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Abstract: Increasing concerns about global environmental issues have led to the urgent
development of green transportation. The enthusiasm of governments should encourage the
prosperity of the plug-in hybrid electric vehicles/electric vehicles (PHEVs/EVs) industry in
the near future. PHEVs/EVs are not only an alternative to gasoline but are also burgeoning
units for power systems. The impact of large-scale PHEVs/EVs on power systems is of
profound significance. This paper discusses how to use PHEVs/EVs as a useful new tool
for system operation and regulation from a review of recent studies and mainly considers
two mainstream methods: demand response and economic dispatch. The potential of using
PHEVs/EVs to coordinate renewable energy resources is also discussed in terms of
accepting more renewable resources without violating the safety and the reliability of
power systems or increasing the operation cost significantly.
Keywords: plug-in hybrid electric vehicles/electric vehicles; demand response; economic
dispatch; renewable energy; smart grid
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1. Introduction
Growing awareness about environment issues, especially in fragile urban areas, has inspired
enthusiasm in investment and research for alternative fuel vehicles (AFVs) [1]. Avoiding serious if not
catastrophic climate change and reversing the business-as-usual growth path over the next two
decades requires vehicles that are far less polluting. The most promising solution is replacing internal
combustion engine (ICE) vehicles with AFVs, such as plug-in hybrid electric vehicles (PHEVs) or
electric vehicles (EVs). Governments all over the world consider the transportation electrification
industry of strategic importance for national energy security [2]. Venture capitalists and financiers
view this industry as a vital part of the greatest economic growth engine of the future: alternative
energy. Thus, the next few decades might be the golden age of electrified vehicles. In the U.S., the
Department of Energy (DOE) projected that 1 million PHEVs/EVs will be on the road and
425,000 PHEVs/EVs will be sold in 2015 alone, accounting for 2.5% of all car sales [3]. In China,
according to a recent government plan, 100 billion RMB will be invested in new energy vehicles,
including PHEVs, hybrid electric vehicles (HEVs), EVs and other new types of green vehicles. By
2015, there might be 1.5 million new energy vehicles on the road, making China the largest green
vehicle inventory, and by 2020, the inventory might be as large as 5 million [4]. The European
Union (EU) developed a roadmap that defines the development of PHEVs/EVs in the EU through a
three-stage program. The goal for the next decade was set at 5 million green vehicles on the road [5].
Other developed countries such as Korea and Japan have also devised their own plans for new green
vehicle development [6,7]. AFVs have also drawn the attention of some emerging economies: Iran has
undertaken a practical exploration in the promotion of AFVs [8].
Transportation electrification is one of the indispensible trends of the future energy revolution,
reshaping the traditional view of industrial power systems [9]. On the one hand, vehicle electrification
aims to change the manner in which energy is consumed, replacing fossil-based fuel with multi-source
renewable electricity and thus encouraging a new boom in power grid development and construction.
On the other hand, the upcoming boom of electrified vehicles will flood old power systems with new
problems and new resources, such as portable small electricity storage [10]. It is generally known that
the disordered charging of a large number of PHEVs/EVs will jeopardise these power systems.
The optimal charge control and dispatch of PHEVs/EVs are becoming increasingly relevant.
In particular, when Kempton revealed the idea of vehicle-to-grid (V2G) and its profound significance,
PHEVs/EVs were no longer regarded as only loads but also as large capacity energy carriers that can
feed power back to the grid if necessary [11]. Kempton also related the fundamentals of V2G
applications, including capacity calculations and net revenue [12]. He discussed the possible
implementation of V2G, from stabilising the system to supporting large-scale renewable energy [13].
PHEVs/EVs can provide utility services by using demand response programs or dispatch strategies.
These services provide extra safety, reliability and efficiency for future smart grids with multiple new
integrations, such as that of large-scale renewable energy [14].
This paper focuses on how to use PHEVs/EVs as a new tool for system operation and regulation
and is organized as follows. First, in Section 2, the impact of large scale PHEVs/EVs on power
systems will be discussed, this section is the foundation of the follow studies and the necessity of
optimal dispatch for EVs is discussed. Second, in Sections 3 and 4, two major approaches to dispatch
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EVs to support the system, demand response and economic dispatch, are investigated in detail.
Then, in Section 5 the potential coordination between PHEVs/EVs and renewable energy which is a
special application of demand response and economic dispatch will be discussed. Last, in Section 6,
the authors summarize the paper.
2. Impact of Large-Scale PHEVs/EVs on Power Systems
2.1. Characteristics of PHEVs/EVs
According to reference [15], a PHEV can be defined as follows: (1) a battery storage system with a
capacity of 4 kWh or more; (2) capable of recharging from other power sources; and (3) capable of
driving at least 10 miles without consuming gasoline. A PHEV/EV must obtain energy from the grid to
remain functional. However, the methods of interaction with the grid differ. According to an estimate
by the U.S. Transportation Department, home-charged PHEVs/EVs will account for 70% of all
PHEVs/EVs. This type of interactive facility is widely distributed, which makes it very difficult to
follow centralised control. Other PHEVs/EVs will be charged at concentrated facilities served by
specific charging service providers (CSPs): (1) large parking lots, such as the parking lots of the
central business district (CBD), large corporations or government facilities; (2) exclusive parking lots
for taxies, buses, cargo fleets, etc., that provide charge services; and (3) stations that include normal
charging stations, fast charging stations, battery exchange stations [16], and intelligent integration
stations. These facilities are easily available resources able to meet system requests.
At the grid level, PHEVs/EVs are special load/power sources when they perform
charging/discharging operations. For sustainable working, PHEVs/EVs harvest electrical energy like
other regular electric equipment. However, PHEVs/EVs have unique characteristics that distinguish
them from other loads: (1) energy storage: a certain amount of energy can be stored within
PHEVs/EVs, e.g., the Nissan Leaf [17] has a battery capacity of 24 kWh. Energy storage is the basis
for the flexibility of PHEVs/EVs because charging and driving (that is, consuming) are two separate
processes, unlike traditional electric equipment that obtain and consume energy almost at the same
time, which suggests that there is possibility for adjustments; (2) bidirectional power flow: the stored
energy in PHEVs/EVs is not only required for driving but can also be of great help to power systems.
PHEVs/EVs can be both power consumers and back up power sources; (3) idle most of the time:
according to recently conducted transportation research, in the U.S., private cars are idle 96% of the
day, and in the U.K., the figure is 94.8%. When idle, PHEVs/EVs are free to respond to instructions
from the power grid; and (4) social attributes: the behaviour of PHEVs/EVs is mostly determined by
the intent of the owners, which is the major reason for the stochastic nature of the PHEV/EV loads.
When a large number of PHEVs/EVs plug into a system randomly, significant uncertainty will be
introduced into the system [18]. Social principles, such as those applied in sociology, psychology,
and economics, can be implemented to analyse the behaviour of PHEVs/EVs.
2.2. Impacts Caused by the Charging of PHEVs/EVs
The large market penetration of these vehicles is likely to change the configuration of power
systems [19]. The impact of PHEVs/EVs penetration into power systems has been measured and
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calculated by multiple authors in different locations using many different tools that range from
analytical techniques to simulations [20]. Most work has focused on the issue of breaking down the
established balance of power supply and demand due to the charging of PHEVs/EVs. In the long run,
old-fashioned power systems are not capable of handling the upcoming abundance of PHEVs/EVs,
so determining whether the existing or planned generation capacity is able to meet the rapid
development of PHEVs/EVs is necessary. Therefore, it is very important to calculate the potential
capacity of the PHEVs/EVs load and its distribution in both time and space. Hajimiragha [21]
conducted simulations and concluded that 6% uniform penetration of PHEVs by 2025 can be realised
in Ontario, Canada. Steen [22] estimated the charging behaviour using demographic statistics data.
Ikegami [23] assumed trip patterns of 10 million EVs in Tokyo power systems and concluded that
charging-time control is urgently needed for the power systems to remain effective. Oak Ridge
National Laboratory recently proposed a general comprehensive report that covers 13 regions in the
U.S. defined by Natural Environment Research Council (NERC) and DOE Energy Information
Administration (EIA). This report addresses the impact of PHEVs/EVs with respect to three main
issues: the characteristics and market of PHEVs/EVs, regional power supply/demand and dispatch,
and a regional analysis of the price of electricity, generation structure and emission level. The authors
conclude that additional generation capacity and demand response programmes (DRPs) designed for
EVs are necessary for the large population of PHEVs/EVs [24].
Other scholars are concerned about changes in system feature attributes and are worried about
system inefficiency or even failure when a large number of PHEVs/EVs are charging without
intervention. Hu [25] conducted a Monte Carlo simulation to calculate the power demand of
PHEVs/EVs in China by 2015, 2020 and 2030; the simulation results show that a new peak hour will
occur and that the difference between the power demand peaks and valleys will become even larger
due to disordered PHEVs/EVs charging. This difference will shrink the abundance of power
generation, raising the possibility of losing loads. Even when the generation capacity of the entire area
is sufficiently large, the off-limit alarms will still sound at some local substations, transmission lines
and transformers because most of the local PHEVs/EVs will be charging at the same time, which may
affect distribution transformers in particular. Assessments of the life reduction of transformers caused
by the fluctuation of the power demand of PHEVs/EVs have been conducted [26–28]. In addition
some researchers have focused on the harmonic pollution caused by power electronic equipment in
recharge facilities, especially large-capacity fast chargers. The simulation results indicate that chargers
are a great threat to power quality, and additional compensation devices or harmonic filters are
required [29–31]. Some scholars have focused on the transient nature of power systems with
PHEVs/EVs penetration, such as the stability of the voltage of the power systems [32].
The impact of PHEVs/EVs on power systems is of profound significance. The recent increase in
research of this field has been driven by the promising potential of the upcoming increase in PHEV/EV
numbers. Studies in this line of research provide a basic view of this problem: existing power systems
are not sufficient due to the rising power demand of the growing population of PHEVs/EVs,
especially when a large number of PHEVs/EVs charge at the same time or at the same location.
Several solutions have also been proposed: increased spending on power systems construction and
updating or optimising the charge behaviour of PHEVs/EVs. Despite initiative and motivation,
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most studies have been preliminary: due to the lack of real time data, many computer-based
simulations have been based on a set of assumptions, and the methods should be further improved.
The troublesome impacts of PHEV/EV implementation has led to potential needs for the optimal
dispatch of PHEVs/EVs charging. The dispatch of PHEVs/EVs can benefit power systems by
providing extra services for system operation and the regulation of extra peak load reduction, spinning
reserve and regulation requests [33]. These services provide extra safety and reliability so that power
systems can become stronger, healthier and thus more suitable for distributed generators and
renewable energy sources. In other words, taking advantage of PHEVs/EVs for the bulk storage of
electricity can help to reshape the distribution of the power demand so that the tension between power
supply and demand is heavily relieved.
These advantages can only lead to actual benefits when technological and market strategy
bottlenecks are removed. The solutions to this problem are to establish proper DRPs and economic
dispatch decision-making strategies. This paper will consider these two issues in detail in the
following sections.
3. Demand Response (DR) of PHEVs/EVs
One of the new philosophies of power systems states that a system will be most efficient if
fluctuations in demand remain as small as possible [34]. Because electricity consumption on the
demand side is flexible and highly capital-intensive, demand response is one of the cheapest
resources available for system operation. Demand response can be defined as incentive payments
designed to induce lower electricity use at times of high wholesale market prices or when system
reliability is jeopardised. PHEVs/EVs are one of the most promising demand response resources for
future smart grids.
3.1. Introduction of PHEVs/EVs in DR
Figure 1 shows several mainstream DRPs that may be suitable for PHEV/EV applications.
The DRPs are divided into two major groups, incentive-based programs (IBPs) and price-based
programs (PBPs). PBPs use dynamic electricity price rates to induce customers to change their energy
consumption patterns. The basic type of PBP is time of use (TOU) [35], namely, the price of per
unit consumption differs in different blocks of time. TOU is higher in peak blocks and lower in
off-peak blocks. Real time programs (RTPs) are based on TOU but in a real-time environment with a
small time interval between price adjustments [36]. Critical pricing program (CPP) adds additional
penalty costs to electricity consumption in critical blocks [37]. IBPs reward those customers who
participate in the programs with a credit bill or a discount rate. Direct load control programs allow
utilities to shut down contracting equipment on short notice [38]. Programs that can be curtailed
encourage participants to reduce their loads to a predefined value; otherwise, extra penalties will
be charged [39]. Demand bidding programs require customers to bid for certain load reductions in an
electricity wholesale market. When a bid is accepted, customers should curtail their load by the amount
specified in the bid or face a penalty [40].
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Figure 1. Catalogue of DRPs.

PHEVs/EVs are valuable resources for demand response, and their importance cannot be
overlooked in future demand side management (DSM). In addition, a large penetration of PHEVs/EVs
is impossible without optimal dispatch through demand response. DRPs will also make adjustments to
cope with different market penetrations of PHEVs/EVs [41].
Many studies have been performed on the use of PHEVs/EVs through DRPs. Some works have
focused on using PHEVs/EVs as a powerful tool to address practical issues in power systems
through DSM. With proper demand response strategies, PHEVs/EVs can be a load shaping tool in the
intelligent grid to tackle the problem of distribution transformer overloading [42] and congestion of
power lines [43]. Other works have focused on the potential economic benefits of the participation of
PHEVs/EVs in DRPs. Peterson calculated the cost of the replacement of a PHEV/EV battery for a
16 kWh vehicle battery pack: the maximum annual profit with perfect market information can be
$10–120 [44]. Tomić and Kempton [45] compared 100 Th!nk City vehicles and 252 Toyota RAV4s in
terms of their annual net profit and concluded that economic profit is important in the promotion of
PHEV and V2G applications. Luo [46] explored the potential financial return for using PHEVs as a
grid resource by joining the interruptible load program. Whereas references [44–46] viewed this
problem on behalf of PHEV/EV owners, other studies were more interested in comprehensive benefits,
such as system operation, environment protection, etc. Steen [47] assessed the environmental, social,
economic and health impacts of the wide use of EVs throughout the U.S. by adopting an analytic
hierarchy process. The mainstream idea is that economic benefits are one of the major sources of
encouragement for the promotion of PHEVs/EVs. However, Lyon and his associates [48] argued that
the profit from PHEV/EV response to DRP may be significant, but the profit is still not considerable
compared to the total operational cost, not to mention the substantial investment in constructing
infrastructure before productive interaction between PHEVs/EVs and the power grid is even
possible. Economic efficiency is one of the key problems for DRP designers. More money should be
spent to encourage a large participation of PHEVs/EVs so that resources for regulation can be as
adequate as possible. However, system operators also want to keep the cost as low as possible.
The solution to this dilemma is either to use existing resources most efficiently or to find an optimal
balance between these approaches.
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Another indispensable goal of DRP design is the satisfaction of end use customers. The request for
user-friendly smart DRPs has drawn increasing attention. Indices that value the quality of services
have been introduced as important references for energy management through DRPs. Customers desire
smart interactive programs that cater to their individual needs so that their personal lives will not be
interrupted or will be minimally interrupted by joining the DRPs. If interruption is inevitable,
a proportional compensation for this inconvenience is expected [49–51]. An advanced energy
management system (EMS) and communication network is also required in the process.
3.2. Response of a Single PHEV/EV
In the future, millions of home charge private PHEVs/EVs will have the choice either to join the
programs of charging service providers (CSPs) or to plan their own charging schedule, as shown in
Figure 2. CSPs are aggregator agencies that act as a liaison between system operators and end-use
customers; they provide ready-made charging programs for customers to join [52]. If those who decide
not to join CSP programs decide to purchase energy from the day-ahead market at its transaction price,
on the next day, options are open for simply using the energy or selling it back to grid when the price
of demand bidding is tempting and the power shortfall is acceptable. Once the bid is accepted,
users adjust their charging power sequence accordingly. For owners, the question is to measure
whether participation is profitable, and offers will be made as long as the demand bidding price is
higher than expected. Another option is to purchase energy in the real-time market and adjust their
plans with fluctuations in the real-time price.
Figure 2. Choice of Response.

There are three basic adjustments that a single PHEV/EV can make under DRPs.
Reschedule the Charging Period: the price at peak hours is certainly higher than the price during
off-peak hours. Off-peak charging is undoubtedly a cost saving solution. However, the fixed amount of
energy obtained from the grid should also be retained to ensure the usage of PHEVs/EVs. In addition,
the charging period cannot be overlapped with the driving period. If the cost of charging is the primary
concern of owners, this situation can be simply interpreted as an optimisation problem, as shown in
Equation (1):
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min
I



I (t )C (t ) Pc Δt

t = start
end

s.t.  I (t ) Pc Δt = Ec
t = start

(1)

0
I (t ) = 
1
I (t ) ∩ D(t ) ≠ 1

where I(t) is the charging decision at time t, which is 0 for not charging and 1 for charging; C(t) is the
real-time electricity price at time t; Pc is the rated power of the charger; ∆t is the time interval
of operations; Ec is the fixed energy obtained from the grid; D is the driving sequence, which is 0 for
not driving and 1 for driving.
Most home-charging PHEVs/EVs may begin charging immediately after returning home from work
at 17:00–19:00 if there is no program to regulate their charging. This charging demand overlaps with
the power demands of households, such as air conditioning, water heating and the operation of
microwave ovens or induction ovens, and results in enormous power demand at approximately
17:00–21:00. Figure 3 shows the electricity consumption of a typical family on a typical summer
weekday. Figure 3a shows the overall household demand if the PHEV/EV charges immediately after it
arrives home. A peak will emerge if residents share similar behaviour and push the local distribution
network to its limits. The higher the penetration of PHEVs/EVs is, the worse the situation will become,
as shown in Figure 4a. However, if owners are aware of the benefits of the low price rate during
off-peak hours, they tend to postpone charging until after 22:00 when other electric devices are shut
down. This postponement not only relaxes the pressure on the power supply at 17:00–21:00 but also
increases the power demand after 22:00 until early morning the next day, as shown in Figure 3b. If all
residents choose to change their charge times, the power demand of the community will become that
shown in Figure 4b.
Figure 3. Household energy consumption: (a) without rescheduling the charging period
and (b) with rescheduling the charging period.
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Figure 4. Power demand of a community for different PHEV/EV penetrations: (a) without
rescheduling the charging period and (b) with rescheduling the charging period.
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Reschedule the Charging Power: except for optimizing charging periods, there is still another
method that can be used to regulate the demand of PHEV/EV that is to reschedule the charging power.
Figure 5 shows an example of the implementation of this method. Depending on the health of the
battery and the safety of the charger, the charging power has upper and lower limits. If the charger is
sufficiently smart, it is allowed to operate at any point within the limits. Usually, it will choose to
operate at the rated power, which is considered as the optimal charging power for the battery, as
indicated by the red line, but under the requirements of the DRP, the controller of the charger can
increase or decrease the charging power through power electronic converters; the actual charging line
is the blue line. However, since the P(t) fluctuates with t and not likely to be the rated power, there is
an extra cost produced by batteries charging at sub-optimal power which will shorten the battery life.
Meanwhile, a certain amount of energy should be obtained, namely, the area of the graph that is
enclosed by axes and by the red and blue lines should be the same. This problem can be simplified as
Equation (2):


min  I (t )C (t ) P(t )Δt + f ( P(t ), SOC (t )) 
I ,P
 t

s.t.  I (t ) P(t )Δt = Ec
t

 t

SOC (t ) = SOC0 +   η I ( j ) P( j )  / E0
 j = start

SOC0 = g (U 0 )

(2)

Pmin ≤ P(t ) ≤ Pmax
I (t ) ∩ D(t ) ≠ 1
0
I (t ) = 
1

where f(P(t), SOC(t)) means the extra cost of battery depreciation at time t; I(t) is the charging decision
at time t, which is 0 for not charging and 1 for charging; C(t) is the real-time electricity price at time t;
∆t is the time interval of operations; P(t) is the charging power at time t; SOC(t) is the state of charge
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of the battery at time t; Ec is the fixed energy obtained from the grid; η is the energy conversion
efficiency; SOC0 is the initial state of charge (SOC) which could be calculated according to the initial
terminal voltage U0; g is the function mapping terminal voltage to SOC; Pmin and Pmax are the
minimum and maximum charging power respectively; D is the driving sequence, which is 0 for not
driving and 1 for driving. In contrast to rescheduling the charging time, rescheduling the charging
power is a more complex process; advanced power electronics and control systems are essential to
achieve the targeted mission.
Figure 5. Demonstration of rescheduling charging power.
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Power Feedback: V2G is a revolutionary innovation that promotes the interaction between
PHEVs/EVs and power systems from being unidirectional to being bi-directional. However, rarely
pilot projects have tests V2G till now. The study by Casey Quinn shows that, to integrate a V2G
system into the existing market and power grid, the V2G system will require: (1) a reliable
aggregative architecture; (2) automatic control signal generation; (3) a lower percentage call for V2G;
(4) an assessment of vehicle performance degradation due to the response to the grid requirement;
and (5) a large-capacity home charger [53]. These requirements are unlikely to be met in a short time
and a great amount of time, money and effort must be spent before this idea becomes a reality.
Despite all of the disadvantages, V2G is still a very promising technology. Some scholars suggest that
power feedback should be activated only as a small, portable backup safety power plant when system
reliability is jeopardised during the infancy of V2G technology.
3.3. Response of the PHEVs/EVs Community
3.3.1. Community of Home-Charging PHEVs/EVs
The methods mentioned above are represent the optimisation of the decisions made for an ideal
single PHEV/EV. However, the charging decision making of a community is not a simple combination
of individuals’ choices but a more complex process, and other factors, such as population, job,
living space, construction of charging facilities and even the personality of the owner, should be taken
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into consideration. It is clear that these factors are highly coupled, and some of them are very difficult
to quantify. It is nearly impossible to sort out the relationship between factors and express it elegantly
in mathematical terms. It is more likely and practical to analyse databases and try to find
probabilistic patterns. Principles that reveal the pattern of human behaviour can be very useful when
trying to understand the PHEV/EV community’s response to DRPs. The basic principle in any market
is that price is determined by the relationship between supply and demand. This rule can also be
applied in the electricity market, as shown in Figure 6. The balance point lies where the supply and
demand curves cross. When the demand is larger than the supply, the price rises along the red curve
[from state (P0, S0) to (P1, S1)]. When the price exceeds the expectation value of some of the owners,
the owners will take action to lower or stop charging at this time, such that the demand decreases until
a new balance emerges [(P1, S1) to (P2, S2)]. How owners behave depends on their sensitivity to price.
Generally, consumer psychology profiles are applied to illustrate the relation between the price of
power and the willingness of end users choose to charge their cars. The relationship between incentive
profits from DRPs and the willingness of customers to participate can also be demonstrated.
Figure 6. Psychological profile of an EV customer in a DRP.

price(p.u.)

P1,S1
P2,S2
power demand
power supply

P0,S0

quantity(p.u.)

3.3.2. Community of PHEVs/EVs under the Management of a CSP
CSPs, also known as aggregators, are transit sites and middle dealers between the grid and end
use customers [52]. CSPs can be the managers of a certain number of local home-charging
PHEVs/EVs through contracts or the operators of local charge/battery exchange stations. These CSPs
earn profits by providing charging services to PHEVs/EVs and regulation services to the grid. For grid
operators, coordination with a few regional CSPs is much easier than with thousands of PHEV/EV
owners. By using DSM, system operators can regulate the electricity supply for CSPs through support
planning to maintain power grid stability [54]. The task of the managers of these CSPs is to balance
between two main objectives: meeting the charging demand of customers and responding to the
instructions and constraints from grid operators so that their profits are maximised [55–57].
For DRP designers, the perfect setting is creating a triple win-win situation, in which the power grid
benefits from a smoothly operating environment because of the mobilisation of extra regulation
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resources, CSPs make profits through discounts or incentive rewards for managing the PHEVs/EVs
under their control and revenue for providing charging services, and PHEV/EV owners benefit from
lower costs because of customised charging services.
3.4. Conclusion of Demand Response of PHEVs/EVs
DRPs are designed to change the electricity consumption patterns of end-use customers to reduce
the differences in power demand during different periods. Figure 7 shows a roadmap of the
development of PHEVs/EVs under DRP instructions. The red curve is the power demand of a regular
load on a typical summer weekday. If PHEV/EV charging is in disorder, the power systems will be
threatened with possible failure because of the newly emerged demand peak, as indicated by the
blue curve. If PHEVs/EVs are induced to charge in an ordered sequence through all types of DRPs,
not only can a new demand peak be avoided but a low-value power demand in the night can be filled,
as indicated by the black curve. When V2G technology is highly developed, PHEVs/EVs can easily
charge and discharge their batteries under DRP instructions, and load shifting (decreasing the peak and
filling in the valley) can be realised, as indicated by the green curve. Finally, with a sufficient
number of PHEVs/EVs, highly advanced technology and DRPs, the ultimate goal of a demand
response-flattened load curve, as indicated by the purple curve, can be achieved.
Achieving this objective requires an enormous amount of resources and effort for at least a few
years. There are still quite a few technical obstacles that need to be tackled: (1) highly advanced EMS;
(2) much smarter power electronic devices and their control systems; (3) faster and more efficient
communication systems; and (4) smart meters, interfaces and terminations. There are also some
essential practical problems that must be addressed: (1) the policies of governments; (2) the economic
environment; (3) the business mode of operation; (4) the maturity of the electricity market; and (5) grid
structure and generation portfolio.
Figure 7. Roadmap of the development of PHEVs/EVs under DRPs.
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4. Economic Dispatch Considering PHEVs/EVs
The purpose of economic dispatch is to minimise the cost of system operation while not violating
the safety and reliability constrains of a system [58]. Economic Dispatch Problem (EDP) is a
traditional problem of system operations, and the penetration of PHEVs/EVs has introduced an entirely
new dimension of this problem. In this section, new goals and new approaches for EDP when
considering the penetration of PHEVs/EVs will be discussed in detail.
4.1. Purposes of EDP
4.1.1. Minimize the Cost of Electricity
In terms of supply, the cost of electricity mainly includes three parts: the cost of the generators, the
transmission loss and the maintenance of power equipment.
Cost of Generators: the cost of traditional thermal power generators features three main
components: the cost of start-up, the cost of operation without a load and the cost of increment.
One basic purpose of electricity production is to maintain a dynamic balance between demand and
supply and thus the frequent power-up and power-down, and even start-up and shut-down,
operations of generators. This phenomenon results in a tremendous loss of money.
Substantial changes will occur if large capacity energy storage is available, and PHEVs/EVs can
contribute to that request once they have reached the mass market. The dispatch of PHEVs/EVs,
especially when V2G is widely available, will liberate generators from frequent power up and down
and ensure that basic load units operate with a stable output most of the time. Unit commitment (UC)
with vehicles equipped with V2G capabilities, which can be considered as small, portable power
storage devices can reduce operational costs and emissions. In addition, they increase profit, reserves
and reliability [59].
Transmission Loss: transmission loss is the power loss that occurs when power flow travels
through a transmission line. The amount of energy lost in power lines is considerable, especially in a
distribution network. The amount of transmission loss is mostly determined by the topology of a
network and the active/reactive demand/supply conditions.
The penetration of PHEVs/EVs will certainly reshape this problem by changing the power flow.
The coordinated charging of PHEVs/EVs is an efficient method for regulating the load factor/load
variance so that the transmission loss can be reduced considerably [60]. The coordinated charging of
PHEVs can lower power losses and voltage deviations by flattening the peak power [61]. Choosing not
only the optimal time but also the optimal location of PHEV/EV operation is an effective way to
reduce transmission losses. The selection of connection or access points of PHEVs/EVs is another
approach that can curtail transmission loss by removing local congestion.
Equipment Maintenance: one aspect of this problem is that the disordered charging of
PHEVs/EVs will deteriorate the overload of power equipment (such as transformers, power lines,
chargers, etc.) at the most critical moment, which would cause great damage to the equipment and
drastically increase maintenance costs. Moreover, frequent charge/discharge operations will certainly
reduce the expected life of a battery pack. Currently, the cost of battery replacement is still very high,

Energies 2013, 6

4407

and thus, the degeneration of batteries cannot be overlooked and the assessment of degradation is
greatly required. Bashash used an electrochemistry-based lithium-ion battery model to predict the
battery health degradation of PHEVs over the course of a full daily drive cycle [62]. Because a precise
long term model of lithium-ion battery packs is very difficult to construct and the understanding of the
mechanisms that govern how frequent charge/discharge operations are associated with the
degeneration of the battery is not sufficient, it is still very difficult to estimate the level of battery
degradation. Su and Bandyopadhyay provided a helpful contribution in this field by proposing an
optimal charging algorithm for potential battery models [63,64].
Reuse and recycle is an easily implemented and practical solution for reducing the cost of expensive
battery packs. Price suggested that a battery may be used in other applications even when a battery
may no longer be useful in a vehicle. Four strategies for the alternative use of battery packs are
discussed: decommissioned batteries for grid storage, vehicles for grid storage, battery recycling and
telecommunication UPS [65].
4.1.2. Reliability and Safety of Power Systems
Reliability and safety issues are the major limitations that define the economic dispatch problem.
Reliability depends primarily on how much reserve is left to respond to fluctuations in demand and
how fast the reserves can respond. The disordered charging of PHEVs/EVs will consume an enormous
amount of system reserves, and huge economic cost will be paid on finding new reserve resources.
PHEV/EV is expected to fill the troughs in the reserve availability according to the potential driving
and charging profiles [66]. The cost of dispatching PHEVs/EVs is much lower than that of
constructing new power plants, expanding the capacity of existing generators or purchasing other
reserve resources. In addition, PHEVs/EVs can respond rapidly without engaging in toxic transient
processes. These advantages make PHEVs/EVs excellent ancillary regulation service providers.
These services include spinning reserves [67], frequency control [68,69], voltage control [70–72] and
power quality improvement [73].
4.1.3. Environmental Issues
Environmental considerations are major concerns that promote the use of EVs. Except for
consuming electricity, EVs are zero tailpipe emission vehicles and PHEVs produce relatively little
pollution. Because oil-based ICEs are replacing industrial pollution as the greatest cause of
environmental deterioration in urban areas, the use of PHEVs/EVs to replace some petroleum cars will
certainly reduce pollution emissions. Silva calculated the effect of PHEVs/EVs on greenhouse CO2
and water vapour emission. The author used the Portuguese power systems as an example, and a
potential 23% decrease in CO2 and a potential 31% increase in H2O emissions are forecasted if
PHEVs/EVs are widely used [74].
Liu [75] argued that, if PHEVs/EVs are powered by coal-based thermal generators, the pollution
discharged during the whole process may be greater than that discharged by gasoline-based cars.
Pollution is not reduced but merely transferred from cars to power plants. Thus, PHEVs/EVs can be
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truly green if their energy supply comes from renewable resources. This idea will be discussed in detail
in Section 5.
4.2. Solution for EDP Considering PHEVs/EVs
A large number of PHEVs/EVs connecting randomly to the power grid will flood the system
with uncertainty. Thus, EDP considering PHEVs/EVs is a complex optimisation problem that is
highly dimensional, nonlinear and stochastic. Many researchers are devoted to finding solutions to
this problem.
One key difficulty of this problem is developing a method for estimating the uncertainty of key
parameters. A clear approach is probabilistic analysis. However, conducting analytic deduction to seek
the required probabilistic distribution is very difficult, especially when the probabilistic principle that
governs the key parameters remains unclear or cannot be interpreted using mathematical formulas.
Even without those difficulties, advanced mathematical skills are required, and the computation is
sometimes time-consuming in the process. Monte Carlo simulation is an easily implemented and
practical attempt. The basic idea of Monte Carlo is to replace the probability of a target with its
frequency of occurrence [76]. The Monte Carlo method has been applied to the analysis of the
charge/discharge behaviour of PHEVs/EVs by building an aggregated model embedded in the
EDP framework [77].
Another difficulty is proper optimisation to address this highly dimensional, nonlinear and
stochastic problem. Modern heuristic optimisation algorithms offer a solution. Particle swarm
optimization (PSO) has been used to address EDP with wind power and EV battery swap stations [78].
PSO has also been applied in reliability constrained unit commitment from EV to grid [79]. The
combination of modern heuristic optimisation algorithms and Monte Carlo experiments have proved to
be an efficient solution in address the optimisation problem. However, for every iteration of the
heuristic algorithm, hundreds or maybe thousands of Monte Carlo experiments should be conducted,
which makes the overall computation time-consuming. Thus, stochastic programming is urgently
required. The author has performed some trials to cope with EDP considering wind power and
PHEVs/EVs with learning automata. The algorithm showed the expected convergence and
efficiency [80].
5. PHEVs/EVs and Renewable Energy
Another aspect of the application of PHEVs/EVs is its coordination with renewable energy to
promote the acceptance of renewable energy. Renewable energy resources are always associated with
uncertainty and instability. In the short term, these resources generate undesirable fluctuations, and,
in the long term, renewable energy enhances the temporal and spatial dislocation between energy
production and consumption. These disadvantages block high participation in renewable energy:
undesirable fluctuations require more expensive compensation devices and greater expenses for
regulated operation; temporal and spatial dislocation results in the consumption of more generation
resources and a deficiency in the usage of renewable resources. PHEVs/EVs offer new solutions by
providing extra stability and reliability. This section will discuss this issue in detail with respect to
long-term and short term operation.
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5.1. Long-Term Operation
The renewable energy distribution is unbalanced in different blocks of time (where a block could be
an hour, a day, a month or a season), and sometimes this distribution does not coordinate with the
distribution of energy consumption. This dislocation results in a deficiency of the generation
capacity in peak load blocks and a waste of resources when the load is low but renewable resources
are abundant. This phenomenon results in higher system operation costs and becomes one of the
barriers that reduce the benefits of constructing renewable power plants. Through proper charging
and discharging processes, the PHEV fleet can act as an energy storage system when there is
excess renewable energy, whereas the energy can be properly returned to the grid in the case of an
energy shortage [81]. Shortt [82] showed that electric vehicles that are charged in a manner beneficial
to power systems operations can positively influence the future cost-optimal expansion of power
generation by providing a substantial reduction in system costs. Thus, additional renewable resources
may be able to be brought into the grid. Carvalho [83] showed that a 10% penetration of electric
vehicles in the Portuguese fleet would increase the electrical load by 3% and reduce wind curtailment
by 26% based on simulation results. Other scholars have shared ideas on the coordination between
PHEVs/EVs and renewable energy through unit commitment [84–86], demand response [87] and the
optimal siting and capacity of stations [88].
5.2. Short-Term Operation
Another aspect of large-scale renewable energy penetration is that the output of renewable energy is
not stable. The oscillation of renewable energy is frequently caused by uncertainty in the surrounding
natural environment, which is very difficult to forecast. This oscillation results in the break down of
the established balance of the system. To restore this balance, adjustments such as the regulation of
generators, the activation of compensation devices, or, in some cases, the shut down of renewable
energy resources is necessary to ensure system safety and reliability. The energy stored in PHEVs/EVs
can be charged or discharged at a high rate and with ramp-up and -down features. Some researchers
have suggested a combination of household PHEVs/EVs, PHEV/EV stations or parking lots equipped
with charging/discharging devices and a farm of renewable resources to absorb energy waves locally.
Thus, toxic harmonic waves can be utilised before they flow into the grid. In this proposal,
PHEVs/EVs play a role not only as customers but also as a compensation service. This symbiosis of
PHEVs/EVs and small distribution renewable energy can be found in household
photovoltaic/home-charging PHEVs/EVs [89], PHEV/EV charge station/solar stations [66] and
PHEV/EV parking lots/wind farms [90].
There have also been some discussions on the operations of large systems. Advanced control
programs have been designed to use PHEVs/EVs to respond to short time regulation requests [91,92].
States where renewable energy sources are the major sources of power are facing serious problems.
Studies have been conducted on how PHEVs/EVs operate in a high-level renewable energy
penetration environment. Pillai simulated the environment of western Denmark, where local wind
power occupies half of the total generation capacity. In two typical days with high and low wind power
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production, the power exchange deviations and the regulation power requirements were significantly
reduced with the use of faster V2G regulation power [93].
6. Conclusions
System operation and regulation will face challenges and opportunities with the upcoming boom in
PHEVs/EVs. This paper focused on this topic and discusses the mainstream methods implemented to
make use of PHEVs/EVs. First, the impact of large-scale PHEVs/EVs and the potential benefits of the
optimal dispatch of PHEVs/EVs were discussed. Second, DRPs were introduced to induce
PHEVs/EVs to change their energy supply patterns, and the response of single home-charging
PHEVs/EVs and the community of PHEVs/EVs was demonstrated in detail. Third, this paper
established new dimensions of objectives and solutions for EDP when considering the integration of
the high penetration of PHEVs/EVs. Finally, the potential coordination of PHEVs/EVs and renewable
energy for short- and long-term system operation was discussed.
Research in this field and the PHEV/EV industry is still preliminary. There are many applications of
PHEVs/EVs that have yet to be discovered. Taking full advantage of PHEVs/EVs requires highly
advanced complementation methods for both the electricity market and power system operation. In this
respect, some efforts can be made in the future, for example, the development of DSM and humanised
DRPs specially designed for PHEVs/EVs, EMS with an interactive interface with CSPs and end-use
customers and local/global dispatch and control methods to coordinate PHEVs/EVs with
renewable energy.
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