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Abstract: This paper develops a method for nodal pricing and market clearing mechanism
considering reliability of power system. The impacts of power system component reliability
on electricity price, market participants’ profit and system social welfare is considered in
this method. This paper considers reliability both for evaluation of market participant’s
optimality as well as for fair pricing and market clearing mechanism. To achieve fair
pricing, nodal price is obtained through a two stage optimization problem and to achieve
fair market clearing mechanism, comprehensive criteria are introduced for optimality
evaluation of market participant. Social welfare of the system and system efficiency are
increased under proposed modified nodal pricing method.
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1 Introduction

Pricing and market clearing mechanism are challenging
issues in power market articles. Yet nodal pricing or
Locational Marginal Pricing (LMP) is applied in some
energy & ancillary service markets and even for
transmission cost allocation and system planning [1-4].
LMP depends on line flows, generation and customer
location in the network, lines losses and ... hence this
dependencies cause sometimes unfair nodal prices. In
the following, some of the LMP defects are discussed
more in details.

Based on LMP mechanism the Transco revenue
doesn’t relate to the extent of generators and customers
gain from transmission network [1]. For instance
consider a two bus system with a load and generator at
each bus. When generation in power transmitter bus
increases, naturally the price in this bus increases.
Despite the load of this bus decreases the line
congestion between two buses, this load should pay
more to gain this line caused by price increase in this
bus and this is irrational. From another aspect, in this
pricing method part-loaded generator determines the bus
price so when a generation of a part-loaded generator
increases, the bus price and therefor generator revenue
increase too, without considering the efficiency of
generators. The defects of LMP are discussed more in
detail in [5]. Ultimately, LMP appears to be necessary,
but it (in conventional format) is not certainly fair
pricing method in competitive electricity markets.
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Some literature have been tried to address the
defects of nodal pricing and related market clearing
mechanism [5-18], but each of them has its own
superiorities and defects. To address the LMP
imperfections some papers modify the LMP through
modifying OPF objective function and its constraints [5-8].

While the above researches tend to achieve fair
pricing and market clearing mechanism, they don’t
consider the probabilistic nature of power system.
Generation, transmission and loads can affect the
system reliability and fail of every generation unit or
transmission line can affect LMPs. Forced outage of
every market participant can face the power market to
new generation commitment and new line flows and
hence new LMPs.

Customer’s reliability level which is one of the key
elements of improved power market has not been
considered in the previous researches. The load
interruption cost for each customer in a contingency
state, should be modeled and considered in pricing
method. From another aspect, the reliability level of
each component of power system should affect its
revenue. For instance, the Forced Outage Rate (FOR) of
a generation unit or line should affect the revenue of the
Genco and the Transco.

As a matter of fact, neglecting reliability of the
system causes unfair pricing and then unfair market
clearing mechanism. This paper considers the power
system reliability not only for evaluation of power
market participant optimality, but also for pricing and
cost allocation. The effects of power system
components reliability on electricity price, market
participants’ profit and system social welfare is
considered in proposed nodal pricing method. This
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paper modifies nodal pricing method through a two
stage optimization method considering reliability and
optimality of each power market participant. At first,
comprehensive benchmarks are introduced to evaluate
whole system efficiency. To achieve fair pricing, nodal
price has been obtained through a two stage
optimization problem and to achieve fair market
clearing mechanism, comprehensive criteria has been
introduced for optimality evaluation of market
participant. Social welfare and efficiency of power
system are increased under proposed modified nodal
pricing method.

In this paper in section 2 some basic relations is
explained to introduce the proposed nodal pricing
method. In section 3 the proposed nodal pricing method
is introduced. Section 4 contains numerical result of this
pricing method and also comparison of proposed
method with other pricing methods and section 5
concludes the paper.

2 Basics of the Proposed Nodal Pricing Method

In proposed method at first the whole power system
is divided to three parts: 1-whole system generators, 2-
whole system loads, 3-Transco.

Each of these three parts has its own effects on the
whole system efficiency. A criterion is introduced to
evaluate the role of every part in the whole system
efficiency. This comprehensive criterion is called Total
Social Welfare (SWt). It is equal to the summation of
whole system generators’ profit (Gprofit), whole system
loads’ profit (Lprofif) and Transmission Company’s
profit (Nprofit) as Eq. (1). After substituting the profits
with revenue minus cost, the SWt is equal to the load
revenue minus generation cost and instruction cost of
lines as Eq. (1). This equation can be a comprehensive
benchmark to evaluate the whole system efficiency [5].

SWt = Gprofit + Lprofit + Nprofit
=GR-GC+LR-LC+NR-IC

=_NR-GC+LR+NR-IC (1)

=LR-GC-1IC ($/h)

where R stands for revenue, C stands for cost, G stands
for generations, L stands for loads and N stands for
transmission network. In the following, the share of
every group from total social welfare is determined
according to its Profit Share (PS) of total social welfare.

By running an OPF (as below) the generation vector
P, and demand vector P; are determined and then SWt
can be calculated using Eq. (1).

OPF problem:
GC(P,)=axP, +bxP}

; 2
i {zGCpgy)
SubjeCt to: Pgl_P/l'_P(I/’g):O’ Qgi'Qli'Q(I/ae):O, FkSkaaxa

min max min max
P giSPgiSP gi’ Q gigggiSQ gi and

A AR A

Allocating SWt between power market participants
comes about in 2 steps. In first step it is divided to 3
parts between generation companies, Transco and
customers according to their role in the optimality of
whole system. Eq. (3) signifies a criterion for assessing
the optimality of act for each participant group with
respect to all participant groups best act. For this
purpose, the present performance of each group, their
optimal performance and the situation of eliminating
them from the system, should be investigated. In the
following a criterion for optimality evaluation of each
group can be defined as Eq. (3). This equation will be
utilized to settle the participant groups’ profit share. The
term “co” in Eq. (3) alludes to every participants group.
S thresence,Cos S Wtabsence,Cm and S Wtbest,Co represent the
Total Social Welfare for the present system , the system
without the entity, and the system with its best possible
behavior, respectively. Details about these quantities are
described as follows.

SW[prexenu,Co - SWt
Z (SWtbeSt,Ca - SWtabxence,Co )

Co

absence,Co

PS,, 3)

2.1 Profit Share of Transco

To obtain the PS of Transco through Eq. (3) at first
the SWtpresence is calculated through Eq. (1) after running
OPF (Eq. 3). The best state of a transmission company
is called Reference Transmission Network (RTN) as
described in detail in [1] so the SWt. for Transco is
the total social welfare when network lines capacity are
same as to RTN lines capacity. The SWtyenee fOr
Transco denotes the SWt in the case of removing all
network lines, so just local loads & generations benefits
are considered in Eq. (1). After calculating the
SWiresence, SWitapsence and SWity,er and substituting them
in Eq. (3), the PS of Transco is obtained. Now the profit
share of Transco from the SWt is determined through

Eq. (4).
PS.

Ps
N rofit = TransCo SWZ — TransCo
Profit =< ps PS s +PS,

Co Customers Produsers
Co

swe (4
+PS ! ( )

TransCo

2.2 Profit Share of Whole System Generators

To obtain the PS of whole system generators
through Eq. (3) at first the SWtyeeence 1S calculated
through Eq. (1) after running OPF (Eq. (2)). To
calculate the SWt, for generation companies, at first
the best state of generation companies should be
defined. The best state of whole system generation is
obtained through the OPF problem without considering
of the generation upper limit. The SWtygene for
Generation companies is zero since no supply and
demand exists in the system without generation units.
After calculating the SWtpresence, SWtabsence and SWipeg
and substituting them in Eq. (3) the PS of whole system
generation is obtained. Now the profit share of
Generation companies from the SWt is determined
through Eq. (5).
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PSPr odusers .S Wt =
> PS,,
Co (5 )
PSl’rodusem SWt

+ P§ +PS

Gprofit =

PS

Customers Produsers TransCo

2.3..Profit Share of Whole System Loads

To obtain the PS of whole system loads the
SWtesence has been calculated through Eq. (1). Load
revenue is calculated via equation aP/*2+pP; [5]. The
SWtapsence Of loads is equated to zero since without
system loads, no generation exists and so the SWt,psence
for loads is equated to zero. The best state of whole
system load doesn’t make any sense since the loads
don’t carry out any operation or task in the system to
have the best state. In another word the loads don’t have
participation in any system expansion planning, neither
transmission expansion plans nor generation expansion
plans. So loads don’t have the best state to determine,
hence the SWtye,, for loads is equal to their SWtjesence.
Ultimately by calculating the SWt,resence, SWtabsence and
SWte and substituting them in Eq. (3) the PS of whole
system loads is calculated and the profit share of the
whole system loads can be calculated through Eq. (6).

PS ,
Lprofit = ~Cuenes. St =
Co « (6)
PS,.
Customers . S Wt
P SCusromers + PSpmdumrs + PSTmnSCt)

Totally, according to above descriptions, each group
in power system should benefit according to its effect
on system efficiency. The second step of SWt allocation
is allocating Lprofit, Gprofit and Nprofit between loads,
Gencos and Transco respectively, which comes about
via running the second stage of optimization as describe
in detail in section 3-2.

3 The Proposed Nodal Pricing Method
3.1 Optimality Evaluation of Market Participants to
Allocate Lprofit, Gprofit and Nprofit Between
Loads, Gencos and Transco Respectively

3.1.1 Gencos Optimality Evaluation

To allocate Gprofit between Gencos, at first a
criterion should be introduced to evaluate each Genco
efficiency. As regards the outage of a generation unit
can increase cost of the system and also electricity price.
So the force outage rate of every generator or in another
word, the reliability of a Genco should affect its
revenue, so the generation efficiency vector is defined
as the vector containing the ratios of the producers’
expected mean revenue to their expected costs,

according to Eq. (7). The symbol A" and A"~ denotes to
the nodal price and the average electricity price in the
system respectively as defined in Eq. (7).

N, =4’ Q, *(1-FOR)-/GC(Q, *(1-FOR)) (7

FOR is the generator unavailability possibility and
the term 1-FOR denotes the generator availability
possibility, therefore the term Qg*(1-FOR) denotes the
available power of a generator. In another word, the
power generation of a generator is Qg and the revenue
of a generator is A" Qg if the generator is available.

3.1.2 Loads Optimality Evaluation

As expressed previously, the optimality evaluation
of loads doesn’t make any sense hence the gain of a
load from transmission network is considered as a
criterion to allocate the Lprofit between system loads.
The usage of loads from transmission network (Up) is
directly related to the net power (p;) of the bus i as Eq.
(8). The denominator of the fraction is the summation of
whole inflow and outflow power at bus 7. If the demand
and generation are equal at bus 7 the net power p; and
therefore Up will be zero for the load at this bus. If the
net power of bus i (p;) is positive the Up is equated to
zero since this bus injects power to the system and loads
at this bus have no usage from transmission network
and if the net power of bus i (p;) is negative represents
that this bus is receiving power from the system.

i pi <0
i=12..,N, (8)

0 Lifp20
By obtaining Up through above equation and
multiplying it to the instruction cost of network lines
(IC), the share of each load from network instruction
cost is obtained. In another word, the share of each load
from the instruction cost of the lines relates to the usage
of each load from transmission network (Up). Then after
subtracting the load revenue from network usage cost of
load (/C*Up), the efficiency of load can be formulated
like generator efficiency as below. The dominator of
this fraction denotes the load payment or load cost. As
much as this cost decrease, load efficiency increase.

Mp :((LR(QD)_IC*UD)'/(A*QD)) )

3.1.3 Transco Optimality Evaluation

In this paper Transco is modeled as a unique
company and doesn’t have any rival in the system.
Therefore Nprofit is paid to this unique company and
the efficiency of Transco is just evaluated in the first
stage of SWt allocation (section 2-A).

In reviewing of explained sections graphically, the
two steps of SWt allocation are depicted in the Fig. 1.
According to this figure the first step of SWt allocation
occurs between Gencos, Transco and whole system
Loads as explained in section 2. After performing the
first step of SWt allocation, Lprofit, Gprofit and Nprofit
are determined. Then the second step of SWt allocation
allocates Lprofit, Gprofit and Nprofit between loads,
Gencos and Transco, respectively.
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= Gprofit+ Nprofitt Lprofit

L

St Optimality Evaluation criterion ofwhole system

First step of ellocation 1 ' r
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Genco Load
Swit evaluation evaluation
Second step ofallocation criteriz criteria

Fig. 1 The two step of SWt allocation between power market
participants.

The second step of SWt allocation comes about via
solving the two stage optimization problem presented.
In section 3, in the following basis of two stage
optimization problem to modify nodal price is
explained.

3.2 Expected Load (EL) & Expected Generation
(EG) Calculation through the First Stage of
Optimization Problem

To model the demand side reliability, the
interruption cost of load should be considered in the
first stage of optimization problem. It is obvious that
customer will reduce consumption when the price of
electricity is higher than the customer marginal cost.
This means when a contingency occurs in the power
system, customer response to the variation of prices can
be indirectly measured by the customer interruption
cost, which expresses the importance of electricity
service for customers. Customers classified in 5 groups
from the viewpoint of electricity value for them. These
groups are: large wuser, industrial, commercial,
agriculture, residential categories. Ref. [19] has been
estimated the customer interruption costs of each group
to give sector Customer Damage Functions CDFs for
each group, which is depicted in Fig. 2. In the power
system with Nc independent component, the reliability
parameters for the contingency state j; with b failed
component, can be calculated by applying Egs. (10-12):

b N,
pr, =TTV %] 4 (10)
) c=1 c=b+1
b N,
D, =Yu+3 4 (11)
c=l1 c=b+1
d,=1/D, (12)
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Fig. 2 Customer damage functions for different groups of
customers.

The objective function of the first stage of
optimization problem is to minimize generation cost and
load curtailment cost (Eq. (13)) in every contingency
state j, subject to Egs. (14-20).

Constraint (14) represents power balance at every
bus. Constraint (15) determines load curtailment cost
according to customers’ damage function in every
contingency state j. Constraints (16)-(20) depict units
capacity limits, units ramp rates, lines flow limits,
maximum permissible load curtailment and buses’
voltage limits respectively. The optimization problem is
coded in Matpower in Matlab software.

First stage of optimization problem:

Min f; = ielzvg gjcij Crg (Bg)+
¥ % ochwcr)) )
IeNp seNt!
Subject to:
2 Bl- X (B'-LCP))=
geNG/ seNL]
ZN:|V/ VI ||[¥id |cos(8) -6/ = 5) "
i=1
OC|(LCR!)=LCR! xCDF, (d, ) (15)
prmicp J< plm (16)
AP W< PSP < AP (17)
5" <, s
0<LCP [<LCP’"™ 19)
sl <l &

The output of this stage of optimization is p’
(generation vector) and LCP’ (load curtailment of active
power vector) at each contingency which are the basis
of calculating Expected Load (EL) and Expected
Generation (EG) at each bus.
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Following the first stage of optimization problem,
here two parameters are introduced to consider the
contingency nature of power system at each bus. EL and
expected EG at each bus are parameters which represent
the contingency nature of power system at each bus.
These parameters are calculated after running the first
stage of optimization as explained below.

At each bus the LCP is load curtailment of active
power which can be calculated as below:

SN
LCP =7 " LCP *pr, 1)

In the above formula pr; denotes the probability of
contingency j. SN denotes the number of total
contingencies. Then EL supplied at each bus is equal to
normal situation load minus LCP.

EL =D - LCP (22)

For each generator, p~ is the generator’s active
power variation in contingency states with respect to
normal state generation (p,), which can be calculated as
below:
p*=X" (p —po)*pr; 23)

The p” could be positive or negative according to the
result of optimization problem. Then EG for each
generator is defined equal to normal state generation
plusp”.

EG =p,+p* 24)

Fig. 3 is graphical summary expresses the
relationship between input and outputs of the first and
second stage of optimization problem. As Fig. 3 depicts,
by running the first step of the optimization problem, P
& LCP are obtained and utilized to calculated EL & EG
through Eqgs. (21)-(24).

Then these parameters (LE & EG) are applied to the
second stage of optimization problem to calculate the
modified nodal prices.

| solving the first level of optimization problem for each contingency |

| Parameters calculated based on above outputs: EG, EL |

| P P |
I INPUTS OTTNE Second 1evel oT OpTIMmIZation: e, EL I

| Solving the second level of optimization |

l Output ofthe second level of optimization: modified LMP |

Fig. 3 Relationships between the stages of two stage
optimization problem.

3.3 Basis of the Second Stage of Optimization
Problem

In second stage of optimization, the nodal price (L)
will be modified so that the expected generator revenue
(M*EQG) and expected load payments (A*EL) get close as
much as possible to their rational values.

The rational revenue of a generator is equal to its
rational profit plus its generation cost and the rational
profit of a generator is directly related to its efficiency
as expressed in the Eq. (25) (ng has been calculated in
section 3-1-1).

GR(Qg) = GC(Q;) + Gprofit.x ”G/Z ne (25)

Also for loads, the payment of a customer (or load
cost) is equal to its revenue minus the rational load
profit. The rational load profit is directly related to its

efficiency as expressed in below equation (np is
calculated in section 3-1-2).

LC(Q ) = LR(Q,) - Lprofit-*"», S (26)

In this stage of optimization the difference between
the expected revenue and rational revenue of generation
companies and the difference between the expected
payment and the rational payment of customers are
minimized subject to satisfaction of following
constraints (Egs. (28)-(29)). The second stage of
optimization is formulated as below:

A

(hx EG—[GC(EG)+Gprofit* "6 S 1) xGBuses
G

@7

+|(-xEL~[LR(EL)~ Lprofit-*"o S 1)-xDBuses }
D
Subject to the following constraints:
A+ EG — GC = Gprofit = —oproducer gy (28)
YcoPS
LR — A * EL = Lprofit = Z>customers gyyp (29)
YcoPs

The first constraint causes the whole system
generation companies profit be equal to Gprofit
(calculated in section 2 ) and The second constraint
causes the whole system loads profit be equal to Lprofit
(calculated in section 2). Totally these constraints cause
fair allocation of SWt between generation companies
and customers according to their role in the efficiency
of the system.

The EG and EL vector are constant in the second
stage of optimization. Ultimately the result of second
stage of optimization problem is modified nodal price
() at each bus.

4 Numerical Results

The proposed nodal pricing method is applied on
RBTS reliability test system [20]. In the first stage of
optimization the first and second order contingency is
considered.
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Table 1 Generating units’ reliability data.

ca:)J:ciitty Numb.er FOR MTTFMTTR| Bus
(MW) of Units (h) (h) |Number
5 2 0.01 | 4380 | 45 2
10 1 0.02 | 2190 | 45 1
20 4 0.015] 3650 | 55 2
20 1 0.025| 1752 | 45 1
40 1 0.02 | 2920 | 60 2
40 2 0.03 | 1460 | 45 1

Table 2 The coefficients of demand revenue function.
Load Revenue (LR) A B
LR(D)=A*D"2+B -0.011 50

Table 3 Expected Load & Expected Generation at each bus.

EL of Bus (MW)
1 2 3 4 5 6
0 20 |83.49223(39.86294|19.45538(19.5512
EG of Bus (MW)
1 2 3 4
56.95131.1 0 0

G21=20MW G22=20 MW

G23=20MW G24=20 MW

G25=5MW  G26=3 MW

2
G27=40 MW
G11=40 MW 20 MW
L3
G12=40 MW
G13=10 MW
L7
1
G14=20 MW
11| | s
L4
3 ——— 4
85 MW 40 MW
L5 L8
5
20 MW
L3
&
_T
20 MW

Fig. 4 RBTS diagram with load & generation data.

The diagram of 6 bus reliability test system with
load & generation data is depicted in Fig. 4. The
reliability data of generating units is depicted in Table 1.
Also the coefficient of demand revenue function is
depicted in Table 2 as Ref. [5]. It should be noted that
choosing larger test case increases the calculation
consumedly.

Result of Table 3 denotes that bus 3 has the
maximum LCP among the other buses. This is due to
existence of the major part of system load in bus 3 that
causes congestion on lines connected to this bus in some
contingencies and congestion in these lines are
alleviated through load curtailment in bus 3. Hence the
Expected Load (EL) in this bus decreases more than
other buses. Reversely bus 2 has no LCP because of the
high value load and also existence of generation units
on that bus. Totally variations in load and generation of
power system in comparison to normal state are not
great but this slight changes (as explained in the
following) have considerable effect on price and there
for on profit of generation units and loads.

Fig. 5 depicts buses’ prices in two cases. The first
case is nodal prices resulted from Ref. [5] method
without considering reliability of the system and the
second case is nodal prices resulted from the proposed
method in this article (considering reliability of system
both for pricing and market participant evaluation). As
depicted in this figure the nodal prices have
considerable change with respect to Ref. [5] method and
this causes great change in profits and revenues of
market participants.

As Fig. 5 illustrates, the determined nodal price at
bus 1 is lower than the price at bus 2 in both cases. This
is due to more efficient generator at bus 2 in comparison
to bus 1. According to Fig. 3 by considering FOR of
generating unit (case 2), the nodal price at bus 1
decreases while at bus 2 increases due to small FOR of
generating units at bus 2 in comparison to busl. So in
proposed method generating units’ revenue at bus 2
increases while generating units’ revenue at bus 1
decreases.

O nodal price determined by this paper (case2)

A5k —+— nodal price determined by Ref[2] (case{) 4

B f
]S o A

R T
Br P A i
/ e - P -
KIS e T T g
~ ™
7 e
e ¥

bus prica(EMWH)

Bus no

Fig. 5 Nodal prices in cases 1 and 2.
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Also at bus 3 in comparison to bus 4, in case 1 the
nodal price decreases while in case 2 increases. That is
due to low value load at bus 4 that comes to
consideration in proposed method. In both cases the
price at buses 4-6 increases due to more usage of
transmission lines by the loads at these buses.

Figs. 6 and 7 illustrate the generation and load profit
at buses in cases 1 and 2. As depicted in these figures
the generation profit and load profit have been changed
considerably when reliability of the system comes to
consideration in case 2. The profit of generators at bus 2
is increased in case 2 caused by more efficient generator
at bus 2 and their lower FOR; whereas the profit of
generators at bus 1 decreases. Also load profit at bus 4
has a considerable change in comparison to case 1. Bus
4 has low value loads, so its profit decreases more in
case 2. Also whole system loads profit decreases in case
2 due to high nodal price at buses in case 2.

In this test system the major part of the load is
supplied through generators at bus 2 and also these
generators are more efficient and have small FOR.

W casel 1 2

7 case? bus number

Fig. 6 Generation profit in cases 1 and 2 at buses 1 and 2.

1400

1200

1000

800

600

Lprofit ($/h)

400

200

0
B case? 1 2 3 4 5 6

B casel bus number

Fig. 7 Load profit in cases 1 and 2 at each bus.

%

Fig. 8 the social welfare in case 1 and case 2.

In case 2 optimality of these generators affect the
revenues of theses generators and increases the revenue
of generators at bus 2.

As the results demonstrates generators’ benefits at
bus 2 increases in case 2 (as shown in Fig. 6) and the
total load profit decrease (as shown in Fig. 7). As
depicted in Fig. 8 the social welfare of case 2 increases
in comparison to case 1. This increase in SWt
demonstrates that whole system efficiency is increases
using the proposed pricing method.

Ultimately according to the numerical results, the
proposed pricing method which considers the reliability
of market participants in pricing and also considers
reliability criteria for cost allocation is superior in
comparison to the Ref. [5] pricing method.

5 Conclusions

This paper modifies nodal pricing method through a
two stage optimization method considering reliability
and optimality of each power market participant. At
first, comprehensive benchmarks are introduced to
evaluate whole system efficiency (SWt). In the first
stage of optimization, two probabilistic parameters EL
& EG are calculated for every bus which are applied to
the second stage of optimization to modify nodal prices.
Also in the second stage of optimization, reliability and
optimality criteria causes that each market participant
benefits vary according to its optimality. Results
demonstrates that considering reliability in nodal pricing
method has great effect on nodal prices and therefore on
profits of market participants. Also total social welfare
in market that is cleared with the proposed method is
higher than the previous nodal pricing methods. Based
on results, the proposed nodal pricing method increases
system efficiency. Results demonstrate that reliability
can affect nodal pricing considerably hence pricing
method without considering the reliability is not a fair
pricing. The ultimate result is fair pricing that is the
result of considering optimality and reliability of market
participant simultaneously.
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Nomenclature
Here are symbols which are used in this paper.

Ng: Generation bus.

N;: Load bus.

Qg: Column vector of active power generation of
generator (MW).

upP
Q. : Column vector of higher active power generation

limit of generator (MW).

Qp: Column vector of demand of bus (MW).

o: Column vector of voltage angle (rad).

P(d): Column vector of net active power injected to
system buses (MW).

f: Column vector of power flow in the system
lines(MW).

B: transmission network susceptance matrix (Ng*Np).

H: sensitivity matrix f=Hd, (N.*N_).

SWit: Total Social welfare, i.e summation of all
participant economic profit in the network after
running OPF ($/hour).

SWLG: Loads & Generators Social Welfare in the
network after running OPF.

Gbenefit: Generators benefit in the network after
running OPF ($/hour).

Lbenefit: Loads benefit in the network after running
OPF ($/hour).

Nbenefit: Network benefit in the network after running
OPF ($/hour).

NR: Network Revenue in the network after running
OPF ($/hour).

IC: Instruction cost of lines in the network after running
OPF ($/hour).

LR: Loads Revenue in the network after running OPF
($/hour).

LC: Loads Cost in the network after running OPF
($/hour).

GC: Generators Cost in the network after running OPF
($/hour).

GR: Generators Revenue in the network after running
OPF ($/hour).

LCP: Load curtailment of active power.

FOR: Forced outage rate.

U: Unavailability of a component.

A: Availability of a component.

A.: Failure rate of a component.

ne: Repair rate of a component.

dj: The mean repair time of a failed component.

References

[1] D. Kirschen and G. Strbac, Front Matter:
Fundamentals of Power System Economics, John
Wiley & Sons, Ltd, 2004.

[2] M. Ghayeni and R. Ghazi, “Multiarea
Transmission Cost Allocation in Large Power
Systems Using the Nodal Pricing Control
Approach”, [Iranian Journal of Electrical and
Electronic Engineering, Vol. 6, No. 4, pp. 238-
247, 2010.

[3]

[6]

[10]

[11]

[12]

[13]

A. Soofiabadi and A. Akbari Foroud, ‘“Nodal
Market Power Detection under Locational
Marginal Pricing”, Iranian Journal of Electrical
and Electronic Engineering, Vol. 10, No. 1, pp.
45-54,2014.

M. Amirahmadi and A. Akbari Foroud, “Optimal
Spinning Reserve Requirement Determination
Considering Reliability Preferences of
Customers”, Arabian Journal for Science and
Engineering, Vol. 39, No. 6, pp. 4945-4962,
2014.

M. R. Baghaiypour and A. Akbari Fourod, “A
New Market Clearing Mechanism, based on
Comprehensive Welfare Allocation, Considering
Participants Optimality, Efficiency and Extent of
Transmission Use”, European Transaction on
Electrical Power, Vol. 23, No. 6, pp. 1335-1364,
2013.

H. A. Gil, F. D. Galiana and E. L. da Silva,
“Nodal Price Control: A Mechanism for
Transmission Network Cost Allocation”, IEEE
Transactions on Power Systems, Vol. 21, No. 1,
pp- 3-10, 2006.

A. R. Abhyankar and S. A. Khaparde, “Electricity
transmission pricing: tracing based point-of-
connection tariff’, [International Journal of
Electrical Power & Energy Systems, Vol. 31, No.
1,2009.

B. L. P. P. Perera, E. D. Farmer and B. J. Cory,
“Revenue reconciled optimum pricing of
transmission services”, IEEE Transactions on
Power Systems, Vol. 11, No. 3, pp. 1419-1426,
1996.

P. Wang, Y. Ding and Y. Xiao, “Technique to
Evaluate Nodal Reliability Indices and Nodal
Prices of Restructured Power Systems”, [EE
Proc.-Gener. Trans & Distrib. Vol. 152, No. 3,
pp- 390-396, 2005.

D. Shirmohammadi, V. Filho, B. Gorenstin and
M. V. P. Pereira, “Some Fundamental Technical
Concepts about Cost Based Transmission
Pricing”, IEEE Transactions on Power Systems,
Vol. 11, No. 2, 1002-1008, 1996.

A. R. Abhyankar, S. A. Soman and S. A.
Khaparde, “Min-Ma Fairness Criterion for
Transmission Fied Cost Allocation”, I[EEE
Transactions on Power Systems, Vol. 22, No.4,
pp- 2094-2104, 2007.

A. R. Abhyankar, S. A. Soman and S. A.
Khaparde, “An Optimization Approach to Real
Power Tracing: An Application to Transmission
Field Cost Allocation”, IEEE Transactions on
Power Systems, Vol. 21, No. 3, pp. 1350-1361,
2006.

J. M. Zolezzi and H. Rudnick, “Transmission
Cost Allocation by Cooperative Games and
Coalition Formation”, [EEE Transactions on

172 Iranian Journal of Electrical & Electronic Engineering, Vol. 11, No. 2, June 2015



[14]

[15]

[16]

[17]

[18]

[19]

[20]

Power Systems, Vol. 17, No. 4, pp. 1008-1015,
2002.

X. Tan and T. T. Lie, “Application of the Shapley
value on transmission cost allocation in the
competitive power market environment”, [EE
Proceedings-Generation, Transmission  and
Distribution. Vol. 149, No. 1, pp. 15-20, 2002.

A. J. Congjo, J. Contreras, D. A. Lima and A.
Padilha-Feltrin, “Zbus Transmission Network
Cost Allocation”, IEEE Transactions on Power
Systems, Vol. 22, No. 1, pp. 342-349, 2007.

J. Pan, Y. Teklu, S. Rahman and K. Jun, “Review
of Usage-Based Transmission Cost Allocation
Methods under Open Access”, IEEE Transactions
on Power Systems, Vol. 15, No. 4, pp. 1218-1224,
2000.

S. Chaitusaney and B. Eua-Arporn, “AC power
flow sensitivities for  transmission  cost
allocation”, IEEE Transmission and Distribution
Conference and Exhibition 2002: Asia Pacific,
IEEE/PES, Vol. 2, pp. 858-863, 2002.

C. W. Yu, “Transmission Embedded Cost
Allocation Using Sensitivity Analysis”, IEE
Proc-Gener. Trans. & Distrib., Vol 149, No 5,
pp. 627-632, 2002.

G. Wacker and R. Billinton, “Customer cost of
electric service interruptions”, Proceedings of the
IEEE, Vol. 77, No. 6, pp. 919-930, 1989.

R. Billinton, S. Kumar, N. Chowdhury, K. Chu,
L. Goel, E. Khan, P. Kos, G. Nourbakhsh and J.
Oteng-Adjei, “A reliability test system for
educational  purposes-basic  results”, [EEE
Transactions on Power Systems, Vol. 5, No. 1,
pp- 319-325, 1990.

Alireza Soofiabadi was born in Rey,
Tehran, Iran in 1989. He received B.Sc.
degree and M.Sc. degree in electrical
engineering faculty from Semnan
University, Semnan, Iran. His research
interests include power market and
reliability in power system.

Asghar Akbari Foroud was born in
Hamadan, Iran in 1972. He Received
B.Sc. degree from Tehran University
and M.Sc. and Ph.D. degrees From
Tarbiat-Modares University, Tehran,
Iran. His research interests include
power system dynamics, operation and
restructuring.

Soofiabadi & Akbari Foroud: Modifying Nodal Pricing Method Considering Market Participants ... 173



