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Abstract—The increasingly widespread utilization enables 

plug-in electric vehicles (PEVs) to provide ancillary service and 

support economic and secure operation of power systems. This 

paper proposes a novel model to optimize day-ahead spinning 

reserve requirement (SRR) considering PEVs’ contribution in 

providing operating reserve. Based on the probabilistic criteria, 

the cost of expected energy supplied by PEV (EESEV) is 

formulated. The costs of reserves from traditional generators and 

PEVs as well as expected energy not supplied (EENS) are 

considered together to determine optimal spinning reserve 

requirement. The post-contingency PEV reaction time is taken 

into account in the formation of EENS and EESEV. The capacities 

of PEV interruptible charging demand and vehicle to grid (V2G) 

service are calculated respectively under the conditions of both 

immediate charging and smart charging strategies. The effects of 

PEVs on system spinning reserve requirement quantification, unit 

commitment are comprehensively analyzed using IEEE reliability 

test system (RTS-96). Numerical results systematically 

demonstrate the effectiveness of PEVs’ participation on the 

reduction of operation costs and the improvement of power 

system reliability. Sensitivity analysis of PEV penetration level 

and compensation cost to PEV owners is compressively conducted 

to provide meaningful reference for future implementation. 

Index Terms—Spinning reserve requirement, expected energy 

not supplied， plug-in electric vehicle, expected energy supplied by 

electric vehicle, vehicle to grid 

 

NOMENCLATURE 

Sets:   

G  Set of generators. 

T  Set of hourly time intervals. 

TΔ   Set of intra-hour time intervals. 

V  Set of PEVs. 

Vc  Set of PEV clusters. 

Parameters   

CBI  Battery investment cost of V2G service [$/kWh]. 

CComp  Compensation cost paid to PEV owners [$/MWh]. 

CInt  Cost of interrupted PEV charging demand 
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[$/MWh]. 

CV2G  Cost of PEV V2G service [$/MWh]. 

CRPEV  PEV compensation rate. 

dDoD  Certain depth of discharge. 

E
Coms 

v   Daily energy consumption of PEV v [kWh]. 

Lb, Ub  Lower and upper bounds of SRR in grid 

search-based SRR optimization methodology 

[MW]. 

LC  Battery cycle life at a certain depth of discharge.  

NPEV  Total number of PEVs. 

nc  Number of PEVs in cluster c. 

ORRi,τ  Outage replacement rate of unit i with time τ. 

Paver  Average power system demand [MW]. 

P
CH 

t   Total PEV charging demand at time t [MW]. 

P
D 

t   Power system demand without PEV charging 

demand at time t [MW]. 

Pch,max  Maximum charging power of each PEV [kW]. 

PV2G,max  Maximum V2G discharging limitation [kW]. 

P
min 

i  ,P
max 

i    Lower/Upper limit of power output of unit i 

[MW]. 

PLPEV  Penetration level of PEVs in power system. 

R
up 

i   Short-term up-regulation reserve rate of unit i 

[MW]. 

RDi, RUi  Hourly ramp-up/ramp-down ability of unit i 

[MW]. 

SEV,max  Capacity of PEVs’ battery [kWh]. 

Sclus,min, 

Sclus,max 

 Lower and upper limitations of equivalent SOC 

(state of charge) of PEV cluster c [kWh]. 

S
clus,exp 

c   Expected SOC when PEV cluster c plugs out 

[kWh]. 

t
arr 

v , t
dep 

v   Arriving and departing time of PEV v. 

u
EV 

 v,t,τ  Binary parameter with 1 indicating PEV 

connected to the grid. 

u
CI 

t’,t, τ , u
CII 

t’,t, τ 

and u
CIII 

t’,t, τ 

 Binary parameters with 1 indicating the state 

before, during and after contingency 

u
EV,del 

t’,t,τ   Binary parameter with 1 denoting PEV reacting to 

contingency 

VOLL  Value of lost load [$/MWh]. 

α,β,γ  Coefficients of generator cost function [$/MW2 

$/MW $]. 

 t,  τ  Period of each time interval,  t = 1 hour;  τ = 

10 minutes. 

ηch  PEV charging efficiency. 

λi  Expected failure rate of unit i. 

ξt  Uncertainty parameter of PEV behaviors. 

τ1  Post-contingency PEV reaction time interval [h]. 

τ2  Power system contingency time interval [h]. 
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ω  Certain proportion of power system demand that 

is required to provide, used as  load following 

reserve 

Variables   

EENSt  Expected energy not supplied [MWh]. 

EESEV
Int 

t   Expected energy supplied by PEVs’ charging 

interruption [MWh]. 

EESEV
V2G 

t   Expected energy supplied by PEVs’ V2G service 

[MWh]. 

ESj,t, ESjk,t  Energy shift with random event of single unit j 

outage and double units j and k outage [MWh]. 

E
Ch 

v,t’  Total PEV charging energy between when PEV 

responds to contingency and when system 

recovers [kWh]. 

E
Sup 

v,t’   Maximum supplementary recharging energy 

between the recovery of power system and the 

departure of PEVs [kWh]. 

E
Rem 

v,t’   Total energy remained in the PEV battery when 

PEVs conduct V2G service [kWh]. 

E
V2G,lim 

v,t   Energy of V2G limitation during contingency 

period [kWh].  

Pi,t  Power output of unit i at time t [MW]. 

P
Int 

t   The power capacity of interruptible PEV charging 

[MW]. 

P
V2G 

t   The power capacity of PEV V2G service [MW]. 

P
EVR 

t   Total power capacity of operating reserve that 

PEVs provide [MW].  

P
ch 

v,t,τ  Charging power of PEV v at time t, τ [kW]. 

P
total 

t     Total power system demand with PEVs charging 

demand taken into consideration [MW]. 

Paver  Average power system demand [MW]. 

P
ch,clus 

c,t,τ   Equivalent charging power of PEV cluster c at 

time t,τ [kW]. 

Prj,t,τ, 

Prjk,t,τ 

 Probability of the random event of single unit j 

outage and double units j and k outage. 

r
req 

t   Spinning reserve requirement at time t [MW]. 

ri,t  Spinning reserve provided by unit i at time t 

[MW]. 

S
clus 

c,t   Equivalent SOC of PEV cluster c at time t [kWh]. 

u
G 

i,t  On/off status of unit i at time t. 

I. INTRODUCTION 

PINNING reserve in power systems is defined as the 

reserve capacity which is spinning, synchronized and 

prepared to dynamically balance system load [1]. In order to 

withstand sudden outages of some generators and unforeseen 

fluctuations of the load and renewable energies [2], the daily 

operation cost increases because additional generators are 

committed on and other cheaper generators are operating less 

than the optimal output to provide the spinning reserve. Due to 

the widely application of PEVs, PEVs’ potential ability of 

interrupting charging demand and providing V2G service 

during the power system contingency may benefit the secure 

and economic operation of power systems. However, the 

effects of PEVs on the quantification of spinning reserve 

requirement remain to be further studied.  

To quantify the spinning reserve requirement, both 

deterministic and probabilistic criteria have been developed to 

maintain the power system operating within a certain risk level.  

The reserve set by deterministic criteria is mainly based on the 

capacity of the largest online generator or the certain proportion 

of the daily peak load, which is relatively easy to implement [3]. 

However, various system uncertainties and the stochastic 

nature of the component failures are not taken into 

consideration in the deterministic criteria. To overcome this 

limitation, the probabilistic criteria have drawn lots of 

attentions due to its advantages on reflecting the uncertainties 

of the availability of generators, the outages of transmission 

networks, generator response rate, and so on [4]. The loss of 

load probability (LOLP), the expected energy not supplied 

(EENS) and the unit commitment risk (UCR) are widely used 

as probabilistic criteria to evaluate the system SRR [1]. A 

market clearing process with bounded LOLP and EENS is 

proposed as additional linearized constraints of unit 

commitment (UC) formulation [5]. Market clearing models are 

proposed in [6] to optimize the spinning reserve via adding the 

cost of energy deficit calculated by the value of lost load 

(VOLL) and EENS into the classical UC problem. However, 

these spinning reserve optimization methods are based on the 

adjustment of UC formulation, which requires complicated 

iterative processes or approximate calculation of the risk levels 

associated with the reserve provision. To address this problem, 

a cost and benefit analysis model is proposed to optimize the 

SRR in an auxiliary optimization method before solving the UC 

problem [7]. The advantage of this model lays not only on the 

computation burden reduction by avoiding suboptimal 

solutions but also on the outstanding compatibility with 

existing UC problems.  

In modern power systems, the effects of various factors are 

considered in the quantification of the SRR. The uncertainty of 

high penetration of wind power [8] brings a great challenge to 

optimize the spinning reserve [9, 10]. In addition, other 

emerging impact factors including carbon capture plants [11], 

customers’ choice on the reliability [12] and bidding 

uncertainties in the electricity market [13] are taken into 

account in determining the spinning reserve. To maintain the 

power system adequacy, some other factors are included to 

partly replace the spinning reserve such as rapid start units, 

assistance from interconnected system, interruptible loads, 

voltage and frequency reductions, and so forth [14]. These 

additional factors and spinning reserve are regarded as 

operating reserve. In practice, hydro generation acts as the most 

common fast start-up unit to provide operating reserve [15]. An 

energy based technique to assess spinning reserve requirements 

considering the aid of interconnected systems is presented in 

[16]. The effects of interruptible load and demand response on 

spinning reserve quantification are analyzed in [17]. 

Due to the unique advantages of flexible charging load and 

V2G service, PEVs can be an effective alternative resource to 

provide operating reserve in the power system under proper 

compensation mechanism. With the large-scale application of 

PEVs in the foreseeable future, the ability of PEVs in providing 

ancillary service has been attracting tremendous attentions 

[18-22]. Among these studies, the optimal EV scheduling 
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schemes or the optimal bidding strategies involved in energy 

and reserve market are obtained via maximizing the profit of 

EV aggregators. Especially, power system reserve provided by 

V2G service can mitigate the effects of wind power production 

uncertainty and facilitate the integration of wind power [23, 24]. 

EVs can also provide supplemental primary reserve and 

frequency regulations through V2G technology to enhance 

power system stability [25, 26]. 

A cost-efficiency based optimization model of day-ahead 

spinning reserve requirement optimization considering the 

integration of PEVs is proposed in this paper. In the study, 

PEVs participate in contingency reserve allocation and provide 

energy support through charging interruption and V2G service 

when energy deficit happens due to generator outage. Similar to 

EENS, expected energy supplied by PEV is formulated to 

quantify PEVs’ provision of operating reserve. Comprehensive 

cost/benefit analysis is executed to compare the reserve 

provision cost of traditional generators and PEVs. It explicitly 

verifies the merits of PEVs’ reserve provision including the 

reduction of operation cost and the improvement of system 

reliability during power system contingency. The impacts of 

the PEV penetration level and the compensation to PEV owners 

on SRR allocation are systematically investigated in this paper 

on basis of sensitivity analysis to provide very useful 

information to future implementation and effectively bring the 

concept of V2G into practice. Generally, the main contributions 

of this paper include the following aspects: 

    1) Distinguished from existing literatures, PEVs are 

innovatively considered in the determination of power system 

SRR in this paper. The costs of reserves from traditional 

generators and PEVs as well as EENS are taken into account 

together to determine optimal SRR. 

2) The concept of EESEV is innovatively proposed in the 

study to quantify the expected energy supplied by PEVs. The 

reaction time of PEVs’ reserve provision is taken into account 

in the calculation of EESEV, as well as EENS. 

3) PEVs’ capacity of interruptible charging demand and 

V2G service under both smart charging and immediate 

charging strategy is formulated in this paper. 

4) The effectiveness of PEVs on power system SRR 

optimization, unit commitment and system reliability is 

comprehensively investigated under various scenarios. 

5) The sensitivity analysis of the PEV penetration level and 

the compensation to PEVs owners is newly executed to provide 

meaningful reference for future implementation of PEVs’ 

participation in operation reserve. 

The structure of the remainder of this paper is organized as 

follows. Section II describes the formulation and optimization 

of SRR considering PEVs’ participation, where EENS and 

EESEV are formulated based on a probabilistic criterion. The 

modeling of PEVs’ providing operation reserve is proposed in 

Section III, where the capacity and cost of interruptible 

charging demand and V2G service in different charging 

strategies are formulated. Case studies for the verification of 

the proposed model are fulfilled, analyzed and discussed in 

Section IV. Further discussions on the uncertainties of the 

future implementation of the proposed model are conducted in 

Section V. Finally, the conclusion is given in Section VI. 

II. FORMULATION AND OPTIMIZATION OF SPINNING RESERVE 

REQUIREMENT 

A. Formulation of Spinning Reserve Requirement 

As the model developed in [7], the SRR of each optimization 

period can be determined using an auxiliary optimization 

method before solving the UC problem. Hourly SRR is 

separately optimized for each time interval based on 

cost/benefit analysis. The inter-temporal constraints are 

neglected in the optimization model for practical application [7, 

9, 11]. Once the hourly SRR is determined, it is used as inputs 

of traditional reserve-constrained UC model. The main 

advantage of the model mainly lies in the cost/benefit analysis 

of reserve provision. It would be beneficial and practical to 

evaluate the effects of PEVs on spinning reserve requirement 

from the economic-efficiency perspective. Taking PEVs into 

consideration, the SRR model is proposed to not only balance 

the cost of operating generation and the cost of EENS, but also 

incorporate the cost of the energy supplied by PEVs.  

The SRR model with the assistance of PEVs can be 

formulated as, 

SRR OPER EENS EESEV
req

req req req reqmin ( ) ( ) ( ) ( )
t

t t t t
r

f r f r f r f r          (1) 

where, 

OPER

, ,

req 2 G

, , ,
,

( ) min
G
i t i t

t i t i t i t
u P

i G

f r P P u  


                       (2) 

EENS

req( )t tf r VOLL EENS                                 (3) 

        EESEV

req Int V2G

Int V2G( )t t tf r C EESEV C EESEV                (4) 

subject to: 
D H

,

C )( 0,i t t

i G

tP P P t T


                              (5) 

req

, 0,t i t

i G

r r t T


                                      (6) 

G max up

, , , ,min{ ( ), }, ,G

i t i t i i t i t ir u P P T i GR tu                   (7) 

G min

, , ,,i t i t i t TP u P i G                                 (8) 

G max

, , , , ,,i t i t i t i t t iu Gr TP P                               (9) 

G G

, 1 , , 1 , 1 , ,i t i i t i t i t iu RD P P u R t T i GU                   (10) 

The objective function (1) is to minimize the overall hourly 

cost with respect to the SRR r
 req 

t , consisting of the cost of 

operating generation f 
OPER(r

req 

t ), the cost of the expected energy 

not supplied f 
EENS(r

req 

t ) and the cost of the expected energy 

supplied by PEV fEESEV(r
req 

t ). The generation operation cost 

expressed in (2) is the running cost of generators to serve the 

demand and provide the amount of SRR r
req 

t . The cost of EENS 

defined in (3) is the expected cost compensated to the users due 

to the load shedding. The cost of EESEV represented in (4) is 

composed of the cost of interrupting the PEV charging demand 

and the cost of implementing V2G. The cost for PEVs’ 

interruption and V2G service consists of compensation to PEV 

owners for delayed charging and the battery degradation, of 

which the details will be discussed in Section III.  

The constraint of electric power balance at each period is 

expressed as (5). The limitations of the spinning reserve 

provided by each unit are defined by (6) and (7). The 

limitations of power generation are shown as (8) and (9), and 
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the maximum limitation of ramp-up and ramp-down rates of 

each unit is shown as (10). 

B. Formulation of EENS and EESEV 

EENS can be obtained based on the installed capacity of 

generating units, the probability of forced outage of each 

generating unit, the amount of spinning reserve that each unit 

can provide and the load level [1]. It is calculated by summing 

all the curtailed energy associated with the probability of each 

contingency. When the PEVs take part in the operating reserve, 

EENS, as well as EESEV should be reformulated to consider 

the reduction of the shedding load due to the assistance of PEVs. 

The formulation of EENS and EESEV is complicated as PEVs 

need some time to take actions. The power not supplied during 

contingency period is depicted in Fig. 1, where EENS and 

EESEV are shown by the areas in different colors. PEV 

reaction time τ1 is defined as the delayed time for PEV 

aggregator to take action. To conduct post-contingency 

dispatch of PEVs, the aggregator should firstly receive PEV 

reserve dispatching commands from power system operator; at 

the same time obtain the information of each PEV, e.g. SOC 

and departure time; finally make decision on each PEV’s 

interruption and V2G energy based on each PEV’s urgency 

priority towards energy. System contingency time τ2 is defined 

as the time interval before the contingency reserve is restored 

by the offline generators. The values of τ1 and τ2 are set 

according to the interruptible import requirement and 

contingency reserve restoration requirement in Reliability 

Standards for the Bulk Electric Systems of North America [27]. 

Then EENSt can be divided into EENS
Ⅰ 

t  and EENS
Ⅱ 

t , where 

EENS
Ⅰ  

t  is the expected energy not supplied during τ1 and   

EENS
Ⅱ 

t  denotes the expected energy not supplied between τ1 

and τ2. Only EENS
Ⅱ 

t  is reduced due to the existence of the 

expected energy supplied by the interrupted energy of PEV 

EESEV
Int 

t  and the expected energy supplied by V2G energy 

EESEV
V2G 

t . 

N
ot

-s
up

pl
ie

d 
po

w
er

τ1 τ2Time

Int
t

EESEV

2V G
t

EESEV

tEENSⅠ
tEENSⅡ

 
Fig. 1. Area for evaluating EENS, EESEV

Int 

t  and EESEV
V2G 

t  

 

To calculate EENS and EESEV, the probability of capacity 

outage should be firstly analyzed. The failed probability of a 

certain generator could be estimated as [1]， 

1 2, 1 , , ,i

i iORR e i G


    
                    (11) 

where ORRi,τ is defined as the outage replacement rate and 

represents the probability that the unit i fails and is not replaced 

during time interval τ. Then the time-dependent probability of 

the random outage event can be obtained by (12) and (13), 
G G

, ,, , , 1,

,

2,1 ,) ,( ,j t j i

i G i j

j t i tPr ORR ORRu u j G t T     
 

     (12) 

, , , , ,

G G G

, ,

, , , ,(1 )jk t j k i

i

j t k t i t

G i j k

u u u OPr ORR RORR R   

 

   

1 2, , , ,j k G t T                                       (13) 

where Prj,t,τ denotes the probability of the random event of 

single unit j outage, and Prjk,t,τ denotes the random event of 

units j and k outage. It needs to emphasize that the outage 

events of more than two units are not taken in consideration in 

the study. The energy shift with these contingency scenarios 

can be defined as,  
req D

, , ,( ), ,j t j t t j t tES P r r P j G t T                     (14) 

req D

, , , , ,( ), ,jk t j t k t t j t k t tES P P r r r P j G t T             (15) 

where ωP
D 

t  represents the certain proportion of demand that are 

required to provide, used as  load following reserves [28]. 

For the simplification of the expression of EENS and EESEV, 

a piecewise function g(x) is introduced and defined as below: 

, if 0
( )

0, if 0

x x
g x

x


 


                                  (16) 

EENS with the involvement of PEV could be formulated as, 

t t tEENS EENS EENS Ⅰ Ⅱ
                           (17) 

where 

1 1, ,, 1 , , 1

,

,)( ( ) ,t j t jkj t jk tt

j G j G k G j k

ESEENS Pr g Pr g t TES  
   

     Ⅰ

    (18) 

2

E

2,, ,

VR )(t j t j t t

j G

EEENS Pr g S P 


 Ⅱ    

2, ,

EVR

, 2

,

)(jk t

j G k

t

j

jk t

G k

ES PPr g 
  

    

1

EVR

,, , 1( )j t tj t

j G

ES PPr g 


                                                       

1

EVR

,, , 1

,

)( ,jk t

j G k G j k

jk t tPr g tES P T 
  

          (19) 

where the EENS
I 
t , represented as (18), can be obtained by 

summarizing the expected energy deficit because of single unit 

outage and double unit outage within PEV reaction time τ1 

respectively. Considering the EENS is a polynomial function of 

time τ, EENS
Ⅱ 

t  cannot be acquired directly. To obtain EENS
Ⅱ 

t , 

the first and second terms of (19) denote EENS within system 

contingency time τ2 based on the assumption that PEVs react 

immediately after contingency, while the third and fourth terms 

of (19) denote EENS within time τ1with the assumption of 

PEVs’ immediate participation. The capacity of the PEVs’ 

contribution to operating reserve P
EVR 

t  is the sum of the PEVs’ 

interruptible charging demand P
Int 

t  and V2G capacity P
V2G 

t , 

represented as, 
EVR Int V2G ,t t tP P TP t  

                              
(20) 

The formulation of the three parameters P
EVR 

t , P
Int 

t  and P
V2G 

t  

will be introduced in the next section. Similar to the 

formulation of EENS
Ⅱ  

t , EESEV
Int 

t  and EESEV
V2G 

t  could be 

expressed as, 

2

Int In

,

t

,, 2[min , )]( j tt j t

j G

tEESEV EPr g S P 
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2

Int

, , 2

,

, , )[min( ]j jk t tk t

j G k G j k

ES PPr g 
  

   

1

Int

,, , 1[ )]min( ,jj t t

j G

tES PPr g 


  

1

nt

,

,, , 1[min( )] ,, I

jk t tjk t

j G k G j k

Pr g tES P T 
  

             

     (21) 

2

V2G

, ,

Int V

2

2G

, , )][min( j t t tt j t

j G

EEESEV P S P Pr g 


   

           
2
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, , 2

t V2G

,

,

[m n( ,i )]jkjk t

j

t t t

G k G j k

Pr ES P Pg 
  

                  

1

Int V2G

,, , 1(min( , )]j t tj tt

j G

Pr ES P Pg 


  

1

Int V2

, ,

,

G

1,[mi ( )n ] ,,jk tjk t

j G k

t t

G j k

ES P PPr g t T 
  

       

(22) 

where EESEV
Int 

t  and EESEV
V2G 

t  are derived through that the 

supplied energy during the system contingency time τ2 

neglecting PEVs’ reaction time, as the first and second terms in 

(21) and (22), subtracts the extra amount of supplied energy 

during PEV reaction time τ1, as the third and fourth terms in (21) 

and (22). As the cost of interrupting the PEV charging demand 

is quite smaller than the cost of providing V2G service, 

charging interruption would be preferentially conducted in 

practice. From the practical point of view, the possible 

scenarios can be listed as below: 

1) If the spinning reserve can cover the capacity loss of 

system contingency, no energy deficit emerges and no PEVs 

react; 

2) If the energy deficit is smaller than the total PEV 

interruptible capacity P
Int 

t , only part of charging energy is 

interrupted;  

3) If the energy deficit is larger than the interruptible 

capacity P
Int 

t  and smaller than total PEV capacity P
EVR 

t , total 

charging energy is interrupted and part of V2G service is 

conducted;  

4) If the energy deficit is larger than the total PEV capacity   

P
EVR 

t , total charging capacity and total V2G capacity are 

scheduled to support power system. Only in this case, energy 

not supplied emerges. 

C. Optimization Methodology 

The formulated SRR optimization model is non-convex but 

unimodal because the system cost does not change 

continuously when an additional unit is turned on. The iterated 

grid search algorithm with three-grid points is applied here to 

solve the problem [29], with the details shown as Algorithm 1. 

In the algorithm, the interval [Lb Ub] is first set large enough 

containing the optimal value of SRR in the first initialization 

step; then three points of SRR are acquired equably among the 

given interval in Step 5. Based on the searched SRR, generation 

cost is firstly optimized in Step 6; then EENS and EESEV are 

calculated in Step 7; the total system cost is obtained by 

summarizing the various costs at last in Step 8. Comparing the 

results, a narrower interval [Lb Ub] is reset, as shown from 

Steps 10-16. This process is also visually illustrated in Fig. 2, 

where I1 is selected as new optimization interval if fSRR(r
req 

t,m=1) is 

the smallest, I2 is selected as new optimization interval if  fSRR (r
req 

t,m=2) is the smallest, and I3 is selected as new optimization 

interval if  fSRR (r
req 

t,m=3) is the smallest. The optimal SRR is finally 

obtained until Lb is close enough to Ub and used as inputs of 

reserve-constrained unit commitment.  

Lb Ub, 1

req

t mr  , 2

req

t mr  , 3

req

t mr 

, 1( )req

SRR t mf r 

, 2( )req

SRR t mf r 

, 3( )req

SRR t mf r 

H
o
u
rl

y
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o
st

Spinning reserve requirement

I1
I2

I3

 
Fig. 2. Illustration of the iterated grid search algorithm 

 

Algorithm 1 Grid search-based spinning reserve optimization 

methodology  

1: Initialization: Set t=1, k=1. Set Ik=[Lb Ub] large enough to contain 

the optimal value of SRR 

2: for t =1 to 24 do 

3:   while Ub-Lb>ε 

4:     for m=1 to 3 do 

5:          Let r
req 

t,m =Lb+m/4*(Ub-Lb) 

6:          Optimize fOPER(r
req 

t,m ), as shown in (2), with constraints (5)-(10) 

             to obtain u
G 

i,t Pi,t and ri,t 

7:          Calculate EENSt, EESEV
Int 

t  and EESEV
V2G 

t with (11)-(22) 

8:      Calculate f 
EENS(r

req 

t,m ) and fEESEV(r
req 

t,m ) using (3)-(4) and then 

calculate f 
SRR(r

req 

t,m ) using (1) 

9:       end for 

10:     If fSRR(r
req 

t,m=1)< fSRR (r
req 

t,m=2) & fSRR (r
req 

t,m=1)< fSRR (r
req 

t,m=3) Then 

11:         Let [Lb Ub]=[Lb fSRR (r
req 

t,m=1)] 

12:      Else if fSRR (r
req 

t,m=2)< fSRR (r
req 

t,m=1) & fSRR (r
req 

t,m=2)< fSRR (r
req 

t,m=3) Then 

13:         Let [Lb Ub]=[ fSRR (r
req 

t,m=1)  fSRR (r
req 

t,m=3)] 

14:      Else if fSRR (r
req 

t,m=3)< fSRR (r
req 

t,m=1) & fSRR (r
req 

t,m=3)< fSRR (r
req 

t,m=2) Then 

15:         Let [Lb Ub]=[ fSRR (r
req 

t,m=2)  Ub] 

16:     End if 

17:   End while 

18:   Set r
req 

t =1/2*(Ub-Lb) 

19: End for 

20: Reserve-constrained unit commitment 

III. MODELING OPERATING RESERVE PROVIDED BY PEVS 

In this section, the operating reserve provided by PEVs is 

mathematically modeled. PEV travel behavior is firstly 

simulated. Then two different charging scheduling schemes are 

executed on basis of two typical charging strategies, i.e., 

immediate charging and smart charging strategy. The capacities 

of PEV interruptible charging demand and V2G service are 

calculated respectively. The costs of providing these two 

services including the compensation to PEV owners and battery 

degradation are formulated at last. It is worth mentioning that 

modeling capacity and cost of PEVs’ service aims to estimate 

day-ahead PEVs’ capacity to provide operating reserve, so that 

the day-ahead SRR can be optimized accordingly. The actual 

post-contingency dispatch of PEVs is dependent on the 

real-time PEV information  obtained by the aggregator, which 

Downloaded from http://iranpaper.ir



1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2016.2597098, IEEE
Transactions on Smart Grid

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6 

is out of the scope of this paper. 
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Fig. 3. Flowchart of modeling operating reserve provided by PEVs 

 

A. PEV Travel Behavior Simulation 

The PEV travel data is derived from the national household 

travel behavior survey, conducted by the U.S. Department of 

Transportation Federal Highway Administration [30]. A 

statistical probability method is conducted to analyze the 

results of travel behaviors [31, 32]. Segmented normal 

distribution functions are adopted to match the time when the 

EV first plugs out of the grid and the time when the electric 

vehicle last plugs into the grid. The probability density 

functions fs(t) and fe(t) are respectively represented in (23) with 

s = 8.92 and s= 3.24, (24) with e = 17.47 and e = 3.41. 
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The daily travel mileage is modeled using a logarithmic 

normal distribution function as below with m = 2.98 and m 

=1.14 
2

m
m 2

mm

1 (ln )
( ) exp[ ]

22

x
f x

x






                    (25) 

The Monte Carlo simulation method is used to capture the 

travel behaviors of the vehicles according to the above 

probability density functions fs(t), fe(t) and fm(t). The energy 

consumption before the vehicles are integrated into the grid is 

estimated according to the travel mileage and per mile energy 

consumption. The Monte carlo simulation is justified to make 

sure arriving time t
arr 

v  is smaller than the departure time t
dep 

v , as 

shown  in Part I in Fig. 3.  

B. Charging Strategy 

Different PEV charging strategies would have different 

effects on the ability of PEVs in providing the operating reserve 

at each time interval. Both typical immediate charging and 

smart charging strategies are considered in the study.  

1) Immediate Charging: In the immediate charging mode, 

PEVs are assumed to be charged immediately after they are 

plugged into the grid when the last trips end in a certain day. 

The charging duration depends on the travel mileage during the 

day. Assuming that PEVs can respond to the contingency in 

several minutes, the intra-hour index τ is used to formulate a 

more precise model and set the interval as 10 minutes in the 

study. The PEV charging load can be given as, 
Coms

EV arr

,max , ,

ch ch,maxch

, , Coms

EV arr

, ,

ch ch,max

, 1

0, 0

v

ch v t v

v t

v

v t v

E
P if u and t t

P
P

E
if u or t t

P














   


 
    



 

, ,v V t T T                        (26)   

where u
EV 

 v,t,τ denotes the state whether PEV is connected to the 

grid; Pch,max represents maximum charging power; E
Coms 

v  denotes 

the daily energy consumption. Once PEV arrives, it is charged 

at the maximum rate Pch,max until the energy is full. 

2) Smart Charging: In the smart charging mode, the travel 

information of each PEV, such as the travel time and the daily 

travel energy consumption, would be collected; then the time 

and the amount of PEVs’ charging demand are orderly 

determined by the system operators or the PEV aggregators to 

benefit the operation of power systems. Here, a smart charging 

demand optimization model is proposed to optimize the PEVs’ 

charging demand at each period through minimizing the daily 

system load fluctuation. Due to the large quantity of PEVs, a 

clustering method is used in this model to reduce the 

computation burden. The PEVs with similar pattern of travel 

time and the daily travel mileage could be classified into the 

same group, which can be dispatched as a whole. Electric 

vehicle smart charging strategy has been attracting lots of 

attentions in the research field of smart grid. To conduct smart 

charging strategy, lots of studies choose the objection of 

charging cost minimization in electricity market [20] or 

generation cost minimization[24]. In this paper, the objective is 

set as demand smoothing [33], which can be formulated as, 
total 2

co avermin ( )t

t T

f P P


                        (27) 

where 

total D ch,clus

, ,

1

1000
c

t t c t

c V T

P P P 
  

                      (28) 
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total
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24
t

t T

P P
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subject to: 
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, ,clus clus

, 1 ,
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, , [ , ]
ch c t arr dep
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clus,max

clus arr dep
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0 , , , [ , ]

6
c t c c c cP n P c V T t t t         

       
(33) 

ch,clus arr dep

, , 0, , , [ , ]c t c c cP c V T t t t                           (34) 

The objective defined in (27) is devoted to smoothing the daily 

system demand. The mathematical definitions of P
total 

t  and Pmean 

are expressed as (28) and (29) respectively. The equality 

constraint of charging energy of each cluster is shown as (30). 

The upper and lower limits of equivalent battery capacity of 

PEV clusters are defined by (31). The basic travel demand 

requirement should be satisfied as the inequality (32). The 

constraints of charging power limitation and non-schedulable 

state are listed as (33) and (34), respectively. 

C. Capacity Estimation 

Once the charging demand at each period is determined 

under either immediate charging strategy or smart charging 

strategy, the time-varying capacity of interruptible charging 

demand and V2G service can be obtained according to the 

specific values of the PEVs’ parameters, including the charging 

demand, the arriving and departing time, energy remained in 

the PEV battery, etc. The details of this process can be referred 

to Part II in Fig.3. 

The capacity of interruptible charging demand depends not 

only on the charging demand itself, but also on whether the 

interrupted load can be recharged before PEV’s departure. In 

other word, the charging energy during system contingency can 

be interrupted only if there is still enough time to recharge this 

amount of energy between the recovery of system contingency 

and PEV’s departure, which can be represented as, 
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where 
Ch CII EV,del ch
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E u u P P v V t T  



 

            (37) 

where E
Ch 

v,t’ is the amount of total charging energy between when 

PEVs respond to contingency and when system recovers, E
Sup 

v,t’  

denotes the maximum  amount of supplementary recharging 

energy between the time when power system recovers from 

contingency and the time when PEV departs, the time index t’ 

is to indicate the time when the contingency happens. In this 

paper, system contingency is assumed to happen only at the 

beginning of each hour for simplicity. The definitions of the 

binary parameters u
CI 

t’,t, τ , u
CII 

t’,t, τu
CIII 

t’,t, τ and u
EV,del 

t’,t, τ   are listed as, 
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where u
CI 

t’,t, τ , u
CII 

t’,t, τ and u
CIII 

t’,t, τ are the binary parameters with 1 

denoting before, during and after contingency, respectively,        

u
EV,del 

t’,t,τ     is the binary parameter with 1 denoting that the PEVs are  

reacting to contingency, u
EV 

 v,t,τ is the binary parameter with 1 

indicating that PEV is connected to the grid. The number 1000 

is used to make the transition from kW to MW. 

The formulation of the V2G capacity is similar to (35). 

However, the discharging limitation and the energy remained in 

the battery of PEVs when V2G happens should be involved in 

the formulation of the V2G capacity as well, represented as, 
Rem V2G,lim Sup
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where 
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(43) 

where E
Rem 

v,t’  defined in (41) denotes the total energy remained in 

the battery of PEVs before conducting V2G service, which can 

be derived by summing the energy remained in the battery and 

the charged energy when PEVs are connected to the grid before 

PEVs respond to the contingency to provide V2G service,         

E
V2G,lim 

v,t  defined in (42) represents the V2G energy limitation due 

to the limit of PEVs’ V2G recharging power during PEVs’ 

reaction period. 

D. Cost of PEVs’ Service 

The PEV owners should be rewarded for the delay of 

charging caused by both the interruption and V2G. Besides, 

discharging a battery for providing V2G service will speed up 

its degradation procedure. Then the costs of interrupted 

charging demand CInt and V2G service CV2G can be respectively 

expressed as, 

Int CompC C                                      (44) 

BI

V2G Comp

EV,mC Dx oDa

1000C

S
C C

L d
                     (45) 

where CComp is the per MWh cost of compensation to PEV 

owners, and the second term of (44) is the per MWh investment 

cost of the battery degradation [33, 34], CBI is battery 

investment cost of V2G service, LC is the battery cycle life at a 

certain depth of discharge (DoD); SEV,max is the battery capacity; 
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dDoD is the DoD used in determining LC. Thus, LCSEV,maxdDoD 

represents the overall energy that a battery can provide 

throughout  its lifetime and the number 1000 is used to make 

the transition from $/kWh to $/MWh. 

IV. CASE STUDY 

The IEEE reliability test system (RTS -96) [35] is utilized to 

demonstrate the basic characteristics of the proposed 

PEV-integrated SRR model. The test system consists of 26 

units and the hydro generating units are not taken into 

consideration in any of the case studies in this paper. The unit 

cost data is obtained from [36]. The load of the system varies 

from 59% to 100% of 2700 MW peak load, without 

consideration of the PEV charging demand. Other parameter 

settings are given in Table I. The values of the parameters τ1 

and τ2 are set based on the interruptible import requirement and 

contingency reserve restoration requirement in Reliability 

Standards for the Bulk Electric Systems of North America [27]. 

The details of the battery degradation cost can be referred to 

[33]. The modeling of electric vehicle uncertainty parameter 

can be referred to [37]. 
 

TABLE I 

PARAMETER SETTINGS 

Parameters Values Parameters Values 

τ1 1/6 h V 10000 

τ2 1 h VOLL 7500 $/MWh 

Lb 300 MW CComp 125 $/MWh 

Ub 500 MW CBI/ SEV,max 100 $/kWh 

Pch,max 4.5 kW dDoD 0.8 

PV2G,max 9 kW LC 1000 

ω 1% ε 1MW 

 

For the future practical application, two kinds of 

uncertainties should be taken into consideration: whether V2G 

service and smart charging strategy can be fulfilled. Thus six 

scenarios are tested in the study, as shown in Table II. Total 

power system demand remains the same among Scenarios 1, 3 

and 5 where Scenario 5 acts as benchmark for the other two 

scenarios. Similarly, the total demands of Scenarios 2, 4 and 6 

are the same, and Scenario 6 is utilized as the benchmark.  
 

TABLE II 

SCENARIOS OF CASE STUDY 

Scenario 1 2 3 4 5 6 

V2G service Enabled Enabled Not enabled 
Not 

enabled 
Not enabled 

Not 
enabled 

Charging 

interruption 
Enabled Enabled Enabled Enabled Not enabled 

Not 

enabled 
Charging 

strategy 

Immediate 

charging 

Smart 

charging 

Immediate 

charging 

Smart 

charging 

Immediate 

charging 

Smart 

charging 
 

A. Determination of Interruptible and V2G Capacity 

The interruptible and V2G capacity with both immediate and 

smart charging strategies available for contingency can be 

demonstrated in Fig. 4. Generally, the V2G capacity is much 

larger than the interruption capacity as most of the PEVs 

connected on the grid have the ability to feed energy back to 

power system, while only small proportion of PEVs which are 

in charging conditions has the ability to interrupt charging 

energy. The V2G capacity demonstrates great difference during 

the day and night as much more vehicles park at night. The 

interruption capacity varies a lot with different charging 

strategies. The energy charging is scheduled mostly at night 

under the smart charging strategy, and scheduled separately 

during the day under the immediate charging strategy.  

 
Fig. 4. Interruptible and V2G capacities with immediate and smart charging 

strategies. 

B. Optimization Spinning Reserve Requirement 

 
Fig. 5. Optimization of SRR with regard to the total cost, generation cost, EENS 

cost and EESEV cost when t= 4h 

 
Fig. 6. Optimization of SRR with regard to the total cost, generation cost, EENS 

cost and EESEV cost when t=18h 

 

In order to demonstrate how the SRR is obtained with the 

proposed model, various hourly costs, i.e., total system cost, 

generation cost, EENS cost and EESEV cost with different 

SRRs are depicted in Figs. 5 and 6. Only two typical time 

intervals t = 4 h and t = 18 h are selected respectively indicating 
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the lowest and highest the system demand during the whole day. 

The optimal SRR is acquired by reaching the minimization of 

the total cost, as shown in Figs. 5 and 6. The SRR is optimized 

through tradeoff among costs of generations, EENS and 

EESEV. It can be found that larger SRR results in larger 

generation costs and smaller SRR leads to larger EENS costs. It 

is proved that the function of total cost is unimodal and the grid 

search-based SRR optimization methodology can be valid to 

resolve the proposed cost-oriented optimization model. 

Generally, the system with larger demand would have larger 

SRR and larger system cost, through comparing the results 

depicted in Figs. 6 and Fig. 5. It can be also found that the SRR 

is considerably cut down when V2G service is enabled, and the 

SRR is smaller in the night and larger during the day under 

smart charging strategy comparing with immediate charging 

strategy. 

C. Economic Efficiency Analysis 

 
TABLE III 

VARIOUS DAILY COSTS OF DIFFERENT SCENARIOS 

Scenario Total costs ($) Generation costs ($) EENS costs ($) EESEV costs ($) 

1 8.2027×105 7.9674×105 2.2501×104 1.0300×103 

2 8.1988×105 7.9651×105 2.2303×104 1.0594×103 
3 8.5088×105 8.2818×105 2.2665×104 32.4850 

4 8.5041×105 8.2774×105 2.2643×104 28.4796 

5 8.5408×105 8.3051×105 2.3571×104 0 
6 8.5071×105 8.2786×105 2.2851×104 0 

 

Daily system operation costs can be obtained once the 

reserve-constrained unit commitment is determined. Various 

costs of the studied six scenarios are listed in Table III. 

Comparing Scenarios 1 and 2 with Scenarios 5 and 6 

respectively, the large reduction of the total costs solidly 

indicate the economic effectiveness of PEVs’ aid in system 

operating reserve allocation. Particularly, the generation costs 

are considerably reduced from 8.3051×105 $ to 7.9674×105 

$ under immediate charging strategy and from 8.2786×105 $ to 

7.9651×105 $ under the smart charging strategy due to PEVs’ 

contribution, and EENS costs also slightly decrease from 

2.3571×104 $ to 2.2501×104 $ in the immediate charging 

strategy and from 2.2851×104 $ to 2.2303×104 $ in the smart 

charging strategy. On the other hand, the additional 

compensation costs and the battery costs that system operator 

should pay for EENS are relatively small, with 1.0300×103 

$ and 1.0594×103 $ in the immediate and smart charging 

strategies respectively. It is because the frequency of activating 

PEVs to provide energy is quite low. Thus PEVs are very 

economically suitable to partly replace generators to provide 

contingency reserve. As the interruptible capacity is relatively 

smaller than the V2G capacity, the PEVs’ system-supporting 

effectiveness without V2G is considerably reduced by 

comparing various costs of Scenarios 3 and 4 with Scenarios 5 

and 6 respectively. The results also demonstrate larger benefit 

brought by the utilization of smart charging strategy. However, 

the difference value between total costs of Scenarios 1 and 2 is 

diminished compared with that between Scenarios 5 and 6.It 

demonstrates that the economic advantage of smart charging 

strategy is weakened if PEVs are required to provide operating 

reserve. It is due to that PEVs in immediate charging strategy 

can provide more operating reserves separately during most of 

the time intervals, as shown in Fig. 4 and thus helps to reduce 

the operating costs. Thus the necessity to shift the charging 

demand as smart charging is largely weakened. 

 
Fig. 7. Unit commitment under various scenarios 

 

 
Fig. 8. Scheduled spinning reserve under various scenarios 

 

D. Scheduled Spinning Reserve and Unit Commitment  

Unit commitment under various scenarios is demonstrated in 

Fig. 7, with “×” denoting committed-on unit, “○” denoting 

turned-off unit opposite the benchmark and “△”denoting 

turned-on unit opposite the benchmark. Divided by different 

charging strategies, Scenario 5 acts as the benchmark of 

Scenarios 1 and 3 while Scenario 6 acts as the benchmark of 

Scenarios 2 and 4. The index per unit represents the generation 

capacity, for instance, U400 demonstrates the unit with 

installed capacity of 400 MW. Once the unit commitment is 

determined, the scheduled hourly spinning reserve under 

various scenarios can be also obtained, as shown in Fig. 8. 

When PEVs are supposed to provide operating reserve, 

especially V2G service is enabled in Scenarios 1 and 2, some 

units with relatively small capacity are turned off compared to 

the corresponding benchmarks. For example, U76 is turned off 

in the night and U12 is turned off during the day. Nevertheless, 

several units, e.g., U12 at t=16 h, 21 h and 22 h, are turned on to 

partly compensate the vacancy left by the turned-off units with 

larger capacity, e.g., U197. The amount of scheduled spinning 

reserve is thus considerably reduced, shown as Scenarios 1 and 

2 in Fig. 8. When system contingency happens, PEVs can 
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interrupt the charging demand and feed energy back to support 

the power system. Thus system operators do not need to 

schedule as much spinning reserve as before and some units can 

be turned off. 

 When only PEV interruption is enabled, the support of PEVs 

to power system is relatively small. In this condition, the unit 

commitment results are almost the same with benchmark and 

the amount of scheduled spinning reserve is just slightly 

smaller than the benchmark as shown in Scenarios 3 and 4 in 

Figs. 7 and 8, respectively. Under the immediate charging 

strategy in Scenario 3, the unit commitment is exactly the same 

with benchmark. However, the scheduled spinning reserve is 

smaller than the benchmark especially during the day. In this 

case, units with larger capacity, which are supposed to provide 

spinning reserve, are allowed to increase the outputs as the 

requirement of spinning reserve is reduced. Under the smart 

charging strategy, the interruptible PEV capacity is very large 

as most of PEVs are charged together at night. Thus some units, 

e.g., U78 at t = 3 h, 4 h, 5 h and 6 h, are turned off and the 

scheduled spinning reserve at night is reduced, shown as 

Scenario 4 in Figs. 7 and 8 respectively.  

E. Improvement of Power System Reliability 

The effects of PEVs on the power system reliability by 

interrupting charging demand and feeding energy back to 

power system when contingency happens are discussed here. 

Expected energy not supplied is regarded as one of the most 

important reliability assessment indices. The daily EENS 

values with different reactions of PEVs and different charging 

strategies are listed in Table IV. It is demonstrated that the daily 

EENS is reduced in Scenarios 1-4 comparing with the 

benchmarks Scenarios 5 and 6, which proves that the reliability 

of power system is improved due to the assistance from PEVs’ 

post-contingency support. Comparing with the obtained results 

of other scenarios, Scenarios 1 and 2 have smaller EENS, 

indicating that V2G service can help to improve system 

reliability even more. It can be also seen that the smart charging 

strategy has advantages on enhancing the reliability by 

comparing Scenarios 1, 3 and 5 with Scenarios 2, 4, and 6 

respectively. 
 

TABLE IV 
EENS OF DIFFERENT SCENARIOS 

Scenario 1 2 3 4 5 6 

EENS(MWh/day) 1.5001 1.4869 1.5110 1.5095 1.5714 1.5234 

 

V. DISCUSSIONS OF FUTURE IMPLEMENTATIONS 

In the previous sections, the effects of PEVs on the spinning 

reserve allocation in various scenarios are analyzed, given the 

specific rewards to the PEV users and the specific PEV 

penetration level. However, for the practical implementation in 

the future, these two factors will greatly affect the performance 

and efficiency of PEVs’ participation in operating reserve 

allocation. Sensitivity analysis of PEV penetration level and 

compensation cost is conducted in this section.  

A. Sensitivity Analysis of PEV Penetration Level 

In order to address the uncertainty of PEV population in the 

future, various case studies considering different PEV 

penetration levels are fulfilled. The penetration level of PEV 

charging load can be defined as,  

PEV ch,max

PEV

aver

100%
N P

PL
P

                       (46) 

The daily average scheduled spinning reserve is defined as 

the average value of hourly spinning reserve in one day, to 

efficiently assess the degree of daily spinning reserve. The 

average scheduled spinning reserve in different PEV 

penetration levels is depicted in Fig. 9. To make the figure 

clearer, Scenarios 5 and 6 are not drawn here as the average 

scheduled spinning reserves in these scenarios are not affected 

by PEV penetration level, with 464MW and 465MW 

respectively. The average scheduled spinning reserve decreases 

with the increase of PEV penetration level, according to the 

numerical results of Scenarios 1-4 from Fig. 9. The V2G 

service highlights this characteristic, as shown in Scenarios 1 

and 2. Although the low penetration level demonstrates that 

PEV charging energy is only a small proportion of the total load 

of the power system, it has considerable effects on power 

system spinning reserve allocation. It is because the PEV 

interruptible and V2G capacity cannot be neglected compared 

with potential energy loss due to generation outage. 

 
Fig. 9. Effects of PEV penetration level on scheduled spinning reserve 

B. Sensitivity Analysis of Compensation Cost 

The design of the compensation to the PEV owners would 

affect the motivation of providing operating reserve in the 

future. The sensitivity analysis of compensation cost is to find 

out the potential ability and monetary space for system 

operators to reward the PEV owners for their contributions. The 

index of compensation rate is defined as the ratio of the 

compensation cost to the scheduled generation marginal cost, 

given as, 

SRR

Comp

,

PEV 100%
1

24 tt T i

CR
C

f

P

 





,                        (47) 

where unit i is the marginal generator. 

Here the scheduled generation marginal cost is used to 

estimate the electricity price. The index of compensation cost is 

to roughly measure the degree of compensation from the view 

of users. The system total costs under various compensation 

rates with Scenario 1-4 are demonstrated in Fig. 10. The total 

costs of Scenarios 5 and 6, fixed as 8.5408×105 $ and 
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8.5071×105
 $, are not affected by the compensation rate, which 

are not depicted in Fig. 10. The total cost generally increases 

with the compensation cost in the studies. However, the 

increasing speed is reduced with the increase of compensation 

rate especially for Scenarios 1 and 2. When the compensation 

rate reaches 350, the system total costs of Scenarios 1 and 3 get 

close to the cost of Scenario 5, 8.5408×105 $, and the costs of 

Scenarios 2 and 4 are close to the cost of Scenario 6, 

8.5071×105 $. At these points, the compensation to PEV 

owners gets close to the value of VOLL, and PEV can no longer 

contribute to reduce the SRR and total operation cost. It can be 

demonstrated from the figure that the compensation rate is very 

high, as PEV owners will be rewarded with tens or hundreds 

times of the normal electricity price. It can be concluded that 

the system operators have the ability to pay PEV owners a large 

amount of rewards to motivate them to let their vehicles support 

the power system. Exact determination of the rewards will 

depend on further investigation in user willingness by e.g. 

questionnaire survey. The potential ability of power system 

operators to compensate PEV owners considerably enhances 

the possibility to implement the proposed model in the future. 

 
Fig. 10. Effects of compensation rate on total cost 

VI. CONCLUSIONS 

This paper proposes a novel cost-efficiency based SRR 

optimization model considering PEVs’ assistance in providing 

operating reserve. EESEV is innovatively proposed to quantify 

the expected energy supplied by PEVs, with PEV reaction time 

taken into consideration. The optimal SRR is quantified based 

on the minimization of the total costs of generation operation, 

EENS and EESEV. Different charging strategies are considered 

in the determination of PEV charging demand as well as PEV 

interruptible and V2G capacities for reserve allocation purpose. 

Numerical case studies demonstrate the reduction of scheduled 

spinning reserve and the generation operation cost due to the 

support of PEVs. Unit commitment is rescheduled and some 

generators could be turned off as PEVs partly replace spinning 

reserve. The reliability of power system is also improved with 

PEVs’ participation. The economic effectiveness of the 

proposed model will be significantly improved if V2G can be 

widely realized in the future. Furthermore, systematical 

sensitivity analysis implies that the amount of power system 

spinning reserve has a close relationship with PEV penetration 

level and there exists abundant space to improve the 

compensation rate to motivate PEV owners to provide power 

system operating reserve. In general, the proposed model can 

have significant potential benefits for future practical 

applications.  
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