/BEVs on
Asset Management, Demand Side Management and Outage Management
during G2V and V2B modes respectively. A conclusion is given in chapter 7.
References, project publications and the appendix will be presented at the
end of this report.



2 Background

2.1 Introduction

With the increasing penetration of EVs, their impact on power infrastructure
is growing larger. With respect to transportation, while decreasing the
dependence of drivers on gasoline, EVs gradually alter driver behavior due
to their relatively short range, low speed and other specific characteristics.
Meanwhile, electric vehicles can have a huge impact on the existing power
system. If their charging behavior is scheduled properly, EVs can improve
power system reliability and help alleviate the growing conflict between the
rapidly increasing demand for electricity and the requirement of utilities to
control costs.

The deployment of electric vehicles closely interconnects the transportation
and power systems, because electric vehicles, besides transportation, may be
charged from the power system. Therefore, these two systems can interact
with each other through EVs. For example, the location of charging stations
may influence the behavior of drivers in deciding which routes to take.
These kinds of interactions may lead to some novel opportunities to solve
the on-going problems in the two systems.

Electric vehicles, as a form of environmentally friendly transportation, may
lead to the wider adoption of renewable energy sources such as wind, solar
and others. An EV fleet can act as energy storage when there is excess
renewable energy, while in case of energy shortage, the energy can be
returned to the grid. Electric vehicles can kind of make up for the
intermittent nature of some renewable sources and result in making full use
of them.

In the rest of this chapter, asset management, demand side management and
outage management will be introduced in detail. Then the impact of electric
vehicles will be discussed including their roles in the transportation and
power systems, their battery characteristics as well as charging infrastructure
and impact of charging from renewable energy resources. Finally, the
analysis of EVs’ G2V mode and V2G mode in asset management, demand
side management and outage management is illustrated.



2.2 Utility Distribution Systems Management

Electricity distribution is the final stage in the delivery of electricity to end-
users. A distribution system carries electricity from the transmission
system and delivers it to consumers. Typically, the network includes
medium-voltage power lines, substations and pole-mounted transformers,
low-voltage distribution wiring and sometimes meters.

Generally, the distribution system mentioned above may be operated by
several different distribution utilities. Those utilities own and operate
equipment and facilities for the distribution of electric energy, which is sold
to the general public and/or industrial consumers and collect bills from their
customers.

As electric energy is an essential part of the daily life, its optimal usage and
reliability is important. Running the distribution system reliably and securely
incurs significant management tasks. For example, there are hundreds of
thousands of apparatus in the distribution system, such as overhead lines,
transformers, switches and others, and utilities have to check the
equipment’s state and make a maintenance schedule to assure that
equipment is in good shape. The distribution management system, adopted
by utilities to improve the reliability and customer satisfaction, includes
functions such as network connectivity analysis, state estimation, load flow
applications and others. There are significant management tasks that need to
be resolved besides what is mentioned above; however, three aspects of
management, which are asset management, demand side management
(DSM) and outage management (OM) are the main focus of this project.

Asset Management can be defined as a systematic process of cost-effective
operation, maintenance and upgrading of electrical assets by combining
engineering practices and economic analysis with sound business practices.
Assets can be classified into two categories: primary plant assets, which
comprise overhead lines, power and instrument transformers, high and low
voltage switchgear and cables, and secondary plant assets, which include
telecommunications, power system protection relays, metering and control
infrastructure. Due to the deregulation of the electricity industry, the
challenge of the asset management has met with is how to manage at the
lowest maintenance and operating costs; maximize the life-span of existing
plant and equipment; invest in new technology, operate optimally with



reduced workforce, how to locally restructure the electricity industry both
effectively and efficiently, and to meet these constraints while enhancing
system reliability and efficiency [§].

Demand Side Management (DSM): For electric utilities, Demand Side
Management is defined as “the planning, implementation, and monitoring of
distribution network utility activities designed to influence customer use of
electricity in ways that will produce desired changes in the load shape,”
which includes peak clipping, valley filling, load shifting, strategic
conservation, strategic load growth, and flexible load shape [9]. There are
two components included in DSM: Energy Efficiency (EE) and Demand
Response (DR). EE is designed to reduce electricity consumption during all
hours of the year; DR is designed to change on-site demand for energy in
intervals and associated timing of electric demand by transmitting changes
in prices, load control signals or other incentives to end-users to reflect
existing production and delivery costs [10]. The utility and customer
cooperatively participating in DSM, provide the benefits to the customer, the
utility, and society as a whole, as summarized in Table 2.1 [11]. It is
implemented by changing on-site demand for energy in intervals and
associated timing of electric demand by transmitting changes in prices, load
control signals or other incentives to end-users in order to reflect existing
production and delivery costs.

Table 2.1 DSM Benefits to Customer, Utility and Society [11]

Customer benefits Societal benefits Utility benefits

Satisfy electricity Reduce environmental | Lower cost of

demands degradation service

Reduce / stabilize Improved operating
Conserve resources .

costs efficiency

Improve value of Protect global Flexibility of

service environment operation

Maintain/improve Maximize customer | Reduce capital

lifestyle welfare needs

Outage Management (OM): An outage is typically caused by several
unplanned events and a timely detection and mitigation of such situations is
critical for utility companies. An outage management system assists in the
power restoration process, and it can: 1) identify the location of fuses or
breakers that operate to interrupt a circuit or portion of a circuit; 2) translate



customer call patterns into specific problem locations requiring a response
by line crews; 3) prioritize restoration efforts and managing resources based
on defined criteria such as the size of outages and the locations of critical
facilities; 4) provide accurate information on the extent of outages and
number of customers affected; 5) assist with crew dispatching and tracking
[12]. Outage Management can be used to control the overwhelming
complexity of a major event, vastly increase the speed of trouble analysis,
and improve prioritization of outages and other priorities such as critical
facilities and life support customers. Meanwhile, better information can be
provided by OM to key stakeholders about the extent of outages, customers
affected, progress of restoration and the estimated restoration time.

2.3 Impact of Electric Vehicles

2.3.1 PHEV and BEVs Roles in Transportation and Power Systems

The impact of PHEVs/BEVs on transportation and power systems is
complex. The adoption of PHEVS/BEVs ties these two systems together. A
fundamental shift in the behavior of PHEV/BEV drivers can be caused by
the price of charging and discharging of the vehicles. If the pricing schemes
are developed with both the power and transportation systems in mind, then
PHEVs/BEVs could help mitigate problems plaguing the traffic network,
particularly congestion. Another crucial reason that will lead to PHEV/BEV
driver behavior change is the charging infrastructures, and their location and
how long it takes to charge the battery will probably affect driver’s route
planning.

Meanwhile, PHEVs/ BEVs can also contribute to the efficiency of the road
network. Vehicle miles traveled (VMT) has risen consistently since the
advent of the automobile, with dips when gasoline prices rise quickly. If the
transportation sector is shifted to an alternative fuel source, such as
electricity, with greater price stability, and especially if the source of the fuel
is renewable, then the willingness of vehicle use is expected to increase into
the foreseeable future.

Besides the role PHEVs and BEVs take in the transportation system, the
penetration of PHEVs and BEVs also brings about great opportunities, as
well as significant challenges, to the existing power grid. Charging of
PHEVs/BEVs will increase the demand of electricity, and if not properly



controlled, will increase the peak-valley difference and regional imbalance
which may result in overvoltage and over-current of the existing lines,
transformers and other equipment, and will reduce equipment utilization
rate. In addition, non-linearity and asymmetric of charging equipment will
increase the harmonic currents in the distribution network, resulting in three
phase imbalance and increasing of the neutral current. All of these issues
may reduce the reliability of power supply and power quality [13].

However, PHEVs/BEVs can also benefit power grid due to the controllable
nature of charging. The energy storage in PHEVs/BEVs’ batteries can be
used as emergency back-up power for the commercial facilities/buildings,
increasing the reliability of the power supply for that load. Furthermore, they
can work as distributed resources and power can be sent back to the utility
thereby smoothing the load curve, increasing backup capacity and improving
the reliability and security of the power system. PHEVs/BEVs can also
provide ancillary service (including spinning reserves and regulation) and
peak power. In the future, PHEVs/BEVs can support renewable energy in
emerging power markets [14].

2.3.2 EV Battery Characteristics and Charging Infrastructure

The performance of electric vehicles depends on battery performance to a
great extent. An electric vehicle battery (EVB) or traction battery can be
either a primary (e.g. metal-air) battery or a secondary rechargeable battery
used for propulsion of battery electric vehicles (BEVs). Electric vehicle
batteries differ from starting, lighting, and ignition (SLI) batteries because
they are designed to give power over sustained periods of time. Deep cycle
batteries are used instead of SLI batteries for these applications. Traction
batteries must be designed with a high ampere-hour capacity. Batteries for
electric vehicles are characterized by their relatively high power-to-weight
ratio, energy to weight ratio and energy density.

There are approximately 4 main types of batteries that have been used in
electric vehicles, which include the lead-acid, nickel metal hydride, zebra
and lithium 1on battery. Flooded lead-acid batteries are the cheapest and
most common traction batteries available consisting of two main types:
automobile engine starter batteries, and deep cycle batteries. Traditionally,
most electric vehicles have used lead-acid batteries due to their mature
technology, high availability, and low cost, but lead-acid batteries have



significantly lower energy density than petroleum fuels—in this case, 30—
40 Wh/kg. Nickel-metal hydride batteries have a higher energy density of
30-80 Wh/kg while being less efficient (60-70%) in charging and
discharging. Zebra batteries boast an energy density of 120Wh/kg and
reasonable series resistance, however, their downsides include poor power
density (<300 W/kg) and the requirement of having to heat the electrolyte to
about 270 °C (520 °F), which wastes some energy and presents difficulties
in long-term storage of charge. Lithium-ion batteries, widely known because
of their use in laptops and consumer electronics, dominate the most recent
group of EVs in development.

Lithium-ion batteries are expected to have an impressive energy density and
good power density, and 80% to 90% charge/discharge efficiency. Their
advantages include a wide variety of shapes and sizes efficiently fitting the
devices they power, significantly reduced weight, high open circuit voltage,
no memory effect and are environmentally safe. However, the cell’s capacity
is diminished and high charge levels and elevated temperatures further
hasten capacity loss. The internal resistance of standard lithium-ion batteries
is high and increases with both cycling and age. If overheated or
overcharged, lithium-ion batteries may cause thermal runway and cell
rupture. Despite the defects mentioned, lithium-ion batteries are still widely
used in electric vehicles and significant efforts are invested in making them
more useful in the future. Under the static state, the open circuit voltage V.
of a lithium ion battery is related to the SOC, and this relationship will not
change with a change in the external environment (such as temperature,
aging and other outside factors) [15].

Charging infrastructure availability can be used to reduce on-board energy
storage requirements and costs. Deploying charging infrastructure and
electric vehicle supply equipment (EVSE) is an important consideration
because of the many issues that need to be addressed: charging time,
distribution, extent, demand policies standardization of charging stations and
regulatory procedures. EV charge cords, charge stands (residential or
public), attachment plugs, power outlets, vehicle connectors, and protection
are major components of the EVSE [16].

An EV charging station will typically include following components:
* Over-current device for protection against overloads and short circuits;



* A contactor is used to switch power to the connector and keep the
connector's terminals de-energized when not plugged in;

* A controller that interfaces with a vehicle's on-board charging system
and provides ground fault protection, which may also have some power
metering capabilities;

* Displays and indicators on the exterior provide status and alarm
information, and guide the user through the operational sequence;

* A cable that connects the charging station to the charging receptacle
on the vehicle;

* The conductive connector that plugs into the vehicle [17].

There are three levels of charging:

1) Level 1 Charging: Level 1 charging is the slowest method. In the US,
Level 1 uses a standard120V/15A single-phase grounded outlet, such as
NEMA 5-15R. The connection may use a standard J1772 connector into the
EV’s ac port [17].

2) Level 2 Charging: Level 2 charging is the primary method for dedicated
private and public facilities. Existing Level 2 equipment offers charging
through 208V or 240V (at up to 80A, 19.2kW).

3) Level 3 Charging: Level 3 commercial fast charging can be installed in
highway rest areas and city refueling points, analogous to gas stations. It
typically operates with a 480 V or higher three-phase circuit [18] and
requires an off-board charger to provide regulated ac-dc conversion.

Some of the parameters can be seen in Table 2.1.

Table 2.2 Charging Power Levels [19]

Energy .
Charger . Expected Charging .
Power Level Types Location Typical Use Supply Power Level Time Vehicle Technology
Interface
Levellzi) (\(/)ap;p(olljtgl)n ity) On-board Charging at Convenience | 1.4kW (12A) 4-11 hours PHEVs (5-15kWh)
230 Vac (EU) 1-phase home or office outlet 1.9kW (20A) 11-36 hours EVs (16-50kWh)
Level 2 (Primary) K Charging at . 4kW (17A) 1-4 hours PHEVs (5-15kWh)
240 Vac (US) 1?)? foiﬁe private or D ‘Ed\‘/c;]f:ed 8kW (324) 2-6 hours EVs (16-30kWh)
400Vac (EU) P public outlets 19.2kW (80A) 2-3 hours EVs (3-50kWh)
Commercial .
Level 3 (Fast) Off-board Dedicated 50kW 0.4-1 hour )
(208-600 Vac) 3 phase analogous to a EVSE 100kW 02-05hour | EVS(20-50kWh)
filling station
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230 Vac (EU) 1-phase home or office outlet 1.9kW (20A) 11-36 hours EVs (16-50kWh)




Level 2 (Primary) K Charging at . 4kW (17A) 1-4 hours PHEVs (5-15kWh)
240 Vac (US) 1?)? foiﬁe private or D ‘Ed\‘/c;]f:ed 8kW (324) 2-6 hours EVs (16-30kWh)
400Vac (EU) P public outlets 19.2kW(80A) 2-3 hours EVs (3-50kWh)
Commercial .

Level 3 (Fast) Off-board Dedicated 50kW 0.4-1 hour

(208-600 Vac) 3 phase analogous to a EVSE 100kW 02-05hour | VS (20-50kWh)
filling station

According to the Electric Power Research Institute (EPRI) [20], most
electric vehicle owners are expected charge overnight at home. For this

reason, Level 1 and Level 2 charging equipment will be the primary options
[21].

2.3.3 Concepts of G2V/V2G and B2V/V2B

G2V: Grid-to-vehicle operation of importing electrical power from the
power grid to an electric vehicle to charge its battery.

B2V: Building-to-vehicle operation of importing electrical power from
the building to an electric vehicle to charge its battery.

Due to the development of power electronic technology, energy can not
only be injected from the power supply to an electric vehicle but also be fed
back from a vehicle to the grid, leading to the emergence of V2G.

V2G: Vehicle-to-grid operation which is defined as the option of
exporting electrical power from a vehicle battery to the electrical grid.

However, the realization of the concept of V2G is based on the
assumption of large-scale penetration of EVs, which is envisioned on a 10 to
15 year time horizon in the most optimistic scenarios. As a more near term
application of V2G, vehicle-to-building is deployed.

V2B: Vehicle-to-building (V2B) operation that is defined as the option
of exporting electrical power from a vehicle battery into a building
connected to the distribution system to support loads

2.3.4 Impact from Renewable Energy Source

It is reported that there are significant reductions in greenhouse gas (GHQG)
emissions from electric vehicles (EVs) compared to traditional vehicles [22].
However, EVs alone cannot solve the emission problem completely, since
they need electric power, the generation of which is another important
source of GHG emissions. As the number of EVs increases, their impact on
the power grid will be significant [23]. There are significant efforts in
obtaining electric energy from natural resources, such as wind, solar and
hydro, which can be naturally replenished or renewed. The use of renewable




energy sources for the production of electric energy can contribute
significantly to the reduction of GHG emissions, as well as the protection of
the environment from further degradation [24]. Therefore, EVs’ charging
from renewable energy sources can help reduce GHG emissions.

EVs can also help to make full use of the renewable energy. Since wind
speeds are higher and electricity demand is lower at night, it is possible to
offload excess generation via wind. As most EVs are charged at night, it
becomes possible to harness excess wind energy. Energy that would
otherwise have to be exported, typically at relatively low price, or even
wasted, can be utilized in this way [25].

Because of PHEV/BEV ability to discharge power back into the grid, the
PHEV fleet can act as energy storage when there is excess renewable
energy, while in case of energy shortage, the energy can be properly
returned to the grid. By properly charging and discharging the PHEV
batteries, PHEVs can act as a dispatchable energy storage system, balancing
the demand and supply as well as improving the system flexibility and
reliability. Moreover, PHEV/BEV batteries can help reduce the power
variation of renewable energy. The integration of PHEV can effectively
reduce the amount of energy to be generated by conventional thermal power

plants and as a result the overall energy generation cost can be significantly
reduced [26].

It can be observed from the above that EV charging from renewable sources
as well as their proper discharge can greatly facilitate the integration of
renewable sources into the power grid. However, due to the intermittent
nature of some renewable energy sources, charging from them can make a
negative impact on EV batteries. Frequent on/off switching and discharging
of EVs impact battery lifetime and cause harmonics into the distribution
network [27].

2.4 Research Areas



2.4.1 Asset Management

2.4.1.1 G2V Mode

With the growing penetration of various types of electrical vehicles (EVs)
such as PHEVs/ BEVs, more and more new load is created which may result
in greater potential effect on the existing distribution system caused by EV
charging, especially the service lifetime of distribution components such as
transmission lines, circuit breakers, transformers and other components.

Among different kinds of components, power transformer is one of the most
expensive components in a distribution network. The rapid increase in
charging from grid by EVs may lead to exceeding the transformer capacity.
Therefore, in a residence, owning an electric vehicle may signify a need to
upgrade the utility’s local transformer or lead to early replacement [28].
Reduction in transformer life expectancy will result in an increase of costs to
utilities and consumers. Hence, the reduction of transformer life becomes a
very important impact when extra load is taken into consideration [6].

2.4.1.2 V2B Mode

Through V2B mode, electric vehicles can act as power supplies to the
buildings connected to them. In doing so, EVs can decrease the energy that
buildings should extract from the distribution network at that moment. In
other words, EVs can lower the load to some extent when operating in V2B
Mode. This can mitigate the negative effect those loads have on distribution
system assets, especially when the demand is at its highest.

EV V2B and G2V are interrelated. This is because EVs are not actually
generators, and they need to extract energy from the grid before they can use
that energy to act as power supplies. Moreover, the energy one EV can
provide cannot exceed the energy that is stored at that time. On the other
hand, the amount of energy EVs discharge can affect how much energy they
should be extracted through the grid at a later time, which may have a
negative effect on grid assets.

In conclusion, a proper charging and discharging plan should be made in
order to lower the negative effect EVs have on system assets. In this project,
we will clearly illustrate the potential effect that EVs will have on



transformers during their charging and discharging at different times and
under various scenarios.

2.4.2 Demand Side Management

2.4.2.1 G2V Mode

Today’s power grids are deregulated for flexibility and connected to
numerous distributed energy resources (DERs) causing the grid to become
stressed and making security and reliability criteria complex. As a
consequence, Smart Grid deployment has been aggressively pursued with
sponsorship and involvement from government, businesses, utilities, and
other stakeholders. Demand side management (DSM) is an example of
various programs that utilities in North America are adopting in order to
meet the emerging requirements of the smart grid [29].

Besides preparing the energy provided to the grid in V2G mode in demand
side management, EVs’ G2V option can help reduce costs. The G2V option
can be used to charge electric vehicles at reduced cost when the power
system load is reduced and generation capacity is abundant [29]. Moreover,
EVs G2V mode can also help make full use of renewable energy sources.

2.4.2.2 V2B Mode

In DSM, V2B mode is most likely to be used when the demand from a
building reaches its peak load. By appropriate synergism of V2B and G2V,
electric vehicles are utilized for load shifting, shifting the load from one time
to another, and peak load shaving, decreasing the peak load.

Considering the electricity rate is lower when the vehicle batteries are
charged than when the batteries are discharged, the battery storage may be
used to offset high cost during the peak demand, thus helping utility and
users reduce costs further. In our project, load shifting and peak load shaving
will be illustrated in various scenarios, and the cost reduction verified.



2.4.3 Outage Management

2.4.3.1 G2V Mode

Outage management system helps the operators locate an outage, repair the
damage and restore service. During G2V mode, energy is extracted from the
grid into electric vehicles, so that EVs can provide energy to the system if a
contingency occurs. From this point of view, electric vehicles can be viewed
as energy storage.

When and where to charge electric vehicles greatly depends on the behavior
of drivers, such as the destination, time period EVs are used as an
transportation, and other similar related behaviors. The energy electric
vehicles get from the grid will decide how they can help the grid during the
outage.

2.4.3.2 V2B Mode

During V2B mode, electric vehicles can serve as emergency back-up power
for the commercial facility/building, increasing the reliability of the power
supply for that load and at the same time helping customers decrease their
loss during an outage. Outage management must be performed very quickly
to reduce outage time. During outage management, the following tasks are
involved: detection of a fault, estimation of the fault location, analysis of the
amount of energy required and the scheduling of the energy generation from
EVs optimally to minimize the operating costs [1].

In our project, value of EVs helping with outage management is illustrated,
and an example shows that EVs can serve as emergency power during the
outage and thus reducing the energy interruption and improving reliability of
the distribution system.



3 Simulation Models

3.1 Base Load Model

Typical load models in utility distribution system:
* Typical household;
* Metropolitan office area with parking garage;
* Park-and-ride and metro center areas;
* Food Supermarkets and Shopping center;
* A university, military facilities, a hospital, and a business park.

In this study, we analyze the load model of a typical household and the base
load is obtained from Electric Reliability Council of Texas [30]. Figure 3.1
demonstrates a 15-minute interval load demand profile of an individual
residential customer (average value) located in East Texas for different
seasons (a typical day for each season). Figure 3.2 is the daily peak load
profile of a residential customer through 2011. The red points indicate the
amount and the exact time of the peak load during a day. In general, the load
consumed in the summer is higher than the load consumed in the winter in
East Texas, where College Station is located. However, different from the
load profile obtained from “RELOAD Database Documentation and
Evaluation and Use in NEMS” [31], for some days in February, the peak
load happens in the early morning and is high. For instance, in 2009, the
peak load of the year happened in winter [30]. Hence, in some winter days
(e.g. Feb.11th), the load consumed in the early morning is higher than that in
the summer. For the purpose of fair analysis, the load consumption in
Feb.11" is added to Figure 3.1.
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Figure 3.1 15-minute interval data of average residential individual customer
in East Texas
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Figure 3.2 Daily peak load profile of a residential customer in East Texas

3.2 EV Load Assumptions

As PHEVs/BEVs are independently dispersed, probabilistic, load or
generation, there have to be some assumptions to make it possible to assess
the impact of large number of PHEVs/BEVs on the distribution grid.



In contrast to other researches that apply probabilistic method based on the
travel profile of vehicles from National Household Travel Survey, this study
considers the specifications of existing PHEV/BEV models, investigates the
real driving route in a small town, and estimates the SoC change for each
driving cycle. The EV scenarios are studied based on the future penetration
rate of PHEVs/BEVs, vehicle battery performance, multi-level vehicle
charging infrastructure, charging using renewable distributed energy
sources, etc. Various implementation options and feasibility scenarios that
impact power grid depending on the various adoption rates of electric
vehicles, different charging methods, TOC, and driver’s charging inclination
are considered.

Two electric vehicles are studied in this simulation: Chevy Volt and Nissan
Leaf. Table 3.1 shows the detailed specifications of these vehicles [32]. The
EPA estimation results of two representative auto models are employed in
this study (in Table 3.2).

Table 3.1 Specifications of Chevy Volt and Nissan Leaf

Model Weight Battery Gasoline Electric Vehicle | Aerodynamic
(Ib) (kWh) Engine for Motor rated Shape Drag
range extender power Factor Coefficient
Chevy 3,781 16 1.4 L 4- 149 hp; 273 N/A 0.29*
Volt cylinder 1b-ft
Nissan 1,521 24 N/A 110 hp; 210 N/A 0.28%*
Leaf 1b-ft
Table 3.2 EPA Estimation Results
Auto EV Battery Electricity Electric Charging
Model Type Size Consumption Range Time
Nissan EV 24 kWh 34 kWh/ 73 miles 7 hours
Leaf 100 miles (240 V)
Chevy EREV 16 kWh 36 kWh/ 35 miles 6-6.5 hours
Volt 100 miles (240 V)

3.2.1 Drive Cycles

In this study, university campus electricity needs are used for the estimation
of EV charging scenarios. Under two drivers’ categories, six different drive




cycle scenarios are defined by considering various temporal and spatial
properties:

For university faculty and staff drive cycles:

Drive cycle #1: Home — university parking lot (9.0 mile one way);
Figure 3.3 shows the details of this drive cycle.

Drive cycle #2: University parking lot — supermarket -home (9.2
mile one way); Figure 3.4 shows the details of this drive cycle.
Drive cycle #3: Home - university parking lot (22.5 mile one way);
Figure 3.5 shows the details of this drive cycle.

For university fleet drive cycles:

Drive cycle #4: Fleet drive cycle 1 (10 miles per day, charge
overnight). Figure 3.6 shows the details of this drive cycle.
Drive cycle #5: Fleet drive cycle 2 (20 miles per day, charge
overnight). Figure 3.7 shows the details of this drive cycle.
Drive cycle #6: Fleet drive cycle 3 (80 miles per day; charge
overnight; 0-30 mile drove in electricity; 40-80 mile drove in
gasoline). Figure 3.8 shows the details of this drive cycle.
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Figure 3.3 Drive cycle #1
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Figure 3.8 Drive cycle #7

The scenarios include individual vehicles and fleet; the distance for the drive
cycles covers from 9 miles for regular employee up to 80 miles for business
trip for fleet worker. Figure 3.9 shows an example of the drive cycle #2.



A:Work  B:Supermarket  C: Home

Figure 3.9 Example of studied drive cycle

3.2.2 Battery SOC Simulation

The electric vehicle battery SOC simulation can be realized by a new
generation of CAD tools which include the functions “Design”, “Simulation
for Performance”, “Graphs” and “Simulation with Drive Cycle and
Controller”, etc. Once the vehicle is simulated and its performance
characteristics are verified, it can be simulated on a drive cycle to specify the
battery specification. After choosing a drive cycle and a controller for the
engine or throttle angle and engine speed, one can run the simulation to
determine the battery SOC. The detailed method on how to simulate the EV
SOC can be found in reference [25].

In this study, the SOC for each battery during the drive cycle is simulated.
The simulation result could identify the remaining energy and the potential
charging demand for each battery in any point of interest from both temporal
and spatial views. In our study, two electric vehicles are selected for
demonstration of both G2V and V2B potential: Chevy Volt as the Plug-in
Electric Vehicle (PEV) model, and Nissan Leaf as BEV model. These two
electric vehicle models are applied in the SOC simulation. Leaf is not
applicable for drive cycle #6 due to its battery capacity.

Figure 3.10 shows an example of the SOC simulation for Chevy Volt with
drive cycle #1. SOC simulation for Nissan Leaf with drive cycle #2 is shown
in Figure 3.11.
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Figure 3.10 SOC simulation for Chevy Volt with drive cycle #1
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Figure 3.11 SOC simulation for Nissan Leaf with drive cycle #2

3.2.3 PHEV/BEVs Impact for G2V

Based on the drive cycles described in chapter 3.2.1, the specific driving
time for each cycle is calculated in Table 3.3. The driving time is used to
estimate the arrival time and charging start time when considering the
starting time of driving home at a specific time. In order to form a driving
circle to make the study more useful, we add another drive cycle #7, which
is the reverse biased of the driving route #3.



Table 3.3 Driving Time for each Driving Cycle

Individual Fleet Individual

Cycle1l | Cycle2 | Cycle3 | Cycle4 | Cycle5 | Cycle 6 Cycle 7

Route Home- | Work- | Home- | 10 miles | 20 miles | 80 miles Work-
Work | Shop- | Work | perday | perday | perday Shop-
Home Home

Driving 778 1723 1406 2932 4722 4536 2361
Time (s)

Driving 13 (15) | 29(30) | 23(30) | 49(50) | 79(80) | 76 (80) 39 (45)
Time (min)

Based on the SOC simulation results of each drive cycle and assuming
residential EV charging is at AC level 2, eight EV cases are defined in Table
3.4. Charging duration indicates the time required to fully charge the battery.
The cases differ in SOC, vehicle type, or charging duration. For instance,
case 1 differs from case 3 because case 1 vehicle charges only at home
whereas case 3 vehicle charges both at work and home. Hence case 1 vehicle
when reaching home has less SOC compared with case 3 vehicle.

Since the electric range of Chevy Volt is only 35 miles (from Table 3.2), the
EV case 5 (from Table 3.4) for Chevy Volt involving driving from home to
work for 22.5 miles and from work to home via supermarket for 22.7 miles,
while charging only at home, is not considered.

Table 3.4 EV Model Scenarios

. . Energy | Charging
Case V;hlc:e Daily Route il;:;tgil:f S(gs Needed Duration
yp o (kWh) (hour)
Home-Work
Chevy (9 miles) 2.457
! Volt Work-Shop-Home Home ok 6.552 (2.5)
(9.2 miles)
Home-Work
Nissan (9 miles) 1.805
2 Leaf Work-Shop-Home Home 742 6.188 (2.0)
(9.2 miles)
Home-Work
Chevy (9 miles) Home & 1.242
3 Volt Work-Shop-Home Work 73 3312 (1.25)
(9.2 miles)
Home-Work
Nissan (9 miles) Home & 0.912
4 Leaf Work-Shop-Home Work 87 3128 (1.0)
(9.2 miles)
Home-Work
Chevy (22.5 miles)
3 Volt Work-Shop-Home Home X X X
(22.7 miles)




. . Energy | Charging
Case V;hlc:e Daily Route il;:;tgil:f S(gs Needed Duration
yp o (kWh) (hour)
Home-Work
Nissan (22.5 miles) 4.482
6 Leaf Work-Shop-Home Home 36 15.368 4.5)
(22.7 miles)
Home-Work Home
7 Chevy (22.5 miles) & 48.9 3.172 3.065
Volt Work-Shop-Home Work (3.0)
(22.7 miles)
Home-Work Home
3 Nissan (22.5 miles) & 678 7718 295
Leaf Work-Shop-Home Work
(22.7 miles)

Based on different start of charging time, three charging assumptions are
defined: charging on arriving home, charging at 1 am, and charging at
distributed timing. Generally speaking, the peak load of a day happens at
early evening (see Figure 3.2). Thus, without any power management and
charge distribution, charging on arriving (starting the drive back at 5 pm and
charging on arrival) may be the worst case of EV penetration [33]. Usually,
it is recommended to charge electric vehicles at midnight since the load
consumption is low then and it may avoid increasing the existing load peak
of the day. Moreover, the impact of EV charging with a controlled charging
strategy (e.g. distributed charging through a day) will be analyzed. For each
charging assumption, four charging scenarios are analyzed. In this study, in
order to analyze the impact of PHEVs/BEVs charging on distribution
systems in a residential level, we assume that the distribution transformer
serves 14 residential households and 4 scenarios are proposed (in Table 3.5):

Scenario 1 includes 7 electric vehicles (corresponding to EV cases in Table
3.4), only considering driving to and from work via supermarket. Scenario 2
includes 14 electric vehicles (considering each case in Table 3.4 twice).
Scenario 3 includes 7 electric vehicles, with zero charge at the beginning of
charging. Scenario 4 includes 14 electric vehicles, with zero charge before
charging starts.

Table 3.5 Charging Scenarios

Scenario Vehicle Usage
Quantity
1 7 Limited to
Home-Work-Shop-Home
) 14 Limited to
Home-Work-Shop-Home
3 7 Charge depleted on




Scenario Vehicle Usage
Quantity
arriving home
Charge depleted on
4 14 o
arriving home

The vehicle charging time duration for charging on arriving home is
displayed in Table 3.6. The vehicle charging time duration for charging at
1:00 am is displayed in Table 3.7.

The SOC, energy needed, and charging duration in Table 3.4 which indicate
limited usage of electric vehicles are used in scenarios 1 and 2. For charging
on arriving home, the charging start time is defined based on the driving
time in Table 3.3 by assuming people start driving home from their
workplace at 5 pm and charge on arriving home.

Table 3.6 Vehicle Charging Time Duration for
Charging on arriving home

Vehicle Scenario 1&2 Scenario 3&4
Charging Start | Charging End | Charging Start | Charging End
Time Time Time Time
1 Volt 17: 30 20:00 17:30 23:30
2 Leaf 17:30 19:30 17:30 0:30
3 Volt 17:30 18:45 17:30 23:30
4 Leaf 17:30 18:30 17:30 0:30
5 Leaf 17:45 22:15 17:45 0:45
6 Volt 17:45 20:45 17:45 23:45
7 Leaf 17:45 20:00 17:45 0:45

The EV load models for the four charging scenarios based on charging upon
arriving home are shown in Figure 3.12, which will be added to everyday
base load data. Taking both base load demand and PHEVs/BEVs penetration
into consideration, the daily total load in one typical day per season for
scenarios 1 to 4 with EV charging on arriving home is shown in Figure 3.13-
3.16. Figures 3.17-3.19 show the total load of a specific day for charging on
arriving, charging at 1 am, and charging at distributed timing.
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Figure 3.12 EV consumption for four charging scenarios

kW Load with EV charging on arriving home - Scenario 1
90
85 :
80 e====Winter (Jan.1st)
75 === Spring (Mar.1st)
gg “Summer (Aug.18th)
e===Fall (Nov.1st)

Figure 3.13 Load profile with EV charging on arriving - Scenario 1
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Figure 3.14 Load profile with EV charging on arriving - Scenario 2
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Figure 3.15 Load profile with EV charging on arriving - Scenario 3
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Figure 3.16 Load profile with EV charging on arriving- Scenario 4

Table 3.7 Vehicle Charging Time Duration for

Charging at 1:00 am

Vehicle Scenario 1&2 Scenario 3&4
Charging Start | Charging End | Charging Start | Charging End

Time Time Time Time
1 Volt 1:00 3:30 1:00 7:00
2 Leaf 1:00 3:00 1:00 8:00
3 Volt 1:00 2:15 1:00 7:00
4 Leaf 1:00 2:00 1:00 8:00
5 Leaf 1:00 5:30 1:00 8:00
6 Volt 1:00 4:00 1:00 7:00
7 Leaf 1:00 3:15 1:00 8:00
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3.2.4 PHEV/BEVs Impact for V2B

As a battery that behaves as movable energy storage, an electric vehicle has
the potential to either charge via G2V acting as a “load” (as discussed
above), or discharge via V2G acting as a “generator”. In order to make use
of the energy storage in PHEVs/BEVs battery, if the EV has extra amount of
energy when staying at a place, either home or parking lot of working place,
it can participate in delivering power back to the grid.

However, the realization of the concept of V2G is based on the assumption
of large-scale penetration of EVs, which is envisioned on a 10-15 year time
horizon in the most optimistic scenarios. As a more near term application of
V2@, Vehicle-to-building (V2B) operation is used in this project, which is
defined as the option of exporting electrical power from a vehicle battery
into a building connected to the distribution system to support loads.

To make use of the energy stored in EV batteries to the full extent, EV could
provide its battery storage with exactly as much energy as is needed to drive
the rest of journey, with some extra amount considering the maximum
depth-of-discharge of the EV battery. It is reported as 80% in [34]. It
requires that the power transfer for EVs should confirm that they finish their
travel with 20% SOC remaining. Considering this constraint, Table 3.8
summarizes the EV capabilities in V2B mode. For vehicle 1,2 and 5, the
energy needed to be fully charged is null, because the vehicle is assumed to



be only charged at home and will not be charged at the parking lot in their

working place.

Table 3.8 EV Model Scenarios

Vehicle Daily Route Charging V2B Capability (kW)
Location Lower Energy Capability to | Capability to
Boundary needed to be Discharge Discharge
(before fully charged (fully (not fully
leaving) charged) charged)
1 Volt Home-Work (9 miles)
Work-Shop-Home Home 6.512 X 6.248 6.248
(16) ;
(9.2 miles)
2 Leaf Home-Work (9 miles)
Work-Shop-Home Home 7.928 X 13.012 13.012
(24) ;
(9.2 miles)
Home-Work (9 miles)
It
3 Yo Work-Shop-Home | Home& | g 51 3.24 9.488 6.248
(16) . Work
(9.2 miles)
Home-Work (9 miles)
4 Leaf Work-Shop-Home Home & 5 9)g 3.06 16.072 13.012
(24) . Work
(9.2 miles)
5 Leaf Home-Work (22.5 miles)
Work-Shop-Home Home 12.518 X 3.832 3.832
(24) ;
(22.7 miles)
6 Volt Home-Work (22.5 miles) Home
(16) Work-Shop-Home & 11.372 8.1 4.628 X
(22.7 miles) Work
7 Leaf Home-Work (22.5 miles) Home
(24) Work-Shop-Home & 12.518 7.65 11.482 3.832
(22.7 miles) Work
Total 22.05 64.762 46.184




4 Asset Management

4.1 Introduction

With the growing penetration of various types of electric vehicles (EVs)
such as Plug-in Hybrid Vehicles/ Battery Electric Vehicles (PHEVs/ BEVs),
charging has the potential to affect the existing distribution system,
especially the service lifetime of distribution components. This study of the
impact of EV charging on asset management aims at analyzing the potential
impact of EV charging on distribution transformers at residential level.
Based on the load consumption in East Texas and different assumptions of
EV charging scenarios, the impact is demonstrated and compared on
monthly basis.

4.2 Current Research

To analyze the impact of electric vehicle (EV) penetration on transformers,
three models are required: base load model, non-base load (electric vehicle
load) model, and transformer model.

Non-EV loads are obtained from different sources. Since there are no actual
data for the distribution of electric vehicle chargers, EV models are based on
assumptions of charging scenarios with different charging start times and
different penetration rates, or in some cases statistical methods are used to
build models. To analyze the impact on distribution transformers, different
factors are used to evaluate and compare the impacts. In [35], published in
2012, a probabilistic model for vehicle arriving time and charge left on
arrival is developed. In [36] from 2012, both loss and thermal models of
transformer and analyzed load loss due to current harmonics are considered.
The importance of ambient temperatures to the impact on transformer aging
was illustrated in [37]. In this study, the authors combined single residence
hourly load from the RELOAD database and travel demand data from the
National Household Transportation Survey for EV demand, but they applied
the same daily base load repeatedly to 365 days of a year. Work in [3§]
analyzed the impact over a year under different charging scenarios, i.e.
simultaneous charging, staggered charging, and proportional charging. A
Monte-Carlo scheme simulated each day of the year, evaluating 100 load



scenarios, in [39]. In these papers, however, the results for four seasons were
not separately discussed.

4.3 Transformer Model

Power transformers are one of the most expensive components in a
distribution network. With the increasing penetration of electric vehicles,
new load peak may be created, which may exceed the transformer capacity.
Therefore, in a residential house, owning an electric vehicle may mean a
need to upgrade the utility’s local transformer or lead to early replacement
[40]. Reduction in transformer life expectancy will result in an increase of
costs to utilities and consumers. Hence, reduced transformer life becomes a
very important impact when extra load is taken into consideration.
According to the latest IEEE guide, the relationship between insulation life
and transformer life still remains a question. However, percentage loss of
total insulation life is usually used to evaluate transformer's aging [41].

1) Correlation between load and ambient temperature: Ambient temperature
1s an important factor in determining the load capacity of a transformer since
the temperature increase from loading should be added to the ambient
temperature to determine operating temperature [41].

eH == eA + AGTO + AGH (1)

where 0y 1s the winding hottest-spot temperature which is used to calculate
LOL factor. 84 is the average ambient temperature. The average temperature
(in Figure 4.1) used in this paper is the actual data obtained from Weather
Channel website [42]. ABtq is the top-oil rise over ambient temperature,
ABy is the winding hottest-spot rise over top-oil temperature.
* Positive correlation: The electric cooling load is dominant in summer.
Higher temperature will lead to more power consumption, and thus
will result in higher temperature rise.

* Negative correlation: The temperature is lower in winter. If the
temperature decreases, the electric heating will increase accordingly.

Therefore, generally, the positive correlation provides more severe
transformer duty than the negative one.

2)  Aging acceleration factor and percent LOL:



The aging acceleration factor is a function of ambient temperature,
transformer loading, and certain specific transformer parameters. Loss of life
(LOL) is the equivalent aging in hours over a time period times 100 divided
by the total normal insulation life in hours at the reference hottest-spot
temperature. Normal insulation life for a transformer is the expected lifetime
when operated with a continuous hot-spot temperature of 110°C, which is
180,000 hours in this report. Table 4.1 shows the specifications used for the
transformer’s loss of life calculation [41].

Procedure for calculating the thermal factors:
a) Hottest-spot temperature

b) Aging acceleration factor for every 15 min
15000 15000

Fpp = el 383 T Bp+273 (2)

c) Equivalent aging factor for each month

Egz FAA,nAtn
L T )

d) Annual average factor and the corresponding percent loss of insulation
life

. FE A*t*lOO
%Loss of life = Q

(4)

Normal insulation life

Table 4.1 Distribution Transformer Properties

Symbol Property Units
R Ratio of load loss at rated
load to no-load losses
Tro Oil time constant hr
Tw Winding time constant min
Top-oil temperature rise o
Abro.r at rated load ¢
B, & Winding hottest-spot rise oC
' at rated load
n Empirically derived
exponent
m Empirically derived
exponent
AB1o(t) Time variable Top-oil rise




Symbol Property Units

Top-oil rise over

Ab7ro ambient temperature
Time variable winding
A6y (1) hottest-spot rise
Winding hottest-spot rise
7B,

over top-oil
Normal insulation life hr
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Figure 4.1 Average Temperatures in CS

4.4 PHEV/BEVs Impact for G2V

4.4.1 Case Study

Results of the transformer aging acceleration factor and LOL according to
different EV charging duration assumptions are tabulated in Table 4.2 - 4.4.
Table 4.5 and 4.6 summarize the results of transformer thermal factors for
scenario 2 and 4. The actual load data for every 15 minutes through a year
are used. The original column in these tables refers to the scenario with no
EV charging.

Table 4.2 and Figure 4.2 indicate that when charging upon arrival, scenario 4,
which has the highest penetration ratio of EV and requires the most
electricity, has much higher aging acceleration factor and LOL. And for
scenario 2, as shown in Table 4.5 and Figure 4.3, charging upon arrival



home significantly increases LOL factor, while controlled EV charging will
help reduce transformer’s LOL.

Figures 4.2 and 4.3 indicate that under the same TOC, higher penetration
rate of electric vehicles will significantly increase transformers’ LOL factor.
With higher penetration rate, the rise of usage ratio will exert even more
influence on transformers; under the same penetration rates of electric
vehicles, charging at midnight will considerably decrease the LOL factor,
while distributed charging through the day will help to almost eliminate the
impact of EV charging on distribution transformers.

MATLAB Calculation Results
Comparison of different EV load profiles

Table 4.2 FEQA and LOL (Charging on arriving home at 17:00)

Charging on arriving home
Month Original Scenario 1 Scenario 2 Scenario 3 | Scenario 4
Base 7 EVs 14 EVs 7 EVs 14 EVs
Load limited usage | limited usage | used up used up
Jan FEQ 1 | 0.00012 | 0.000656001 0.07159051 0.00395 0.785033
Feb FEQ 2 | 0.00057 | 0.003170772 | 0.371508534 | 0.01242 | 2.377044
Mar | FEQ 3 | 1.87E-05 7.22E-05 0.004055195 | 0.00026 | 0.028636
Apr | FEQ 4 | 5.62E-05 | 0.000435246 | 0.034266041 0.00165 0.219824
May | FEQ 5 | 0.00021 | 0.002435629 | 0.193921672 | 0.00908 1.180658
Jun FEQ 6 | 0.00271 0.07178254 | 6.687780944 | 0.19938 | 26.33804
Jul FEQ 7 | 0.00468 | 0.137312708 13.0469306 0.33493 42.80368
Aug | FEQ 8 | 0.01597 0.65518598 | 61.58196382 1.31226 158.4035
Sep FEQ 9 | 0.00121 | 0.036911196 | 3.696015389 | 0.08009 10.38140
Oct | FEQ 10 | 5.21E-05 | 0.000323955 | 0.023527333 | 0.00093 0.103050
Nov | FEQ 11 | 2.29E-05 9.57E-05 0.006350174 | 0.00035 0.046522
Dec | FEQ 12 | 3.99E-05 | 0.000323794 | 0.038598485 | 0.00134 | 0.249521
Year | FEQA 0.0021 0.0757 7.1464 0.1631 20.2431
Year LOL 0.0104 0.3685 34.779 0.7935 98.5163




Table 4.3 FEQA and LOL (Charging at 1:00 am)

Charging at 1:00 am

Month Original Scenario 1 Scenario 2 Scenari3 | Scenario 4
Base 7 EVs 14 EVs 7 EVs 14 EVs
Load limited usage | limited usage | used up used up
Jan FEQ_1 | 0.00012 | 0.000295169 | 0.025792369 | 0.00790 1.357234
Feb FEQ_2 | 0.00057 | 0.001921451 | 0.209222367 | 0.05305 8.422275
Mar | FEQ 3 | 1.87E-05 3.25E-05 0.000904085 | 0.00011 0.008801
Apr | FEQ 4 | 5.62E-05 | 0.000104157 | 0.003622759 | 0.00021 0.013729
May | FEQ 5 | 0.00021 0.000371221 | 0.012330376 | 0.00067 | 0.039392
Jun FEQ_6 | 0.00271 0.004154425 | 0.138516091 | 0.00576 | 0.320498
Jul FEQ_7 | 0.00468 | 0.007211703 | 0.248389151 | 0.00989 | 0.557542
Aug | FEQ_ 8 | 0.01597 | 0.020864437 | 0.502131821 | 0.02570 1.090655
Sep FEQ 9 | 0.00121 0.00174329 | 0.049384141 | 0.00243 | 0.122107
Oct | FEQ 10 | 5.21E-05 8.05E-05 0.001648625 | 0.00017 | 0.008600
Nov | FEQ 11 | 2.29E-05 4.24E-05 0.001551785 | 0.00028 | 0.037412
Dec | FEQ 12 | 3.99E-05 1.00E-04 0.007627097 | 0.00144 | 0.242704
Year | FEQA 0.0021 0.0031 0.1001 0.009 1.0184
Year LOL 0.0104 0.015 0.4871 0.0436 4.9563
Table 4.4 FEQA and LOL (Distributed Charging)
Distributed Charging
Month Original Scenario 1 Scenario 2 Scenario3 | Scenario4
Base 7EVs 14 EVs 7EVs 14 EVs
Load limited usage | limited usage | used up used up
Jan FEQ_1 | 0.00012 | 0.000288068 | 0.001326048 | 0.000540 | 0.002730
Feb FEQ_2 | 0.00057 | 0.001713652 | 0.009611669 | 0.002878 | 0.015482
Mar | FEQ 3 | 1.87E-05 2.48E-05 5.25E-05 3.98E-05 | 0.000109
Apr | FEQ 4 | 5.62E-05 7.01E-05 0.000136859 | 0.000140 | 0.000446
May | FEQ 5 | 0.00021 | 0.000252078 | 0.000453272 | 0.000605 | 0.002139
Jun FEQ_6 | 0.00271 | 0.002967073 | 0.004436225 | 0.009762 | 0.040787
Jul FEQ_7 | 0.00468 | 0.005099706 | 0.007581828 | 0.016788 | 0.069685
Aug | FEQ 8 | 0.01597 | 0.016727588 | 0.021383178 | 0.060982 | 0.263961
Sep FEQ 9 | 0.00121 | 0.001309711 | 0.001886034 | 0.004150 | 0.016797
Oct | FEQ 10 | 5.21E-05 6.27E-05 0.000107605 | 0.000113 | 0.000313
Nov | FEQ 11 | 2.29E-05 3.43E-05 9.20E-05 5.56E-05 | 0.000176
Dec | FEQ 12 | 3.99E-05 7.84E-05 0.000315974 | 0.000146 | 0.000646




Year | FEQA 0.0021 0.0024 0.0039 0.008 0.0344

Year LOL 0.0104 0.0116 0.0192 0.039 0.1676

Monthly FEQ (Charging on arriving)
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Figure 4.2 Monthly FEQ results for Charging on arriving
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Figure 4.3 Monthly FEQ results for Scenario 2

Table 4.5 FEQA and LOL (Scenario 2)

Scenario 2
Original Charging on arriving Charging at Distributed
at 5:00 pm 1:00 am Charging
FEQA 0.0021 7.1464 0.1001 0.0039
LOL 0.0104 34.779 0.4871 0.0192




Table 4.6 FEQA and LOL (Scenario 4)

Month Original Scenario 4

Base Charging on Charging at | Distributed Charging

Load arriving at 5:00 pm 1:00 am
Jan FEQ_1 | 0.00012 0.785033269 1.357234351 0.002729806
Feb FEQ_2 | 0.00057 2.377044296 8.42227509 0.015482047
Mar | FEQ.3 | 1.87E-05 0.028635644 0.008801011 0.000109081
Apr FEQ 4 | 5.62E-05 0.219824132 0.013728734 0.000445827
May | FEQ.5 | 0.00021 1.180658395 0.039392119 0.002138952
Jun FEQ 6 | 0.00271 26.33804201 0.320497835 0.04078723
Jul FEQ_7 | 0.00468 42.80368236 0.557542229 0.069684633
Aug | FEQ.8 | 0.01597 158.4034599 1.090655034 0.263960604
Sep FEQ9 | 0.00121 10.38140378 0.122106775 0.016797423
Oct | FEQ_10 | 5.21E-05 0.103049629 0.008599973 0.000312771
Nov | FEQ 11 | 2.29E-05 0.046521744 0.037412392 0.000175964
Dec | FEQ_12 | 3.99E-05 0.249520769 0.242704283 0.000646298
Year | FEQA | 0.0021 20.2431 1.0184 0.0344
Year LOL 0.0104 98.5163 49563 0.1676

Monthly data in the above tables are the equivalent aging factors per month,
which are the average value of all the 15 min load data of the month (as
given in (3)). The fifth column in Table 3.13 shows the results for charging
scenario 4 and charging at 1 am. It has been mentioned in Section 3.1 that
some days in February have very high daily peak load and the peak load
occurs in the early morning. As shown in the fifth column, it is obvious that
the aging acceleration factor in February is higher than that in summer. The
reason may be that the charging event, which begins at lam with zero charge
left in the battery before charging, will last till early morning, when the peak
load of the day happens. Even though the correlation between ambient
temperature and load in winter is negative, charging at 1 am in February will
have a more severe impact on transformer life.

4.4.2 Conclusions

In this chapter the potential impacts of different EV penetration scenarios
with different usage and charging start time are discussed and compared.
The actual load data, the driving routes in College Station, and the real
ambient temperature data are employed to simulate the transformer factors.




The results demonstrate the effect of possible EV penetration on the existing
distribution transformer lifespan and provide suggestions to eliminate or
reduce the negative impact regarding the situation in Texas. According to
the discussions presented in this paper, the following conclusions can be
drawn:

a) Higher penetration rate of electric vehicle will significantly increase
transformers’ LOL factor by up to four orders of magnitude. With the rise of
penetration rate, the increase of usage will exert much more influence on
transformer life.

b) Charging at midnight helps considerably decrease the LOL factor for all
the scenarios defined in this paper. While with distributed charging, the
impact can be almost eliminated. Though charging at distributed timing may
lead to charging at peak hour, it is still a better way to alleviate the impact on
transformers. However, it remains a challenge to realize this charging
strategy, as the utilities need to coordinate with customers and charging
stations.

c) Generally, the impact of extra load on transformers in summer is much
greater than that in winter. However, as mentioned above, in Texas, some
winter mornings with peak load may be an exception. Charging from
midnight through early morning in those days may strongly impact
transformers. Therefore, it is not always appropriate to charge electric
vehicles at 1 am on those days. How to develop a control strategy may
depend on the actual load profile in a particular area for a particular time
period.

d) For charging on arriving home, the most severe impact occurs in June,
July, August and September. Thus, steps should be taken to reduce the
impact in these months. For charging at 1:00 am, besides the
abovementioned summer months, winter months with peak load (e.g.
February in 2011) should also be considered.

4.5 PHEV/BEVs Impact for V2B

PHEVs/BEVs may be used to supply their extra power to the buildings when
the buildings are in the condition of peak load or extreme contingency, e.g. a
blackout. Since our study in asset management focuses on the impact of EVs
in residential level, the case study shows the impact of EV discharging to the
buildings in the smart garage of the EV owners’ working place on the
thermal factors of the distribution transformer in their residential house. The



impact on the distribution system components in the commercial level will
be discussed later.

4.5.1 Case Study

By adopting PHEVs/BEVs in V2B mode in 3.3.2, a new total load profile
for a residential customer can be obtained. Based on the SOC simulation
results and assuming residential EV charging is at AC level 2, seven EV
cases are defined in Table 4.7:

“Optimal V2B” represents the situation when EVs have been used for
demand side management during peak hours when parking in the smart
garage of the workplace. The amount of energy that is used is based on the
actual load demand during peak hour of the day; “With 20% SOC left”
represents the case when the EV battery capacity has been used to an
extreme extent. According to the 80% maximum depth-of-discharge of the
EV battery constraint, when the worst case is considered, those EVs will
finish their travel with 20% SOC remaining. In this part, we assume
“optimal V2B” as scenario 1 and “With 20% SOC left” as scenario 3. In
scenario 2, the amount of EVs is twice of the amount in scenario 1; in
scenario 4, the amount of EVs is twice of the amount in scenario 3.

The daily total load in one typical day per season for scenarios 1 with EV
charging at 1 am is shown in Figure 4.4. Through running simulation in
MATLAB as in 4.4, the simulation results to show the impact on the
residential transformer after adopting PHEV/BEVs in V2B mode at the
smart garage (results in Table 4.8).

Table 4.7 EV Model in V2B mode

Vehicle Daily Route Charging Optimal V2B With 20% SOC left
Location | Energy | Charging | Energy | Charging
Needed | Duration | Needed | Duration
(kWh) (hr) (kWh) (hr)
1 Volt Home-Work (9 miles) Home 10.838 4.059 12.8 4.794
Work-Shop-Home (4.0) (4.75)
(16) ;
(9.2 miles)
2 Leaf Home-Work (9 miles) Home 10.474 3.053 19.2 5.598
Work-Shop-Home (3.0) (5.75)
(24) .
(9.2 miles)
3 Volt Home-Work (9 miles) Home & | 7.598 2.846 12.8 4.794




(16) Work-Shop-Home Work (3.0) (4.75)
(9.2 miles)
4 Leaf Home-Work (9 miles) Home & | 7.414 2.161 19.2 5.598
Work-Shop-Home Work (2.25) (5.75)
(24) ;
(9.2 miles)
5 Leaf Home-Work (22.5 miles) | Home 19.654 5.730 19.2 5.598
(24) Work-Shop-Home (5.75) (5.75)
(22.7 miles)
6 Volt Home-Work (22.5 miles) | Home 12.458 4.666 12.8 4.794
(16) Work-Shop-Home & (4.75) (4.75)
(22.7 miles) Work
7 Leaf Home-Work (22.5 miles) | Home 12.004 3.50 19.2 5.598
(24) Work-Shop-Home & (5.75)
(22.7 miles) Work
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Figure 4.4 Example of Load profile with EV discharging in V2B mode
Table 4.8 FEQA and LOL (Charging at 1:00 am) (V2B)
Charging at 1:00 am
Month Original Scenario 1 Scenario 2 Scenario3 | Scenario 4
Base 7 EVs 14 EVs 7 EVs 14 EVs
Load Optimal V2B | Optimal V2B | 20% SOC | 20% SOC
Jan FEQ 1 | 0.00012 0.00049 0.0582 0.0016 0.2147
Feb FEQ 2 | 0.00057 0.00363 0.5148 0.0126 1.7878
Mar | FEQ 3 | 1.87E-05 | 4.28647e-05 0.0017 6.6692 0.0039
Apr | FEQ 4 | 5.62E-05 0.00013 0.0063 0.0002 0.0102
May | FEQ 5 | 0.00021 0.00046 0.0206 0.0006 0.0315




Jun FEQ 6 | 0.00271 0.00483 0.2192 0.0055 0.2930
Jul FEQ 7 | 0.00468 0.00834 0.3838 0.0094 0.5133
Aug | FEQ 8 | 0.01597 0.02302 0.7740 0.0249 1.0095
Sep FEQ 9 | 0.00121 0.00201 0.0789 0.0023 0.1083
Oct | FEQ 10 | 5.21E-05 | 9.90650e-05 0.0030 0.0001 0.0053
Nov | FEQ 11 | 2.29E-05 | 5.97018e-05 0.0032 0.0001 0.0098
Dec | FEQ 12 | 3.99E-05 0.00016 0.0165 0.0004 0.0540
Year | FEQA 0.0021 0.0036 0.1733 0.0048 0.3368
Year LOL 0.0104 0.0176 0.8436 0.0235 1.6390

4.5.2 Conclusions

In this study, EV discharging to a building when the EVs that are parking in
its smart garage have extra energy stored in the batteries and the building is
in need of electricity to supply the high load demand is considered. The
impact of V2B case on the distribution transformer in the residential level is
investigated by simulating the effected transformer thermal factors. By
comparing the simulation results (Table 4.8) with the results in G2V mode
(Table 4.3), it is obvious that for scenario 1 & 2 the usage of EVs in V2B
mode will exert more influence on transformer life; while for scenario 3 & 4,
the impact of V2B is not as severe as in G2V mode. We hypothesize an
explanation as follows: when the EV battery energy is used to supply part of
the building load, it will require more energy to fully recharge it at home,
thus putting a heavier burden on the load of the residential transformer. This
is based on the assumption that the EVs do not get recharged after serving as
V2B. The reason for scenario 3 & 4 is the maximum discharge capacity
constraint of the EV battery, which guarantees that at least 20% of the
battery capacity is left. This principle aims not only to protect the battery’s
service life but also to prepare the vehicles for emergent uses.

When considering the impact of EVs discharging in V2B mode on
distribution system components in commercial level, the benefit of V2B
mode to the building’s power components is investigated. For asset
management, PHEVs/BEVs may be used to maintain the electricity supply
into the load (buildings) allowing utility maintenance to be performed by
disconnecting the load. This provides additional flexibility in maintenance
scheduling, allowing for optimization of related costs.




5 Demand Side Management

5.1 Introduction

For electric utilities, demand side management (DSM) are activities whose
objective is to produce desired changes in the utility’s load shape by
influencing customers’ use of electricity. Utility programs falling under the
umbrella of DSM include: load management, new uses, strategic
conservation, electrification, customer generation, and adjustments in market
share [9]. The possible load shape change can be categorized as: peak
clipping, valley filling, load shifting, strategic conversation, strategic load
growth, and flexible load shape (in Figure 5.1).
* Peak Clipping: Reduction of energy consumption at times of peak
demand
* Valley Filling: Build-up of off-peak loads to smoothen demand profile
* Load Shifting: Shifting of loads during peak demand time to off-peak
periods
* Conservation: Equal reduction of overall daily energy consumption
* Load Building: Equal increase of overall energy demand
* Flexible Load Shape: Utility option to change energy consumption on
an as-needed basis
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Figure 5.1 DSM Categories
Power utilities in North America offer a variety of load control and demand

side load management programs to their clients. These programs can provide
enhanced power system security and many benefits to their participants.



Electric vehicles, as a movable energy storage, is capable to get charged
from grid to vehicle when the power demand is lower than generation and
discharge power back to the grid when the demand is higher. With the
growing penetration rate of PHEVs/BEVs, EV has the potential to
participate in the utility’s DSM program to help produce desired load shape
and relieve the electricity burden during a high demand or contingencies, etc.
peak clipping, valley filling, load shifting. EV batteries could also help
reduce the size of generating units. For example, a rotating generator can be
operated continuously at the most efficient power rating.

5.2 Current Research

The work in [43] and [44] demonstrates the potential benefits of using
electrical vehicles (EVs) in Demand Side Management. The work in [45]
compares non-controlled charging, Demand Side Management and Vehicle
to Grid integration strategies with regard to the achievable smoothing of the
residual load in the target years 2020 and 2030. The work in [46] seeks a
control algorithm that is robust to uncertainties in renewable energy
generation and the number of grid-connected vehicles. The work in [47]
proposes a novel intelligent demand side management system for peak load
management in LV residential distribution networks in the presence of plug-
in electric vehicles. The work in [3] and [48] discusses the benefits of using
BEVs/PHEVs as energy storage by serving in two modes, G2V and V2G for
demand-side management. The work in [49] offers a simulation platform
upon which new energy management techniques including electric vehicles
for a DGDC system can be designed, built and tested with flexibility and
ease. The work in [50-53] illustrate several demand response strategies of
electric vehicles. The work in [54] introduces a Meter Gateway Architecture
(MGA) to serve as a foundation for integrated control of loads in demand
response by energy aggregators, facility hubs, and intelligent appliances.
The work in [55] and [56] explores the financial incentives necessary to
encourage PHEV owners to participate in demand response programs. The
work in [57] explores the potential impact of PHEV market penetration on
demand response in order to outline the most effective manner of using these
resources. In paper [58], data mining technologies are applied to support
network operator actions during demand response program.

5.3 PHEV/BEVs Impact for G2V



G2V provides the option to utilize EV as an energy storage system. For
demand side management application, the parking facility could charge the
electric vehicle batteries at reduced cost when the power system load is
reduced and generation capacity is abundant such that the demand of V2B
supported building is lower than its peak load.

5.3.1 Case Study

In this case study, a small commercial building is analyzed to demonstrate
the potential impact using demand side management based on G2V
operation. The National Renewable Energy Laboratory prepared an analysis
of the energy performance of the Pennsylvania Department of
Environmental Protection Cambria Office Building in [59] and modeled
different load profiles of office buildings. The load shapes include weekdays,
weekends and holidays for each of four seasons. The largest primary
electricity end use is lighting, followed by space heating and office
equipment [59].

The average daily building load profile of a small office building for a
typical summer weekday is selected in our study. The single building
demand is obtained from the report [59]. According to the building daily
electrical power range, we assume that there are about seven PHEVs/BEVs
that are parked in the garage of the building and are available for DSM use
in both G2V and V2B operation modes. Thus, the EV load assumptions
stated in chapter 3.2 are used as EV models in the case studies for both G2V
mode and V2B mode. In summary, the following assumptions are taken:

* The studied building is a small office building with a smart garage
that can charge and discharge the PHEV/BEVs parked in the garage
based on the current SOC of the EV batteries and the current load
demand.

* There are up to seven PHEV/BEVs that arrive the garage at 8§ am and
are available until off-work time at 5 pm.

* Maximum capacity for Chevy Volt is 16 kWh; maximum capacity for
Nissan Leaf is 24 kWh. The energy needed to be fully charged for
each vehicle is based on the assumption in Table 3.8.

* The charging levels assumed are AC Level 2: 208-204 VAC.

Figure 5.2 shows the impact of PHEV/BEVs charging by AC Level 2
charging stations. The load profiles of the building with and without DSM



off-peak charging are presented in this figure. From Figure 5.2, charging
electric vehicles will elevate the peak demand of the office building to above
75 kW since the charging method causes a large load in a short period. This
1s not recommended for either utilities or customers. The EV assumptions
we applied in this case study is that all the electric vehicles get charged to
full battery. In a real DSM valley filling case, the peak load of new load
profile should not exceed the original peak demand.

Average daily building load profile
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Figure 5.2 DSM case study in G2V mode

5.3.2 Conclusions

In this part, a case study is demonstrated on the utilization of PHEV/BEV
batteries as energy storage in G2V operation mode for a demand side
management application. EVs’ G2V mode is used for valley filling with
respect to the daily load demand profile of the building. It is concluded from
the result of the case study that the EV batteries could be charged by the
parking facility when the load demand of the building is much lower than
the daily peak load. However, it is not recommended to charge every EV to
their full capacity if the charging method causes a large load in a short time
period that eventually leads to the increase of the peak demand.

5.4 PHEV/BEVs Impact for V2B



V2B provides a good solution to implement demand side management in a
smart distribution system by considering those EVs as distributed energy
resources. In the V2B operation, the owners will plug in their vehicles
during the day at their final destination for a given time frame. For demand
side management application, the parking facility could discharge the
batteries to partially supply the building in order to reduce the peak demand
during high demand.

In terms of economic cost, considering that the electricity rate is much
higher when the vehicle batteries get charged during peak load hours than
off peak hours and that the electricity rate is higher for battery discharging
than battery charging, it creates every incentive to benefit both utilities to
better control the power demand and customers to gain revenue for
participating in demand side management programs. For utilities,
BEVs/PHEVs based V2B operation can help reduce the cost of services and
reduce the capital needs, e.g. the capital cost for building power plants to
support the load demand. For BEV/ PHEV owners, participating in DSM
program help them reduce cost by charging during off-peak hours, gain extra
earnings by discharging the batteries when power is in shortage, and at the
same time their private usage is still guaranteed by charging the batteries
back to full or the original SOC. There are three basic charges for business
rate schedule: customer charge, energy charge, and demand charge. The
monthly total revenue » for BEV/PHEV based V2B operation is calculated
as:

T =Egc * Aty * U+ Pyo * Teqc
S.t. Pgsm = Prax — Pdsm_max

Arrc = (rrc_peak - rrc_offpeak)

where E,. is the energy shifted from peak time to off-peak time (kWh),
Trc peak 18 the peak time energy charge rate ($/kWh), 7y orfpear 1 the off-
peak time energy charge rate ($/kWh), ¢ is the number of days in a month,
Ttac 1S the time-related demand charge ($/kW), P, 4, 1S the maximum on-
peak power demand (kW), Pygn max 1S the maximum on-peak power
demand after DSM (kW). Energy charges are accounted for daily energy
shifting, while demand charges only take into consideration the peak
demand over a month. If private usage of a wvehicle is taken into
consideration, during off-peak time the vehicle batteries need to be charged



more than they are discharged during peak time, to guarantee normal use as
in transportation.

5.4.1 Case Study

In this case, the same load profile is used to model the small office
building’s daily demand. The EV load assumption is the same as stated in
chapter 5.3.1. The capability to discharge for each vehicle when the electric
vehicles are not charged in the garage is based on the assumption in Table
3.8.

Figure 5.3 shows the change in the load shape for the typical summer
weekday by discharging PHEV/BEVs based on V2B operation mode. The
load profiles of the building with and without DSM peak-load shaving are
presented in the following figure.
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Figure 5.3 DSM case study in V2B mode

Taking both G2V and V2B operation mode into consideration, the electric
vehicle battery capacity can be used to realize load shifting for a demand
side management application. Figure 5.4 shows the change in the load
profile by applying PHEV/BEVs based on B2V and V2B operation mode.
The load curve varies by shifting the afternoon peak load to the morning off-
peak load by charging and discharging the PHEV/BEVs based on the current
load demand. The electric vehicle discharging covers a larger area than the
charging. The extra energy comes from nighttime charging at home with
reduced cost.



From Figure 5.4, charging electric vehicles will elevate the peak demand of
the office building and discharging electric vehicles will tremendously
reduce the original load demand. Since the electric vehicles are charged
during morning off-peak hours, they have more energy stored in the battery
and can provide more power to serve the load during afternoon peak-load
hours.

To optimize the DSM program, it is not recommended to charge the vehicle
batteries to full capacity during off-peak hours such that the daily peak
demand will not be elevated. Furthermore, it 1s not recommended to
discharge the vehicle batteries to reach the maximum discharging capability.
After optimizing the use of charging and discharging the PHEV/BEVs, the
optimized load profile of the office building using EVs in both B2V & V2B
mode is shown in Figure 5.5.
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Figure 5.4 DSM case study with load shifting
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Figure 5.5 DSM case study with load shifting (optimized)

5.4.2 Conclusions

In this part, the DSM peak-load shaving of the daily load shape by
discharging PHEV/BEVs based on V2B operation mode is discussed. DSM
peak-load shifting by charging PHEV/BEVs based on B2V mode in the
morning off-peak hour and discharging PHEV/BEVs based on V2B mode in
the afternoon peak hour are demonstrated and analyzed.

In the morning, the load consumption of the building is low and the cost of
power supply at this time is also low. Thus, when the PHEV/BEVs arrive at
the parking garage, they start charging to fill the load valley. In the afternoon,
load consumption begins to increase until it reaches the peak load at about 3
pm. During the peak hours, the parking facility will discharge the
PHEV/BEV battery to utilize the stored energy to partially supply the
building in order to reduce peak demand. If the EV discharging area is larger
than the charging area, the extra energy comes from nighttime charging of
the EVs at home.

An optimized method of DSM application is proposed to avoid elevating the
daily peak load, and at the same time to realize the peak load shifting
function in DSM.



6 Outage Management

6.1 Introduction

Another important benefit of applying the interaction of PHEV/BEVs in
transportation and power systems is the use of battery energy storage in
PHEVs/BEVs as emergency back-up power for the commercial
facility/building, thereby increasing reliability of the power supply. An
outage 1s typically caused by several unplanned events and a timely
detection. Mitigation of such situations is a real concern for the utilities. The
electrical loads can be classified into various categories according to various
factors. If we classify the electrical loads according to the load importance,
they can be classified into three categories:

* Vital electrical loads: life safety electrical loads

* Essential electrical loads: emergency electrical loads

* Non-essential electrical loads: normal electrical loads
If some important electrical loads are cut off by an outage, the situation
becomes increasingly severe and it is crucial to resume the power supply
immediately, either by solving the cause of power loss or by restoring the
service through back-up power. An outage management system can help
operators locate the outage, repair the damage and restore the service with a
minimal interruption to the customer. Furthermore, the outage management
must be performed rapidly to reduce outage time such that the load loss is
minimized.

6.2 Current Research

The work in [60] proposes the integration of asset management and outage
management tasks for distribution system and illustrates its necessity. The
work in [61]-[63] illustrate the application of AMR technology in outage
management system. The work in [64] describes a process for improving
information used by electric utilities for managing restoration of distribution
facilities damaged by large-scale storms. The work in [65] describes the
issue of how the implementation of automated Outage Management Systems
(OMS) can influence the accuracy of reliability indices. The work in [66]
describes the impact of government, regulator, shareholder and customer on
the development of utility outage management system in 21st century. The
work in [67] introduces a new control scheme based on the multi-agent



system concept for outage management system. The work in [3] and [4]
discuss in detail the benefits of using BEVs/PHEVs as energy storage for
outage management (OM).

6.3 PHEV/BEVs Impact for G2V

When an outage occurs, PHEV/BEVs provide the option to utilize the
energy stored in batteries to guarantee the minimal interruption of the power
service to the customers. As a back-up power supply for the connected
building, the PHEV/BEV acts as a “generator” in V2B operation mode. The
extra energy that could be utilized to serve the outage load comes from
nighttime charging at home or the B2V charging before the outage
contingency. Thus, for some planned events such as scheduled maintenance
or a timely detection or even unplanned events, it is possible and necessary
that the facilities/ buildings prepare EV power storage for contingency by
charging the PHEV/BEYV batteries ahead of time in G2V operation mode.

6.3.1 Case Study

When charging EV batteries to full capacity in G2V operation mode before
an outage occurs, it is assumed that electric vehicles could provide the
maximum depth-of-discharge which is 80% of the battery capacity to
participate in the outage management.

In this case study, we will consider that all the electric vehicles are fully
charged before the outage and compare with the case when the
facility/building does not provide B2V operation to charge the vehicles
parked in the garage.

First, the amount of EVs that arrive the garage and provide the service to
supply power to the load during outage is assumed to be based on the system
model. The proposed restoration scheme is tested on a small distribution
system (IEEE 37 node radial test feeder [68], see Figure 6.1). Node 729,
node 731 and node 741 are assumed to have a smart garage connected to the
power grid. Each of the nodes in the system is connected to a building.
According to the spot loads on the test feeder, the peak load for the whole
test area 1s about 2.5 MW. The peak load during the same period indicated
2.637 kW per person or 379.24 people per MW. According to the 2006
Census, there were 111.6 million occupied residences in the US, 91.2% of



these residences have at least one vehicle and there is an average of 2.68
people per residence. When the penetration is assumed to be approximately
50%, the assumptions of the number of cars in the assigned garages are 65 at

node 729, 55

at node 731, and 70 at node 741. The energy capabilities of

EVs parked in the smart garage with and without G2V charging are shown

in Table 6.1.
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Figure 6.1 IEEE 37 node test feeder

Table 6.1 Energy capability comparisons

Node number | Amount of Total EV energy Total EV energy
EVs capability without G2V | capability With G2V
Node 729 65 568.80 kW 876.8 kW
Node 731 55 957.92 kW 1056 kW
Node 741 70 356.10 kW 552 kW

6.3.2 Conclusions

During outage conditions, the PHEV/BEV as a back-up power supply for the
connected building acts as a generator in V2B operation mode. The extra



energy that could be utilized to serve the outage load could come from B2V
charging before the outage contingency. Thus, the facilities/buildings can
prepare the EV power storage for outage contingencies by charging the
PHEV/BEYV batteries in G2V operation mode. In this case study, the total
EV energy capability with and without G2V charging on an IEEE test
distribution system is investigated and compared. With G2V charging before
the outage contingency, the EVs have the potential to provide more energy
to supply the outage load as backup energy source.

6.4 PHEV/BEVs Impact for V2B

The benefit to the utilities of using EV batteries to supply power is in
providing an uninterruptible supply of electricity and maintaining backup
power systems. In this case study, we will focus mainly on the restoration
strategy under an outage for a commercial facility or building.

For different causes of outages, the energy stored in PHEV/BEV batteries
can be utilized in different ways, e.g. it may serve as a reserve generator, and
as local generation support similar to the function of distributed generations.
The following types of outages and studies about the impact of
PHEVs/BEVs adoption are considered [1]:

a) Outage beyond the distribution system: This outage may be caused by
generator failure, fault in transmission lines or substation bus bars. Usually
spinning reserves are kept for these circumstances. From the previous study
in [70], the authors concluded that BEVs/PHEVs, as an energy storage
system, can be a candidate to replace spinning reserves. The traditional fast-
acting spinning reserve generators are expensive, while BEV/PHEVs, when
aggregated, may respond quickly at reduced cost.

b) Outage in distribution system: This outage may be caused by a fault
occurring within the distribution system. It can be mitigated by precise
spatial adjustment of energy generation from PHEV/BEV battery that may
offer local generation support during or shortly after the outage.

A security constrained optimal power flow to schedule energy generation
from the PHEV/BEV batteries was proposed and tested using an IEEE test
system [71], trying to minimize the operating cost under normal system
operation.



Generally speaking, optimizing the power flow at a certain operation mode
is a multiple-objective problem, the objective functions of which can be cost
minimization, real power loss minimization, minimization of time of outage
(if electric vehicles provide the discharging service for outage management,
the discharge rate of the vehicles can effect the outage duration). The
objective function of the optimal power flow (OPF) can be formulated as:

Min f(x,u)
s.t. glx,u) =0
h(x,u) <0

where x is the vector of state variables and u is the vector of control
variables. The equality constraints include power flow equations and total
power balance equation (total power generation equals to the power
consumption plus power losses). The inequality constraints include power
limit range, voltage profiles, thermal constraints, as well as the vehicle
battery capacity limit. When taking vehicle service for outage into
consideration, the objective function f(x,u) is used not only to minimize
the overall operating cost of the power generation but also includes the
power loss of the customers and the cost related to the electric vehicles if
any.

Under normal system operation, PHEV/BEV batteries acts as additional
generation to the original power supply system. In our study, we will discuss
the restoration strategy by optimally scheduling PHEV/BEVs under outage
conditions.

6.4.1 Case Study

The proposed restoration scheme is tested on the small distribution system as
the case study in chapter 6.3.1(IEEE 37 node radial test feeder, see Figure
6.2). This is an actual feeder located in California, which consists of several
unbalanced spot loads. The nominal voltage is 4.8kV. The hourly load
distribution data throughout the year as a percentage of peak load (product
of weekly peak, daily peak and hourly peak) is obtained from [69].

As discussed in chapter 6.3.1, the assumptions of the number of cars in the
assigned garages are 65 at node 729, 55 at node 731, and 70 at node 741. It
is assumed that the SOC of each EV parked in the garage is stochastically



assigned. The amount of power that can be delivered by PHEVs is
determined by the energy flow that can be achieved. The main constraint is
the connection to the grid. Based on the current technology of bidirectional
converters and practical limits of residential service, a maximum power
transfer of about 10 kW could be supported.

To propose the restoration strategy where PHEVs/BEVs are used to supply
power to the load to mitigate the severe short supply during outage
conditions, the location of the fault needs to be assigned. Based on the types
of outages discussed before, in this case study, the fault is assigned to be at
node 799 (case 1) and at the line between node 703 and 730 (case 2),
corresponding to each type of outage (as shown in Figure 6.2). Under
normal operating condition, node 799 acts as an infinite bus that is regulated
and all the loads are fed through it. Therefore, for case 1, when the fault is
located at or beyond node 799, there is no external generator supply in this
distribution system and the EV battery storage at node 729, 731, and 741
could be scheduled to supply the load among the blackout area of the feeder
system. For case 2, node 799 will supply all the loads beyond the line
between 703 and 730. PHEV/BEVs at node 731 and node 741 could be
scheduled to satisfy the island created by the fault.

To protect the battery lifetime of EVs and guarantee the remaining SOC of
the vehicles to finish their daily driving, the vehicles will be utilized in V2B
mode only when the SOC >70%. The EV discharging capability satisfies the
maximum depth-of-discharge value of 80%. Furthermore, to take economic
factors into consideration, the PHEV/BEVs tariff for charging and
discharging is assumed as:
* Charging rate is 5c/kWh for the smart garages at the three nodes.
* Discharging rate is different depend on different garages:
» Discharging rate for node 729 is 30c/kWh
» Discharging rate for node 731 is 40c/kWh
» Discharging rate for node 741 is 25¢/kWh

In this case study, we selected a typical day for each season:
* Spring afternoon: Tuesday of 10" week at 3:00 pm
 Summer morning: Tuesday of 26" week at 11:00 am
* Fall morning: Tuesday of 39" week at 11:00 am
 Winter afternoon: Tuesday of 51" week at 3:00 pm



Table 6.2 shows the results for case 1; Table 6.3 shows the results for case 2.
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Figure 6.2 IEEE 37-node test feeder with smart garage

Table 6.2 Simulation results for case study 1

Node 729 Node 731 Node 741 Load Load
Cost of
Date & schedul Loss Loss
Time Ph-1 | Ph-2 | Ph-3 | Ph-1 | Ph-2 | Ph-3 | Ph-1 | Ph-2 | Ph-3 ing (Before) (After)
(kW) | (kW) | (KW) | (kW) | (kW) | (KW) | (kW) | (kW) | (kW) MW) MW)
Spring 226 166 476 0 0 0 272 272 272 464.43 1.684 0
Summer | 329 256 488 0 0 142 272 272 272 582.65 2.031 0
Fall 257 196 474 0 0 365 248 248 248 478.73 1.708 0
Winter | 428 346 474 0 0 293 248 248 248 677.56 2.285 0




Table 6.3 Simulation results for case study 2

Node 729 Node 731 Node 741 Load Load
Cost of
Date & hedul Loss Loss
Time Ph-1 | Ph-2 | Ph-3 | Ph-1 | Ph-2 | Ph-3 | Ph-1 | Ph-2 | Ph-3 | S€ i::g u (Before) (After)
(kW) | (kW) | (kW) | (kW) | (kW) | (kW) | (kW) | (KW) | (kW) MW) MW)
Spring X X X 241 87 261 0 0 0 147.2 588.77 0
Summer X X X 290 105 315 0 0 0 177.5 710.02 0
Fall X X X 244 88 265 0 0 0 149.3 597.04 0
Winter X X X 326 118 354 0 0 0 199.7 798.87 0

In the above cases, the penetration of EVs is assumed to be approximately
50% and the entire load of the blackout area is covered. However, the results
show that not all the EVs that are parked in the garages participate in the
outage management. Thus, it is important to estimate the range of the critical
penetration rate (amount of EVs/amount of passenger vehicles) that the
energy stored in those EVs is capable to supply the entire blackout load and
minimalize the negative impact. If the critical penetration rate is calculated
based on the annual peak load of the selected area, the rate can be written as
follows:

n * 1000

33298 xp
where 7 1s the product of weekly peak load in percent of annual peak, daily
peak load in percent of weekly peak, and hourly peak load in percent of
daily peak; p is the probability of EVs being qualified to be utilized (in this
case, SOC>70%). According to the IEEE 37 node radial test feeder [68], the
lowest i1 1s 0.288. If the EVs parking in the garage have a contract with the
local utility to participate in outage management, p can be quite high. Thus,
to have a conservative estimation, p is assumed to be 0.8. In our case the
range of the penetration rate to cover the entire blackout load will be 11%-
37%.

Critical penetration rate =




6.4.2 Conclusions

When an outage occurs, PHEVs/BEVs provide an option for the utilities to
utilize the energy storage in the EV batteries in order to guarantee the
minimal interruption of the power service. In this part, two case studies are
investigated by assigning faults in different locations of the tested
distribution system. From the simulation results it can be concluded that the
PHEVs/BEVs in the garage with a lower discharging rate will have the
priority in participating in outage management. In our case studies, the entire
load in the blackout area can be covered by the stored energy in the
PHEV/BEV batteries, thus guaranteeing the minimal interruption of the
power service.



7 Conclusions

Plug-in hybrid electric vehicles/battery electric vehicles (PHEVs/BEVs) are
being developed around the world, with much work aiming to analyze the
impact of EV penetration on the utility distribution systems, both during
discharging when the PHEVs/BEVs are operating in V2G mode and during
charging when the PHEVs/BEVs require additional power supply from the
power grid. The general expectation has been that the grid will not be greatly
affected by the use of PHEVs because the recharging will occur during off-
peak hours, or the number of vehicles will grow slowly enough so that
capacity planning will respond adequately. This expectation does not take
into consideration that drivers will control the timing of recharging, and their
inclination will be to plug in when convenient to the consumer, rather than
when its convenient to the utilities. Thus, the analysis of the impact of EV
penetration based on different scenario assumptions is necessary.

This project investigates the potential impacts of PHEVs/BEVs charging in
G2V mode and discharging in V2B mode on utility the distribution system
in different areas: asset management, demand side management, and outage
management. This project also considers various implementation options
and studies feasibility scenarios that impact the power grid depending on the
various adoption rates of electric vehicles, different charging methods, TOC,
and driver’s charging inclination. The modeling and simulation for the
proposed scenarios of impacts of PHEVs/BEVs on power grid are developed.

In the asset management chapter, the effect of possible EV penetration on
the existing distribution transformer lifespan is demonstrated and
suggestions to eliminate or reduce the negative impacts with focus on the
situation in Texas are provided. The impact of V2B on the distribution
transformer at the residential level is also investigated by simulating the
effected transformer’s thermal factors. Moreover, the impact of EV
discharging on the distribution system component in the commercial level is
discussed. For asset management, PHEVs/BEVs may be used to maintain
electricity supply into the load, allowing maintenance to be performed by
disconnecting the load. This gives additional flexibility in the maintenance
scheduling allowing for optimization of related cost.

In the demand side management chapter, two case studies demonstrate the
utilization of PHEV/BEV batteries as energy storage in G2V and V2B



operation modes for a demand side management application. An optimized
application for demand side management is also discussed.

In outage management chapter, a restoration scheme is tested on a small
distribution system. When an outage occurs PHEVs/BEVs provide an option
for the utilities to utilize the energy storage of the batteries to guarantee the
minimal interruption of the power service to the customers. For some
planned events such as a timely maintenance or a timely detection or even
unplanned events, it is possible and necessary that the facilities/ buildings
can prepare the EV power storage for these contingencies by charging the
PHEV/BEYV batteries ahead of time in G2V operation mode.

Overall, this project aims to help utilities better understand the impact of
EVs on the three areas and improve their distribution system planning and
operation to adapt to the additional demand. For the fleet aggregators/owners,
better requirements for fleet charging needs and deployment management
strategies are obtained. Metropolitan planning organizations may learn more
comprehensive requirements for placing the charging infrastructure and
selecting type of chargers.
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