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 

Abstract—The development of information and communication 

technologies and the deregulation of power systems have made the 

flexible demand participation in bidirectional interaction with 

power grid possible. The flexible demand can be represented as 

the flexible reserve provider (FRP) to provide operating reserve 

through load curtailment and shifting for assisting power system 

operation. However, the chronological characteristics of 

curtailment and shifting of FRP may impact the reliability of 

power systems. Moreover, the uncertainties from customers’ 

participation performances, random failures of information and 

communication system (ICS), and different load types may also 

influence system operation. In this paper, a novel operating 

reliability evaluation model for power systems with FRP is 

proposed utilizing reliability network equivalent (RNE) and 

time-sequential simulation (TSS) techniques. The RNE technique 

is developed to include the reserve capacities of FRP 

incorporating both chronological characteristics and 

uncertainties. Optimal operation dispatch for system 

contingencies considering co-optimization of generation and FRP 

deployment amount is formulated over the whole study period. 

The TSS method is utilized to assess the operating reliability of 

restructured power systems. The proposed approaches are 

validated using the modified IEEE RTS. 

 

Index Terms—operating reliability evaluation, flexible reserve 

provider, demand side, reliability network equivalent, 

time-sequential simulation  

ABBREVIATIONS 

FRP flexible reserve provider 

ICS information and communication system 

RNE reliability network equivalent 

TSS time-sequential simulation 

EMFRP equivalent of multi-state FRP 

EMGS equivalent of multi-state generation system 

NOMENCLATURE 

i bus index (superscript) 

l, j load level index (subscript) 

T whole study period 

Dl duration of the lth load level in the historical load data 
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  number of load sequence for time T 

M number of load levels of the load sequence 

N number of the buses in the system 

( )i

lFS t  capacity of shiftable load for bus i for state l 

( )i

lFC t  capacity of curtailable load for bus i for state l 

( )i

lND t  capacity of non-dispatchable load for bus i for state l 

( )i

lL t  original load for bus i for state l 

1 2 3, ,    proportions of different load types 

ml number of  types of shiftable load 

m index for the type of shiftable load (superscript) 

( )i

l tFS  vector of  capacities for different types of shiftable 

load at bus i for state l 
, ( )i m

lFS t  capacity of the mth type of shiftable load at bus i for 

state l 
,i m

ld  shiftable time period of the mth type of shiftable load 

at bus i for state l 
i

ld  vector of shiftable time periods for different types of 

shiftable load at bus i for state l 
i

lOR  vector of reserve capacity provided by FRP from 

different types of flexible load at bus i for state l 

( )i

l tFS  the deployed shifted load of different types of shiftable 

load at bus i for state l 

( )i

lFS t  the deployed shifted load from FRP at bus i for state l 

 the deployed shifted load of the mth type of shiftable 

load from FRP at bus i for state l 

( )i

lFC t  deployed curtailed load from FRP at bus i for state l 

( )i

lFU t  unused capacity from FRP for bus i for state l 

, ( )i

l j tFS  the deployed shifted load of different types of shiftable 

load from the lth level to the jth level at bus i 

, ( )i

l jFS t  the deployed shifted load from the lth level to the jth 

level at bus i 
,

. ( )i m

l jFS t  the deployed shifted load of the mth type of shiftable 

load from the lth level to the jth level at bus i 

,l jt  time interval between the lth state and the jth state  

tl duration of the lth load level for the simulation 

( )i

lL t  updated load at bus i for state l 

( )lL t  updated load for the system for state l 

( )i

lCR t  actual contribution of load shifting and load 

curtailment from FRP at bus i for state l 

( )lCR t  actual contribution of load shifting and load 

curtailment from FRP for the system for state l 

, l

i

l kfp  participation level of FRP for the lth load level 

lK  number of participation levels for the lth load level 
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, _

i

l a b  transition rate of participation level from a to b 

,   failure rate and repair rate of ICS  
fail

lt  
the time before the failure time of ICS in the lth load 

level 
i

lSI  the non-recovered shifted energy  at bus i for the lth 

load level 

q ,
q  mean value and standard deviation of the proportion 

for the qth type of load 
i

lAR  available reserve capacity considering uncertainties 

provided by FRP at bus i for state l 

, _

i

l a bt  duration time for the ath participation level 

ge generator index (subscript) 

gr generator index for reserve (subscript) 

c,s FRP index (subscript) 

h load sector index (subscript) 

,

i

l geP  the generation at bus i for state l 

,

i

l grP  the reserve from generation at bus i for state l 

NG number of generating units 

NR number of generation reserve units 

NS number of FRP through shifting 

NC number of FRP through curtailment 

NH number of customers that can be interrupted 

TC total system cost over the whole study period 

,
( )

i

l ge
GC   generation cost 

,
( )

i

l gr
RC   generation reserve cost 

,
( )

i

l f
CC   compensation cost for curtailment of FRP 

,

,
( )

i m

l f
SC   compensation cost for shifting of FRP 

, ( )i

l hIC   interruption cost of customers 

i

lLI  customer interruption at bus i for state l 

B  admittance matrix of transmission network 

lθ  the phase angle vector of bus voltages  

,

i

l geP
 

upper limit of power generation  

,

i

l geP
 

lower limit of power generation 

,

i

l grP
 

upper limit of reserve from generation 

,

i

l grP
 

lower limit of reserve from generation 

i

lLI  upper limit of the load interruption 

_i i

lx

 the reactance of the transmission line between bus i 

and bus i’ 
_

max

i iF

 maximum power flow of the transmission line 

between bus i and bus i’ 

TC  updated total system cost considering interruption 

caused by the failure of ICS 

EENS(T) expected energy not supplied of the system for the 

study period T 

EENSi(T) expected energy not supplied of the system for the 

study period T at bus i 

LOLP(t) loss of load probability of the system at time t 

ns the sampling number of the simulation 

I. INTRODUCTION 

ITH the integration of the time-varying load and 

fluctuant renewable energy generation, massive 

operating reserve is required for maintaining a secure 

and reliable power system. The operating reserve can be 

classified into primary reserve, secondary reserve, and tertiary 

reserve from the point of view of their time of deployment after 

occurring a system disturbance [1]. The primary control occurs 

within seconds of a disturbance, where the goal is to keep the 

system frequency within a prearranged range through governor 

when the system experiences small load variations or sudden 

generation loss. The secondary control is within several 

minutes associated with normal load-following, where the goal 

is to restore frequency to its nominal value and to manage the 

loading of inter-area transmission facilities [2]. The goal of the 

tertiary reserve provision is to impose a new post-contingency 

set point with zero area control error that also meets all 

prescribed transmission flow constraints [1]. Conventional 

operating reserve is generally provided by traditional 

generating units. However, from the perspective of operating 

period for power systems, load variation, random failures of 

system components and system operational conditions have 

significant influences on system reliability and availability [3]. 

The researches on operating or short-term reliability analysis 

for power systems have been extensively studied [4]-[7] . 

Analytic methods including universal generating function [8], 

Markov process [9], [10], and simulation techniques [11] are 

generally utilized in reliability evaluation for power systems. 

Reliability network equivalent (RNE) techniques [12]-[15] 

have been conducted in reliability assessment for composite 

power systems to decrease computation efforts and simplify the 

analytical procedures [15]. Simulation methods have been 

applied in reliability analysis because of the flexibility in 

simulating particular characteristics and complex operation 

conditions of power systems [11].  

However, operating reserve provided by conventional 

generations may be costly for operation and maintenance and 

aggravate environmental pollution. Under the framework of 

smart grid, active participation of flexible demand such as air 

conditioners and electric vehicles has become a new tendency 

for assisting the operation of restructured power systems [16].  

Flexible demand can be aggregated as flexible reserve provider 

(FRP) in demand side to provide operating reserve to the 

systems. In this paper, the FRP provides tertiary reserve in the 

system operation. Considering different operation time of 

various flexible demand, FRP can provide operating reserve 

capacities by implementing two main strategies: curtailment 

and shifting. The load curtailment can be achieved through 

bilateral contracts with reasonable economic compensation to 

the customers. Some industrial customers can interrupt their 

loads as a method of providing reserve to the systems. The load 

shifting indicates that customers can shift load from peak hours 

or contingency periods to other time with incentives. For 

instance, some residential customers can postpone or advance 

the usage of electricity appliances such as washing machines or 

electrical vehicles to release demand during peak hours. 

Utilizing FRP to supply operating reserve capacities is 

promising [17], [18] and can achieve more than 20% load 
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reduction during peak hours [18].  

Notice that, the bidirectional interaction between FRP and 

power grids may considerably impact the reliability of power 

systems due to the efficiency of FRP. Since the load curtailment 

and shifting strategies are time-dependent, the chronological 

characteristics of reserve capacities provided through these two 

strategies may influence the operation state of power systems. 

Moreover, the stochastic behaviors of customers’ electricity 

consumption may adversely affect the available reserve 

capacities which in turn impact the system reliability [16]. 

Additionally, with deeper integration of information and 

communication system (ICS) [19], the uncertainties from 

random failures of ICS may notably affect the reserve 

capacities provided by FRP as well. Therefore, the reserve 

capacities of FRP considering chronological characteristics and 

multiple uncertainties in restructured power systems are 

imperative to be thoroughly analyzed and quantitatively 

evaluated.  

Considerable studies have been devoted to the reliability 

evaluation of systems considering devices or resources in 

demand side. The reliability [20] and adequacy analysis [21] of 

power system with energy storage integration have been 

proposed without the consideration of changeable load by 

demand response. The reliability impacts of electric vehicles 

represented as energy storage devices on power systems have 

been assessed in [22]. For the perspective of chronological 

characteristics when conducting DR, the load reduction is 

considered for the probabilistic reliability evaluation of power 

systems in [23] . However, the impacts of previous load control 

strategies on the current or other time periods such as load 

shifting are neglected. For the perspective of multiple 

uncertainties when FRP providing operating reserve, the 

uncertainties of participation performances are incorporated in 

the elasticity estimation of DR programs [16]. However, a 

random variable added in elasticity may not particularly 

formulate the stochastic behaviors of customers. Random 

failures of demand side resources are considered to obtain the 

probabilities of their capacities focused on cases where 

resources in demand side have the battery-like characteristics in 

[24]. However, the model may be not applicable to residential 

customers [24]. 

In this paper, we explore the impacts of reserve capacities 

provided by FRP in demand side on system reliability by 

considering the chronological characteristics when 

implementing load curtailment and shifting. Moreover, the 

uncertainties existing in reserve capacities provided by FRP are 

analyzed considering the customers’ behaviors, random 

failures of ICS, and different load types. Considering huge 

computational burden of DR with various customers, we extend 

RNE techniques to include the reserve capacities provided by 

FRP through equivalent multi-state FRP (EMFRP). Both of the 

chronological characteristics and uncertainties are embedded in 

the equivalent, specifically. Furthermore, in order to explore 

the impacts of FRP on composite system reliability, an optimal 

power flow model over the whole study period is proposed 

considering the equivalent for multi-state generations, random 

failures of transmission network and reserve capacities 

provided by FRP. 

The remainder of the paper is organized as follows. Section 

II proposes the EMFRP considering chronological 

characteristics of curtailment and shifting, and uncertainties 

from participation level of customers, random failures of ICS as 

well as different load types. The operation dispatch for 

contingency states is developed to achieve minimal system cost 

in Section III. The TSS technique is utilized to evaluate the 

reliability of power systems with FRP in Section IV. A 

modified IEEE RTS [25] is utilized to depict the validity of the 

proposed approach in Section V. Section VI gives the 

conclusions of this paper. 

II. RNE FOR FRP 

In the restructured power systems, the flexible demand from 

residential, industrial and commercial customers, such as 

electric vehicles, air conditioners, heat pumps and other 

responsive equipment, can be aggregated into FRP to provide 

reserve capacities for power systems. 

In order to explore the reliability impacts of FRP on power 

systems, FRP can be demonstrated as EMFRP utilizing RNE 

methods. The chronological characteristics of curtailment and 

shifting, and uncertainties from customers’ participation 

performances, random failures of ICS and different load types 

are considered in the EMFRP. Fig.1 describes the RNE for 

FRP. 
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Fig.1. RNE for FRP 

 
 

A. Multi-state Model Considering Chronological 

Characteristics of FRP 

To explore the reserve capacities provided by FRP, the 

characteristics of FRP are supposed to be analyzed. In this 

paper, the conventional load model [26] without its flexibility 

represented in multi-state model is developed to formulate the 

time-varying characteristics of FRP. In Reference [26], the 

whole duration of study period T is predetermined by the 

system operator. It can be one day, one week, even one year. 

For the T time period, the load can be divided into   sequence 

of load levels. Each set of sequence of load levels can be 
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divided into M different load levels with different duration 

times Dl from the historical load data as shown in Fig. 2. 

Usually,  is equal to 1. The summation of the time durations 

of each load level is the total study period T as shown in Eq. (1). 

For example, the total study period T can be one week.  

 
1

M

l

l

T D


    (1) 

 
Fig. 2 The sequence of load levels 

The presented multi-state load model in Reference [26] 

illustrates  sequence of M load levels which are sequentially 

connected as they appear in the historical load data. In the 

Markov load model, the transition rate of the lth load level
l

can be obtained as Eq. (2).  

 1/l lD    (2) 

After obtaining the load levels and transition rates between 

different load levels, the Markov load model can be presented 

as Fig. 3. The presented Markov load model has been 

successfully applied to the reliability evaluation of power 

systems [27]-[29]. The main idea of the Markov load model is 

to keep the chronological representation of load and 

uncertainties in the duration times of different load levels. In 

order to improve the accuracy of the load model, the number of 

sets of sequence of load levels  in a study period T can be 

reduced to 1 where there is no repeat for sets of sequence. 

Moreover, the number of load levels in the sequence is 

supposed to be as many as possible in some degree. 
 

...
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the load level

Load 

level

1 l l+1 M... ...
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...
l 1l  M

1
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iND i
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i
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1

i

lF 
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i
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i

MF

i
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Fig.3. Multi-state load model at bus i' 
 

The load can be divided into M states which are sequentially 

connected and located at N buses. ( )( 1, , ; 1, , )i

lL t i N l M   

indicates the load in the l th state at the i th bus. The 

multi-state load model imposes the same variation pattern for 

all load buses. Therefore, the assumption that all the bus loads 

are perfectly correlated are made [26].  

The load can be divided into shiftable load, curtailable load, 

and non-dispatchable load. The shiftable load and curtailable 

load can be uniformed as flexible load. Especially, there exist 

different types of shiftable load. The capacity of shiftable load 

can be divided into ml types at bus i for state l. The capacity of 

the mth type of shiftable load at bus i for state l can be 

represented as , ( )i m

lFS t . The capacities of different load types 

at bus i for state l can be denoted as ( )i

lFS t , ( )i

lFC t , and 

( )i

lND t , where ,

1

( ) ( )
lm

i i m

l l

m

FS t FS t


 . The capacity of flexible 

load at bus i for state l is ( )i

lF t .The proportions of each load 

type can be different and formulated as
1 2 3, ,   . Then, we 

have  

 

1

2

3

1 2 3

( ) ( )

( ) ( )

( ) ( )

1

i i

l l

i i

l l

i i

l l

FS t L t

FC t L t

ND t L t







  

 

 

 


  

  (3) 

Especially, for the shiftable load, different types of shiftable 

load at bus i for state l can be represented as a vector ( )i

l tFS : 

 
,,1 ,( ) ( ), , ( ), , ( )l

T
i mi i i m

l l l lt FS t FS t FS t 
 

FS   (4) 

Load shifted from the 

other time periods 

Load shifted to the 

other time periods 

Load curtailment of 

FRP 

... ...

Unused capacity 

provided by FRP

1

iND
i

lND 1

i

lND 
i

MND

1

iFC

1

iFS

1

iFU

i

lFC

i

lFS
i

lFU

1

i

lFC 

1

i

lFS 

1

i

lFU 

i

MFC
i

MFS
i

MFU

Load 

level ,

i

j lFS

, 1

i

j lFS 

,

i

j MFS

1

The index of 

the load level

1 l l+1 M... ...

l 1l  M

 
Fig.4. Multi-state load model when curtailment and shifting happen 

 

The maximum shiftable time period of the ml types of 

shiftable load can be demonstrated as a vector i

ld : 

 
,,1 ,, , , , li mi i i m

l l l ld d d   d   (5) 

The reserve capacity provided by FRP from different types 

of flexible load for bus i at time t can be formulated as a vector
i

lOR : 

 
( )

( )

i

li

l
i

l

t

FC t

 
 
 
 

FS
OR   (6) 

     Fig.4 illustrates the multi-state load model when curtailment 
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and shifting happen based on the conventional load model. The 

original flexible load capacity can be represented as: 

 
,

1

( ) ( ) ( ) ( )

( ) ( ) ( )
l

i i i i

l l l l

m
i m i i

l l l

m

F t FS t FC t FU t

FS t FC t FU t


  

  
  (7) 

In Eq. (7), ( )i

lFS t , ( )i

lFC t  and ( )i

lFU t indicate the deployed 

shifted load,  deployed curtailed load, and unused capacity of 

FRP for state l  at bus i, respectively. , ( )i m

lFS t denotes the 

deployed shifted load of the mth type shiftable load. The vector 

( )i

l tFS can be utilized to present the deployed shifted load from 

the mth type of shiftable load at bus i. 

 
,,1 ,( ) ( ), , ( ), , ( )l

T
i mi i i m

l l l lt FS t FS t FS t   FS   (8) 

The load shifted from the lth state to the jth state can be 

represented as
, ( )( )i

l j t j lFS , where 

 
,,1 ,

, , , ,( ) ( ), , ( ), , ( )l
T

i mi i i m

l j l j l j l jt FS t FS t FS t   FS   (9) 

,

, ( )( )i m

l jFS t j l is the deployed load shifted from the l th state to 

the jth state .   

It should be noted that if the shiftable time period ,i m

ld  is 

smaller than the time interval between the lth state and the jth 

state 
,l jt , the mth type shiftable load would not be deployed. 

It can be formulated as Eq. (10). 

 , ,

, ,( ) 0,i m i m

l j l l jFS t if d t     (10) 

Moreover, considering the possible different durations of 

time periods, the constraint that the deferred energy from load 

shifting equals to the incurred energy is conducted. In the 

proposed model, the shifted energy from the lth load level is 

equal to the energy shifted to the other load levels. That is to say, 

for the lth state, the shifting energy should meet Eq. (11). 

 
,( ) ( )

M
i i

l l l j j

j l

t t t t


  FS FS   (11) 

where tl indicates the duration time of the lth load level in the 

Markov load model. 

Load shifted from the 

other time periods 

...

Unused capacity 

provided by FRP

1

iND i

lND
1

i

lND 

i

MND

1

iFU

i

lFU

1

i

lFU 

i

MFU

Load 

level

,

i

j lFS

, 1

i

j lFS 

,

i

j MFS

...
1

1 l l+1 M... ...
l 1l  M

1

iCR

i

lCR

1

i

lCR 

i

MCR

The index of 

the load level
 

Fig.5. Multi-state load model after curtailment and shifting 

 

For the load curtailment and load shifting, the corresponding 

strategy is to minimize the total system cost utilizing optimal 

power flow technique. More details are demonstrated in 

Section III.B. 

After the curtailment and shifting processes of FRP, the load 

at bus i  can be updated as presented in Fig. 5.  

The updated load ( )i

lL t  in the l th state at bus i  can be 

formulated as: 

,

,

1

,

,

1

, ,

, ,

1 1

( ) ( ) ( ) ( ) ( 1, , )

( ) ( ) ( ) ( ) ( 1, , )

( ) ( ) ( ) ( ) ( 1, , )

l

l

l l

mM
i i i i m

l l l j l

j l m

mM
i i m i i

l j l l l

j l m

m mM M
i i m i i m

l j l l l j

j l m j l m

L t ND t FU t FS t l M

L t FS t FC t FS t l M

L t FS t FC t FS t l M

 

 

   

    

    

    





 

(12) 

The updated load of the system is: 

 
1

( ) ( )
N

i

l l

i

L t L t


    (13) 

For the bus i, the actual contribution of load shifting and load 

curtailment from FRP in the l th state can be formulated as

( )i

lCR t : 

 
, ,

, ,

1 1

( ) ( ) ( )

( ) ( ) ( ) ( 1, , )
l l

i i i

l l l

m mM M
i m i i m

j l l l j

j l m j l m

CR t L t L t

FS t FC t FS t l M
   

 

    
 (14) 

From the overall prospective, for the lth state at bus i, if

( ) 0i

lCR t  , it indicates the load increases after the adjustment 

of demand response and FRP provides down reserve for the 

system. Conversely, the load reduces and FRP provides up 

reserve for the system. 

The total contribution of load shifting and load curtailment 

from FRP to the system can be calculated by the summation of 

the actual contribution for each bus: 

 
1

( ) ( )
N

i

l l

i

CR t CR t


   (15) 

B. Multi-state Model Considering Uncertainties from FRP 

The capacity of operating reserve provided by FRP is not 

only related to the chronological characteristics of FRP, but 

also associated with the uncertainties from FRP. The 

uncertainties are from stochastic behaviors of customers, 

random failures of ICS, and different load types which may 

influence the operating capacity of FRP. The uncertainties from 

the stochastic behaviors of customers can be represented as 

multi-state model to formulate the participation levels from full 

participation state with 100% proportion to non-participation 

state with zero proportion. Coordinating uncertainties from 

both customers’ stochastic behaviors and random failures of 

ICS, a notable multi-state model for uncertainties of FRP is 

developed as shown in Fig. 6. 

The participation level of FRP is dependent on the behaviors 

of customers to some extent and can be derived from historical 

database. Customers’ electricity consumption behaviors may 

be effected by factors like the incentive mechanism or weather 

conditions. 
, l

i

l kfp  represents the participation level of FRP. 

There are 
lK  participation levels for the lth state. Specifically, 

,1

i

lfp  and 
, l

i

l Kfp  represent FRP in the full participation state and 
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non-participation state, respectively. The transition rate of 

participation level from a to b is designated as 
, _

i

l a b . 

,1

i

lfp , l

i

l kfp , l

i

l Kfp...

Full 

participation
Intermediate 

state

Non- 

participation... ...

...

1

0




, _1l

i

l k
,1_ l

i

l k , _l l

i

l K k , _l l

i

l k K

, _1l

i

l K ,1_ l

i

l K

  
Fig.6. Multi-state model considering uncertainties from both customers’ 

participation levels and random failures of ICS 

 

Remarkably, the development of information and 

communication technologies has made significant 

contributions to power systems. ICS has become an 

indispensable part to realize the active participation of FRP 

under the smart grid framework. However, uncertainties from 

ICS including random failures of its physical system may affect 

the participation level of FRP. State-space based methods have 

been developed to capture necessary information about the 

physical system [30]. Binary-state models have been widely 

applied in reliability evaluation for engineering systems [31] to 

demonstrate the perfect functioning state and complete failure 

state. In this paper, we use binary-state model to illustrate the 

reliability model of uncertainties from ICS for FRP. The failure 

rate and repair rate of ICS are presented as   and  . If the ICS 

is in perfect functioning state, the state is represented as “1”. 

Otherwise, if the ICS is in complete failure state, the state is 

represented as “0”. 

 
Fig.7. The failure of ICS 

 

Moreover, it should be noted that the failure of ICS would 

impact the implementation of load shifting. If the ICS is in 

failure in the lth time period after it starts 
fail

lt time, the load 

shifting would be stopped immediately. In this case, the mth 

type of shiftable load shifted from other time periods to the lth 

time period ,

,

i m

j lFS ( )j l  would only last for
fail

lt time and 

cannot be fully recovered. Therefore, the shifted load with the 

remaining ( )fail

l lt t time in the lth time period which is not 

recovered is supposed to be calculated in the reliability indices. 

The energy loss that should be supplemented in the reliability 

indices under this condition is presented as Eq. (16). 

 ,

,

1

( ) ( )
lmM

i i m fail

l j l l l

j l m

SI FS t t t
 

     (16) 

In the model description above, we assume that the value of 

non-dispatchable load, curtailable load and shiftable load are 

predesigned without uncertainties. However, in reality, there 

exist uncertainties which are supposed to be considered. The 

uncertainties from proportions of different load types as 

presented in Eq. (3) can be reasonably described by normal 

distributions 2~ ( , )q qN   (q=1,2,3) [4]. q  and 
q are the 

mean value and standard deviation of the proportion for the qth 

type of load. 

C. The EMFRP Considering Both Chronological 

Characteristics and Uncertainties 

Considering both chronological characteristics and 

uncertainties of FRP, the multi-state model for EMFRP can be 

illustrated in Fig. 8. The EMFRP can arrange the reserve 

capacities in power pool or through bilateral contracts under the 

framework of restructured power systems. 

The available reserve capacity considering uncertainties 

provided by EMFRP at time t should be revised based on Eq. (6) 

and represented as Eq. (17): 
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Fig.8. Multi-state model for EMFRP 

 

The TSS procedures to determine the characteristics of the 

EMFRP are elaborated as follows. 

 Step 1: Simulate the multiple state sequences of original 

load including the state and corresponding state duration 

time which follows the corresponding exponential 

distribution as shown in Section II.A.  

The duration sequence of each load state is determined 

by the load state transition rates. The load state transition 

rates l are assumed to be known based on the historical 

load data. For the simulation, the duration time of the load 

state can be obtained as
, 1

1
lnl

l l

t U
 

  , where U is a 
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uniformly distributed random variable over the interval 

(0,1) [32]. Simulating the load sequence utilizing this 

technique until the whole study period T is satisfied. 

 Step 2: Suppose the proportion of the capacity for 

different types of flexible load, including the curtailable 

load and different types of shiftable load in the operation 

period based on the original load sequence. 

 Step 3: For each state l, simulate the state sequences of 

participation level of FRP which follow the corresponding 

exponential distribution in Section II. B utilizing the 

similar technique in Step 1.  

For state l, the duration sequence of participation level 

of FRP is determined by the transition rates , _

i

l a b between 

participation levels. Considering the transition rates of 

customer’s participation from state a to state b for the lth 

load level at bus i, the duration time for the ath 

participation level is , _

, _

1
ln ( )i

l a b i

l a b

t U b a


   , where U 

is a uniformly distributed random variable over the 

interval (0,1) [32]. Then, find the minimal duration time 
,min

, _

i

l a bt  from all , _

i

l a bt  where b a . The ath participation 

level will transit to the bth participation level with the 

minimal duration time 
,min

, _

i

l a bt . Since the transition rates 

between different participation levels are formally 

dependent on the load state l, utilizing this approach, the 

participation level can be obtained for each state l. Repeat 

this process for all load states, the sequences of 

participation level can be obtained for the whole study 

period. 

 Step 4: Simulate the state sequence of ICS based on the 

failure rate and repair rate utilizing the similar technique 

in Step 3. 

 Step 5: Determine the actual participation level utilizing 

the participation level of FRP multiplied by the state of 

ICS. 

 Step 6: Make the reserve capacities of FRP multiplied by 

the actual participation level to determine the available 

reserve capacities provided by FRP according to Eq. (17). 

 Step 7: Formulate the optimal power flow in Section III to 

determine the deployed reserve provided by FRP. In the 

optimization problem, the load shifting, load curtailment 

and customer interruption are conducted.  

III. OPTIMAL OPERATION DISPATCH FOR CONTINGENCIES 

CONSIDERING FRP 

When the power system is in the contingency state, power 

generation and reserve capacities of EMFRP are supposed to be 

re-dispatched and some customers may be interrupted to 

sustain the balance of power system.   

In order to analyze the reliability of power systems 

considering generation systems, transmission systems and FRP 

as a whole, in this section, we first discuss the uncertainties of 

generation system to explore the influences on the 

deliverability of electric power. The RNE for generation system 

is introduced. Moreover, considering contingencies such as 

transmission system failures, operation dispatch based on 

optimal power flow is developed to achieve minimal system 

cost by co-optimizing both generation and FRP deployment 

amount. The optimal operation dispatch for system in 

contingency state is demonstrated in Fig. 9. 
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System

Distribution 

System

Conventional 

load

FRP
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Optimal 

power flow
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Reserve provided by FRP re-dispatch
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Fig.9. Optimal operation dispatch for system in contingency state 

A. RNE for Generation System 

In the restructured power systems, generation system usually 

consists of several large conventional generating units for 

trading electric power and reserve in forward and real-time 

balancing markets [33]. These generating units are under 

economic dispatch in normal operation states and can supply 

reserve capacities during contingencies. Generating units are of 

great significance for providing electric power and maintaining 

system reliability in the restructured power systems. 

Considering the characteristics of controllability and 

stochasticity of large conventional generating units, the RNE 

can be demonstrated as equivalent multi-state generation 

system (EMGS) instead of simply binary states. The 

characteristics for EMGS can be determined utilizing TSS 

technique in [11]. 

B. Operation Dispatch Based on Optimal Power Flow 

Considering the random failures of transmission network, 

the operation dispatch is developed based on optimal power 

flow model, where the generation and FRP are dispatched to 

achieve minimal system cost considering the significance of 

economic benefits in the restructured power systems. It should 

be noted that the reliability data including the failure rates and 

repair rates of the system components usually can be obtained 

from historical failure statistics [34] and can be estimated from 

the observed realization of the stochastic process for 

components’ performance [34]. Using these information, 

possible scenarios and reasonable actions within these 

scenarios can be generated. Knowing the scenario does give 

foresight to the dispatcher. However, although the study period 

may be one week but duration for the dispatcher decision for a 

particular load state may be much shorter considering the 

time-varying characteristic of load. So the period for a given 

dispatch action is not long, it provides a reasonable description 

of the dispatcher action. 

The optimization objective is to minimize the total system 

cost, including the generation cost, the reserve cost from 

generating units, the compensation cost for curtailment and 
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shifting of FRP, and interruption cost of customers as presented 

in Eq. (18). Since the load level l is dependent with time t, t is 

omitted for simplification in the optimization problem. 

, , , ,

1 1 1

, ,

, , ,

1 1 1 1

( ) ( )

( ) ( ) ( )
l

M N NG NR
i i i i

l ge l ge l gr l gr

l i ge gr

mNC NS NH
i i i m i m i i

l c l l s l l h l

c s m h

Min TC GC P RC P

CC FC SC FS IC LI

  

   


 




   



  

  

  (18) 

The shifting and curtailment from FRP are under the 

framework of demand response. Both of the curtailment and 

shifting are supposed to be informed to customers in advance. 

The compensation costs for curtailment and shifting can be 

determined by the contracts between the electricity utilities and 

customers or the bids of demand response customers in the 

energy market [35]. Moreover, the interruption of customers 

indicate a blackout and it could incur economic loss for 

customers. Therefore, it is essential to calculate this kind of 

interruption into reliability indices. The interruption cost of 

customers depends on the type of customers, duration of the 

interruption, and so on [36]. The interruption costs of customers 

are formulated as customer damage functions for different 

types of customers, which are functions of the interruption 

durations [37]. The evaluated interruption costs have been 

studied by the US Department of Energy for a variety of 

customer categories utilizing statistical regression techniques to 

identify the best fitting customer damage functions from the 

historcal data [38]. As one of the most widely used metric for 

expressing interruption costs, the expected cost of unserved 

energy is utilized in this paper. 

Eq. (18) is subject to the following constraints: 

Power balance constraints:  

 , ,

1 1

( )
NG NG

i i i i

l l ge l gr l

ge gr

P P L
 

    B θ   (19)  

Generation limits:  

 , , ,

i i i

l ge l ge l geP P P    (20)  

Limits of reserve capacity from generation:  

 , , ,

i i i

l gr l gr l grP P P    (21)  

Capacity limits of FRP considering both curtailment and 

shifting:  

 

i

l i

li

lFC

 
  
  

FS
0 AR   (22)  

Customer interruption constraints:  

 0 i i

l lLI LI    (23)  

Line flow constraints:  

 
_

max_

1
| ( ) | | |i i i i

l li i

l

F
x

 
 


    (24)  

Constraints from load shifting as presented in Eq. (10) and (11). 

In the formulation of the optimization problem, B  and lθ  

represent the admittance matrix of transmission network and 

the phase angle vector of bus voltages, respectively. ,

i

l geP and 

,

i

l geP , ,

i

l grP and ,

i

l grP  are the upper limit and lower limit of 

power generation and generation reserve, respectively. 
i

lLI  is 

the upper limit of customer interruption. It is determined by the 

characteristic of the load. 
_i i

lx

 and 

_

max

i iF

 denote the reactance 

and maximum power flow of the transmission line between bus 

i and bus i’, respectively. 

It should be noted that if there is a failure of ICS in the 

system operation, customers are supposed to be interrupted. 

The total interruption cost TC’ will be updated by 

supplementing the interruption cost caused by the failure of ICS 

as shown in Eq. (25). It should be noted that during the system 

operation, if a failure of ICS occurs, there might be 

unsuccessful response where shiftable load cannot be recovered 

due to the failure of ICS. Thus, the consequences including the 

cost and interrupted load (Eq. (16) and (25)) are supposed to be 

modified when decisions on the system operation are 

implemented. 

 
,

, ,

1 1 1

[ ( ) ( )]
lmM NH M

i i m fail

l h j l l l

l h j l m

TC TC IC FS t t t
   

        (25)  

IV. TSS PROCEDURES FOR RELIABILITY EVALUATION OF 

POWER SYSTEMS WITH FRP 

In the simulation, two reliability indices of power systems 

are calculated. The expected energy not supplied (EENS) and 

instant loss of load probability (LOLP) are utilized to 

demonstrate the reliability of the restructured power systems. 

For the system operation, the indices are re-defined to evaluate 

the operating reliability of power systems to evaluate the 

time-vary reliabilities of power systems [11]. Moreover, it 

should be noted that the shifted load which is not recovered 

because of the failure of ICS is supposed to be supplemented in 

the reliability indices. They can be formulated in Eq. (26)-(28):  

 
1 1 10

( ) ( ) /
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  

   
    
   
    (26)  
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    
   
    (27)  

 
1

( ) ( ) /
sn

j s

j

LOLP t m t n


   (28)  

where ns indicates the sampling number of the simulation. In Eq. 

(28), ( ) {0,1}.jm t  If there is no load interruption and 

non-recovered shifted load, ( ) 0jm t  ; Otherwise, if there is 

load interruption or non-recovered shifted load, ( ) 1jm t  . 

The steps below are the TSS procedures for evaluating 

reliability of the restructured power systems considering FRP.  

Step 1: Generate the state sequence for the EMGS at each bus 

for the study time period, e.g., one week, utilizing the TSS 

technique in [11]. Determine the state of the EMGS at time t 

according to the sampled sequence. 

Step 2: Generate the state sequence for the load at each bus 

for the study time period utilizing the procedures described in 

Section II.C. Determine the state of the load at time t as well as 
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the available reserve capacity of FRP according to the sampled 

sequence. 

Step 3: The optimal power flow model introduced in Section 

III.B is utilized to assess the customer interruption at each bus 

at time t. If the system suffers from customer interruption, then 

the system is in failure state at time t. 

Step 4: According to the state sequence of ICS, determine the 

shifted energy which is not recovered due to the failure of ICS 

based on Eq. (16). 

Step 5: Go to Step 1 until the confidence intervals are 

satisfied. Otherwise, go to Step 6. 

The stopping criterion given for the simulation is the EENS 

coefficient of variation.  

 ( ( )) / ( )EENS V EENS T EENS T    (29)  

where V(EENS(T)) is the variance of EENS(T). 

Step 6: Calculate the average reliability indices of the power 

system according to Eq. (26)-(28) and update the total system 

cost if there is a failure of ICS. 

V.  CASE STUDIES 

The modified IEEE RTS [25] is restructured to demonstrate 

the proposed models and techniques. Four 575-MW coal 

thermal generating units, two 197-MW oil thermal generating 

units and five 50-MW hydro generating units are installed in 

the system [11]. The 575-MW coal thermal generating units are 

presented in four-state Markov process model which is utilized 

in real engineering systems [34]. In practical, the initial state of 

the system is usually determined by the system operator. It can 

be “all-up” state with all generating units in up states or some 

generating units in failure states. The change of generation 

capacity due to the random failure with the time increase of 

system operation is usually studied and utilized in the reliability 

evaluation of power systems [39]. In these cases, the initial 

states for the generating units are set to be “all-up” states as 

their installed generation capacities: 575MW, 197MW, and 

50MW, respectively. The locations and bidding coefficients for 

the power generation [36] are presented in TABLE I. The 

utilization cost for the generation reserve is assumed to be 

20$/MWh higher than its generation price.  

The whole duration of study period is 168 hours (1 week). 

The load levels are with five weekdays and one weekend. The 

hourly peak load over a daily time period in a summer week 

presented in [40] can be divided into four categories [16]: 

valley (2-6h, 58%), flat 1 (6-9h, 87%), peak (9-22h, 100%) and 

flat 2 (22-2h, 87%) in weekdays and valley (2-8h, 66%), flat 1 

(8-10h, 86%), peak (10-22h, 100%) and flat 2 (22-2h, 88%) in 

weekend. The transition rates of different load levels for 

weekdays and weekend are shown in TABLE II. The start time 

for the study period is determined by the system operator, 

which can be at any time point. Therefore, the initial state of the 

load is the load level at the start time of the study period. In 

these cases, the initial state for the load level is assumed as the 

load level at time 0 in a weekday. It is a flat load level with 87% 

of the peak load. The compensation cost for the load shifting 

and load curtailment are presented in TABLE I as well. The 

interruption cost per unserved kWh for customers with 

different interruption duration [38] are presented in TABLE III. 

The upper limit of customer interruption is the amount of total 

load which denotes all of the load can be interrupted when the 

system contingency occurs. The stopping criterion for the 

simulation is 0.01EENS  .  

 
TABLE I 

THE LOCATIONS AND UNIT COSTS FOR THE GENERATION UNITS AND FRP 

Generating 

unit 
Location(bus) 

Bidding coefficient 

a($/MW2h) b($/MWh) 

50MW*3 2 0.1 0.5 

197MW*2 13 0.4 50.6 

575MW*4 15, 16, 18, 23 0.05 12.1 

50MW*2 21 0.1 0.5 

Load Location(bus) 
Cost  ($/MWh) 

Shifting Curtailment 

Residential 1,2,3,4,5 50 100 

Commercial 6,7,8,9,10,13 
70 150 

Industrial 14,15,16,18,19,20 

 

TABLE II 

TRANSITION RATES OF DIFFERENT LOAD LEVELS FOR WEEKDAYS AND 

WEEKEND 

Transition rates(/hour) Valley Flat 1 Peak Flat 2 

Valley -- 1/4,1/6 0 0 

Flat 1 0 -- 1/3,1/2 0 

Peak 0 0 -- 1/13,1/12 

Flat 2 1/4,1/4 0 0 -- 

 
TABLE III 

THE INTERRUPTION COST FOR DIFFERENT CUSTOMERS WITH DIFFERENT 

INTERRUPTION DURATIONS [38] 

Cost ($/ 

unserved 

kWh)  

Interruption duration(hour) 

0.01 0.5 1 4 8 

Residential 16.8 3.5 2.2 1.2 0.9 

Commercial/ 

Industrial  
96.5 22.6 15.3 13.0 10.6 

 

A. Case 1: Different Operating Reserve Capacities of FRP 

The operating reserve provided by FRP with four different 

proportions of the total original load is studied in this case. The 

proportions of shiftable load and curtailable load for different 

scenarios are listed in TABLE IV. Considering the load shifting 

usually occur within one day, it is assumed that the load can be 

shifted to the next three time periods in this case. Uncertainties 

are not considered in this case. That is to say, the FRP are in full 

participation level. 
 

TABLE IV 

THE PROPORTIONS OF SHIFTABLE LOAD AND CURTAILABLE LOAD FOR 

DIFFERENT SCENARIOS IN CASE 1 

Scenario A B C D 

Load shifting 0 0.05 0.1 0.15 

Load curtailment 0 0.05 0.1 0.15 

FRP 0 0.1 0.2 0.3 

 

TABLE V 

SYSTEM EENS AND RELATIVE DIFFERENCES FOR SCENARIOS IN CASE 1 

Scenario EENS (MWh) Relative difference 

A 1142.51 0 

B 395.47 -65.38% 

C 101.38 -91.13% 

D 63.43 -94.45% 
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Fig. 10.  System LOLP of Case 1 

 
TABLE VI 

SYSTEM COSTS FOR SCENARIOS IN CASE 1($) 

Scenario A B C D 

Generation 32,278,302 31,463,027 31,210,852 31,089,518 

Reserve 2,630,146 1,871,678 1,235,416 1,189,572 

Shifting 0 662,838 1,101,018 1,173,866 

Curtailment 0 129,050 149,583 162,686 

Interruption 5,440,792 1,444,604 316,508 169,484 

Total cost 40,349,240 35,571,197 34,013,377 33,785,126 

 

The system without FRP is discussed as the base scenario 

(Scenario A). TABLE V tabulates system EENS for 168 hours 

(one week) and the relative differences compared with the base 

scenario. The time-varying LOLP for different scenarios of 

Case 1 are depicted in Fig. 10. Total system cost is illustrated in 

TABLE VI.  

It can be observed from TABLE V and Fig.10 that the system 

reliability indices (EENS and LOLP) without considering the 

impacts of FRP are larger than those in other scenarios where 

the reserve capacities of FRP are taken into account. Moreover, 

the reliability of systems with more FRP is higher than that of 

systems with less capacity of FRP. From TABLE VI, we can 

observe that with the increasing capacities provided by FRP, 

there are more compensation cost for the load shifting and 

curtailment. Moreover, with more interruption of customers, 

the system cost is higher. 

B. Case 2: Uncertainties from FRP 

In this case, the uncertainties from the customer’s behaviors 

and random failures of ICS as well as the uncertainty of 

different load types are discussed. 

In order to make comparison, Scenario A, B and C of Case 2 

include the uncertainties from FRP. The information of 

participation levels for FRP including full participation (level 1, 

100%), intermediate state 1 (level 2, 60%), intermediate state 2 

(level 3, 30%) and non-participation (level 4, 0%). The initial 

sate of the participation level is assumed as the full participation 

level. For simplification of the simulation, the transition rates 

between different participation levels for each load state are 

assumed to be the same as shown in TABLE VII. The failure 

rate and repair rate of ICS are 8*10-4/hour and 0.02/hour [41]. 

 
TABLE VII 

TRANSITION RATES BETWEEN DIFFERENT PARTICIPATION LEVELS OF 

CUSTOMERS 

Transition rates(/hour) Level 1 Level 2 Level 3 Level 4 

Level 1 -- 0.067 0.016 0.016 

Level 2 0.359 -- 0.185 0.038 

Level 3 0.155 0.192 -- 0.122 

Level 4 0.018 0.008 0.013 -- 

 

The mean values of the proportions of shiftable load and 

curtailable load are listed in TABLE VIII. The standard 

deviation of them is 0.01. Other conditions are the same as 

those in Case 1, correspondingly.   
TABLE VIII 

THE MEAN VALUES OF PROPORTIONS FOR SHIFTABLE LOAD AND 

CURTAILABLE LOAD FOR DIFFERENT SCENARIOS IN CASE 2 

Scenario A B C 

Load shifting 0.15 0.1 0.2 

Load curtailment 0.15 0.2 0.1 

  
TABLE IX 

SYSTEM EENS AND COSTS FOR SCENARIOS IN CASE 2 

Scenario 
EENS 

(MWh) 

Relative  

difference 

Interruption 

cost($) 

Total 

cost($) 

A 440.12 0 1,734,953 35,857,945 

B 392.59 -10.80% 1,520,108 35,646,100 

C 467.72 6.27% 2,030,840 36,133,832 

 

TABLE IX presents the system EENS, interruption cost, and 

total cost for the study period of Case 2. It can be seen from 

TABLE IX that the system reliability varies with different 

proportions of shiftable load and curtailable load. Compared 

with Scenario D in Case 1, the uncertainties from FRP 

significantly influence the system reliability. Moreover, with 

more curtailable load, the system is more reliable with lower 

system EENS and lower total system cost. 

C. Case 3: Different Shiftable Time Periods 

In this case, different scenarios with different shiftable time 

periods are analyzed. In Scenario A, the load can be shifted 

only to the next one hour while in Scenario B and C, the load 

can be shifted to the next three hours and next five hours, 

respectively. The shiftable capacity and curtailable capacity are 

15% and 15% of the total load. 

The system EENS for one week and system LOLP are 

presented in TABLE X and Fig. 11, respectively.  
TABLE X 

SYSTEM EENS AND COSTS FOR SCENARIOS IN CASE 3 

Scenario 
EENS  

(MWh) 

Relative  

difference 

Shifting 

cost($) 

Total 

cost($) 

A 844.32 91.84% 549,524 37,671,374 

B 484.60 10.10% 676,998 36,221,672 

C 440.12 0 694,889 35,857,945 
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Fig.11. System LOLP of Case 3 

 

It can be observed from TABLE X and Fig. 11 that if the 

shiftable time periods are not limited, the system with longer 

shiftable time periods is more reliable. Moreover, the total 

system cost is lower while the shifting cost is higher. It is 

because that with longer shiftable time periods, the shiftable 

load is more likely to be transferred the other time periods when 

the system is in peak hours or contingency state.  

D. Case 4: Different Locations of FRP 

In order to demonstrate the significant influence of the 

location of FRP, bus 3 is assumed to be the “weak” bus, where 

two transmission lines connected to the bus are assumed to be 

in failure. The shiftable capacity and curtailable capacity are 15% 

and 15% of the total load. In Scenario A, the FRP are 

distributed located proportionally to the load at each bus. In 

Scenario B, the reserve capacity of FRP is aggregated to bus 3.  
  

TABLE XI 

SYSTEM EENS AND COSTS FOR SCENARIOS IN CASE 4 

Scenario 
EENS 

(MWh) 

Relative  

difference 

Interruption 

cost($) 

Total 

cost($) 

A 533.04 0 2,319,789 36,707,133 

B 376.59 -29.35% 1,416,731 35,582,250 

 

TABLE XI presents the system EENS for one week and 

system costs. Fig. 12 illustrates the EENS for one week at each 

bus. It can be observed from the comparison that when the FRP 

is located at the bus 3, the system total EENS is lower. The 

EENS at bus 3 is significantly reduced when the FRP is 

aggregated at that bus. It is because the system suffers a 

congestion in Scenario A. The reserve cannot be transmitted to 

the bus where it is needed. From Fig. 12, we can see that the 

EENS at buses 1-5 where the residential customers are located 

are higher compared with that of other types of customers. It is 

because the residential customers located at buses 1-5 are with 

lower interruption cost. When solving the optimization 

problem which minimizes the total system cost over the whole 

study period, the customers with lower interruption cost are 

more likely to suffer from the interruption. 

 
Fig.12. EENS at different buses in Case 4 

 

E. Case 5: Load Model with Fixed Time Steps 

In order to demonstrate the flexibility of the proposed 

framework for the reliability evaluation of power system 

considering FRP in demand side, the load model with fixed 

time steps is utilized. In other words, no uncertainties from the 

durations of each load level are considered. In this case, the 

curtailable load and shiftable load are half of the total FRP, 

respectively. 

Fig. 13 illustrates the system EENS for one week with 

different proportions of FRP with fixed time steps in load 

model. It can be seen without considering the uncertainties of 

duration times of load levels in the load modeling, the system 

EENS is lower compared with Scenario A in Case 1 and 

Scenario C in Case 3. Moreover, with the proportion growth of 

FRP participating in the power system operation, the system 

EENS decreases before a certain threshold. Then, the system 

EENS varies little when the proportion of FRP is approaching 

and beyond the threshold. It indicates that considering both 

chronological characteristics and uncertainties of FRP, 

providing more possible operating reserve capacities by FRP 

does not necessarily lead to the higher reliability of systems. 

Utilities of power systems can balance the cost of FRP and 

reliability of systems when implementing electric investment 

and development planning. 

 

 
Fig. 13. System EENS with different proportions in Case 5 

VI. CONCLUSIONS  

Under the framework of smart grid, FRP in demand side can 

provide operating reserve for power systems through load 

curtailment and shifting. In this paper, the RNE technique is 



 12 

developed to include the reserve capacities of FRP. The 

chronological characteristics and uncertainties of FRP are 

embedded in the RNE based on multi-state model. The 

chronological characteristics of curtailment and shifting and 

uncertainties from customers’ participation levels, random 

failures of ICS and different load types are analyzed for the 

FRP. Moreover, the operation dispatch utilizing FRP to provide 

operating reserve for system contingencies is developed to 

achieve minimal system operation cost. The proposed 

techniques provide a flexible approach to reliability assessment 

for restructured power system with FRP. Five cases are 

analyzed in the modified IEEE RTS and the reliability indices 

as well as the system costs are quantitatively presented. The 

case studies show that the uncertainties existing in FRP, the 

shiftable time period and the location of FRP do affect the 

system reliability.  Moreover, it should be pointed out that the 

proposed framework is flexible and the load model with fixed 

time steps can be utilized. Furthermore, there might be a 

threshold of the FRP proportion for the system reliability 

improvement. Note that the case studies illustrate the intuitive 

knowledge that with more FRP in demand side, the system 

would have higher reliability. We, however, note that the 

objective in computing the reliability indices is the 

quantification considering FRP in demand side. The 

quantitative evaluation instead of qualitative or intuitive 

analysis can provide values for decision making for the system 

operation. 
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