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Abstract Transmission pricing is an important issue for
transmission cost allocation. Because of the importance of
this issue in the restructured power systems, several methods
have been presented in recent years. Also, fairness of meth-
ods is a vital issue from the viewpoint of market designers
and policy makers. This paper proposes a novel fair method
to specify transmission tariffs, especially for wheeling con-
tracts during peak and off-peak periods. In comparison to
other recent studies, this approach has the advantage of con-
sidering congestion and security cost, when the wheeling
contract leads to deviation from the optimum operation of
wheeler network. Moreover, the security cost which is usu-
ally ignored in the transmission pricing will be allocated to
market participants fairly. This method is applicable to imple-
ment in combined pool and bilateral electricity markets. In
order to make a fair competition among market users, the
congestion cost is allocated to all users in proportion to their
contribution in network congestion. Compared with the cur-
rent methods, the proposed approach take into consideration
the congestion and security cost to strike the right balance
between profit and cost related with fair market-based mecha-
nisms. At the end, numerical examples on nine-bus test power
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system are utilized to demonstrate the effectiveness of the
proposed approach.
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List of Symbols

Variables

Fl−k Total transmission flow between buses l
and k

F0
l−k Transmission flow between buses l and k

obtained in previous iteration
Dl−k,r D factor related to line connecting buses

l and k caused by generation variation in
reference bus

Gi Total generation in bus i
Al−k,i Generation shift distribution factors (GSDF

or A factors) related to line connecting
buses l and k caused by generation changes
in bus i

Cl−k, j D factor related to line connecting buses
l and k caused by generation variation in
reference bus

Cl−k,r GLDF related to the line between buses l
and k caused by demand in bus r

L j Total demand in bus j
TTC Total transmission cost
TCt The allocated cost to contract
TP Wheeling tariff for the contract
TC Transmission capacity cost
CC Congestion cost allocated to contract
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Lk Length of line k (mile)
Ck Cost per MW due to line unit length

CCB Congestion cost allocated to Buyer
CCS Congestion cost allocated to seller
CNi j Normalized C factor related to buyer
DNi j Normalized D factor related to seller
TPB Wheeling tariff for buyer
TPS Wheeling tariff for seller
Ck Interruption cost for case k
BI The interruption cost in each buses
SC System security cost

SCAC Security cost after applying wheeling con-
tract to the network

SCBC Security cost before applying wheeling
contract to the network

SP Security tariff for wheeling contract

Set

T Set of contracts
K Set of transmission lines

Constant

PD Active power demand
PG Active power generation

Pi j Power transferred by transmission lines
P The amount of transmitted power

πk Probability that contingency k occur
k Line number

P0
L Load in buses before line k outage

Pk
L Load in buses after line k outage

� fl Change in megawatt power flow on line l
�Pi Change in injection or demand at bus i

1 Introduction

Power systems in many countries of the world have expe-
rienced restructuring during the last decades. The aim is
increasing the efficiency in power generation and offering
better services to electric power consumers (Bashian et al.
2011). In a monopoly electricity industry, the embedded cost
approach is the basis for pricing. The purpose of this approach
is to determine the transmission service cost and to allocate
it among network users. This is one of the most commonly
used methods; therefore, the return of the total transmission
costs is guaranteed (Olmos and Arriaga 2009). After restruc-
turing of power systems, transmission lines have been sub-
jected to more efficiently operate to maximize their profit.

As a result, bilateral contracts have received more considera-
tion. In this environment, determination of contract tariff has
become more important than before.

Nodal pricing method is the most popular method of trans-
mission pricing, which is based on the difference between
marginal cost prices at nodes in transmission systems. The
main drawback of this method is that it is not able to produce
enough revenue to recover the total transmission network
costs (Ghayeni and Ghazi 2011).

Wheeling has been defined as the usage of a utility’s trans-
mission facilities to transmit power for other buyers and sell-
ers (Panyakaew and Damrongkulkamjorn 2008. Therefore,
the wheeling contract refers to a right for a buyer and a seller
to use a utility’s transmission network for energy transfer.
Pricing of transmission services plays a crucial role in deter-
mining whether providing transmission crucial role in deter-
mining whether providing transmission services is economi-
cally beneficial to both the wheeling utility and the wheeling
customers (Murali et al. 2011).

At least, three parties are involved in a wheeling transac-
tion: a buyer, a seller, and one or more utilities which transmit
the power from the seller to the buyer. The third party is paid
for the usage of its network. The wheeler may not necessar-
ily be the owner of transmission network, but it is generally
known as the operator of the power system. Until now, several
methods have been proposed for determination of wheeling
cost. Wheeling cost models mainly have been based on two
principles: the amount of the used transmission capacity for
the transaction and the cost for transmission capacity (Majidi
et al. 2008).

A wheeling transaction is defined as an injection into one
or more nodes of the network and simultaneous retrieval from
one or more nodes of the network. It can be classified as the
following three categories (Liu et al. 2004):

1. Point to point wheeling transaction: both injection and
retrieval are located in the same network. In the case of
injection, this is an independent power producer (IPP).

2. Interconnected system-point: in this case, the retrieval of
electrical energy is released in distribution network and
injection is located outside of this network.

3. Point-inter connected system: in this case, the retrieval of
electrical energy is located outside of network and injec-
tion is located inside of network.

Wheeling contracts have several impacts on wheeler net-
work such as increasing losses, transmission congestion,
and deviation from optimal power generation (Wang and
Li 2004). Transmission security is one of the most impor-
tant issues of transmission expansion planning and operation.
Considering the network security, transmission lines are not
fully loaded, and so considering the security cost in the trans-
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mission tariff seems to be reasonable. On the other words,
when a wheeling contract is concluded, with respect to the
presence of congestion in the wheeler network, the system
security may be reduced or even deteriorated if the operation
plans are not well coordinated. The security cost is ignored
in all of the methods of transmission pricing approximately.

A wheeler tries to keep the power generation in its optimal
pattern (Gnanadass and Padhy 2005). For each wheeling con-
tract, the forced losses due to the contract must be recovered
by sellers and buyers.

In this paper, the transmission cost is divided into three
parts: capacity cost, congestion cost, and security cost. In
order to make the fair transmission cost allocation mecha-
nism, the proposed method utilizes power transfer distribu-
tion factors (Shahidehpour et al. 2000). Firstly, transmission
capacity cost is calculated using distribution factors and MW-
mile method. Then with implementation of wheeling contract
to the network, congestion costs and security cost related to
wheeling contracts are allocated to the contract parties, fairly.

This paper is organized as following: in Sect. 2, the exist-
ing different methods for transmission cost allocation are
briefly explained. In Sect. 3, the distribution factors method
is described. In Sect. 4, the novel proposed method of this
paper for specifying fair hourly tariff of wheeling contracts
has been described. Finally, in Sect. 5, the proposed method
has been implemented on a nine-bus IEEE test power system.
Using simulation results in Sect. 5, the validity of the method
is evaluated.

2 Overview of Transmission Pricing Methods

From the network owner’s viewpoint, transmission pricing
should recover the total costs for transmission services. On
the other hand, network users tend to have a reasonable pric-
ing scheme for usage of power system. Different methods
for transmission pricing have been proposed. Based on the
recent studies, the wheeling prices mainly utilize one of the
two basic methods as:

1. Marginal cost methods.
2. Embedded cost methods (Shahidehpour et al. 2000).

A complete wheeling charge method has to fulfill the follow-
ing items (Hassan 2000):

1. Conciseness and transparency.
2. Recovery of invested cost.
3. Efficient operation of electric network.
4. Fairness and acceptability for wheeling service users.

Marginal cost methods do not necessarily satisfy the first and
the second items mentioned above. Therefore, embedded cost

methods are more acceptable. On the other hand, the embed-
ded cost methods have remarkable features (Hamada et al.
2009). Embedded cost methods are advantageous, because
these methods not only allocate total costs to transmission
network users according to their usage of system, but also
these methods can recover the investment cost (Abdullah et
al. 2008). In embedded cost methods, network owner cannot
make illegal profit by exercising the market power. However,
the total cost for transmission usage is recovered in these
methods; it is more acceptable for network users (Su and
Liaw 2001). On the other hand, the embedded cost method
may be disadvantageous, because this method, in its general
form, does not determine high or low usage of network. The
main deficiency for both of the above mentioned methods is
that they do not consider the costs for congestion and losses
(Happ 1994).

Embedded cost methods include post stamp, contract path
and MW-mile methods. In the first two methods load flow
calculation is not performed. On the other hand, the MW-
Mile method is based on load flow calculation. In MW-mile
method, transmission embedded cost is allocated to trans-
actions in proportion to the ratio of flow magnitude con-
tributed by each particular transaction. In order to consider
the reactive power transactions and active power in trans-
mission facilities simultaneously, MW-mile method may be
expanded as MVA-mile method. In this way, both active and
reactive power changes are considered (Yousefi and Seifi
2004). In Hamada et al. (2009), wheeling charges are calcu-
lated based on identification of transactions paths. Utilizing
this method, some of disadvantages of conventional MW-
mile method may be resolved.

In this paper, a fair method for specifying transmission tar-
iffs, especially for wheeling contracts, during peak and off-
peak periods is proposed. In this method, the congestion cost
is allocated to all users whose their transactions contribute in
congestion occurrence. Moreover, the security cost which is
usually ignored in the transmission pricing methods is allo-
cated to market users fairly. The congestion and security cost
are allocated to market users in proportion to their contri-
bution in network congestion and network security reduc-
tion, respectively. The proposed approach can ensure fair-
ness among market participants and guarantee power system
security during wheeling contract.

3 Distribution Factor Method

Distribution factors are calculated using linear load flow. By
using these factors, the effect of each generator and load on
transmission flow can be evaluated properly (Shahidehpour
et al. 2000).These factors show the approximate change in
line flows for changes in generation on the network configu-
ration and are derived from the DC load flow. These factors
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can be derived in a variety of ways and basically come down
to two types:

• Generalized generation distribution factors (GGDF).
• Generalized load distribution factors (GLDF).

In this paper, the mentioned linear sensitivity factors are used
in order to evaluate the power system security. This sensitivity
factors are described in the next parts.

4 Generalized Generation Distribution Factors (GGDF
or D Factors)

These factors specify the amount of change in real power of
a transmission line caused by variation in generation level of
a certain generator. The type of cost allocation depends on
the structure and regulations of the market. Usually in case
of negative GGDF, system operator allocates no cost to the
participants.

D factors are defined as follows:

Fl−k = ∑N
i=1 Dl−k,i Gi

Dl−k,i = Dl−k,r + Al−k,i

Dl−k,r =
{

F◦
l−k − ∑N

i=1 Al−k,i Gi

}∑N
i=1 Gi .

(1)

GGDF factors determine the total usage of transmission net-
work related to injections in the network.

4.1 Generalized Load Distribution Factors (GLDF or C
Factors)

These factors determine the contribution of each load in trans-
mission line flow. C factors are defined as follows (Shahideh-
pour et al. 2000):

Cl−k·r =

⎧
⎪⎪⎨

⎪⎪⎩
F◦

l−k +
N∑

j=1
j �=

Ai−k, j L j

⎫
⎪⎪⎬

⎪⎪⎭
/

N∑

j=1

L j (2)

Cl−k· j = Cl−k,r − Al−k, j (3)

Cl−k·r =

⎧
⎪⎪⎨

⎪⎪⎩

F◦
l−k +

N∑

j=1
j �=

Ai−k, j L j

⎫
⎪⎪⎬

⎪⎪⎭

/

N∑

j=1

L j . (4)

Note that these factors are obtained from reactance matrix
and DC load flow relaxation.

5 Proposed Method Formulation

In this paper, the transmission cost is divided into three parts:
capacity cost, congestion cost, and security cost. The con-

gestion cost is allocated to all users whose transactions con-
tribute in congestion occurrence. Distribution factors are used
to allocate this cost to different buses. Capacity cost is cal-
culated using distribution factors and utilizing the MW-mile
method. Then, by applying wheeling contracts to the net-
work, the congestion cost related to the contract is allocated
fairly to contract parties. Also the security cost related to the
wheeling contract is allocated to its parties in proportion to
their contribution in network security reduction.

In the proposed method, the Pool–Bilateral model is
assumed for the electricity market. After setting the amount
of power for the wheeling contract including wheeler gen-
eration and load data, an optimal power flow (OPF) will
be performed in the network. Therefore, the generation
and consumption of buses, power transmitted in each line,
transmission losses, bus voltage and the locational mar-
ginal pricing (LMP) in network buses is calculated. The
OPF problem in restructured power system is formulated as
follows:

Min
∑

CGi (PGi ) (5)

s.t : g(δ, V, QG, PG, PD) = 0 (6)

0 ≤ PG ≤ PG max (7)

0 ≤ PD ≤ PD max (8)
∣
∣Pi j (δ · V )

∣
∣ ≤ Pi j max (9)

QG min ≤ QG ≤ QG max (10)

Vmin ≤ V ≤ Vmax, (11)

where the Eq. 6 represent load flow equations for power
network. This nonlinear optimization is solved based on
Lagrange method. The Lagrange factor is involved with an
economic concept. It can show the locational marginal price
in each bus in the power network.

6 Capacity Cost

In this paper, transmission capacity cost is calculated using
the method in Bashian et al. (2011):

T Ct = T C ·
∑

k∈K
Ck Lk MWt,k

∑
t∈T

∑
k∈K Ck Lk MWt,k

. (12)

TC refers to as the transmission cost which includes the
investment and operation costs. TC is calculated for each line
of the network using the information which is determined by
the network manager (Shahidehpour et al. 2000).

According to the above formulation, each user of the net-
work should pay a kind of cost as the transmission cost in pro-
portion to its contribution in transmission lines flows which
can be calculated by using distribution factor method.
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7 Congestion Cost

By applying the wheeling contracts, due to network conges-
tion and losses, the wheeler network deviates from its opti-
mal generation pattern. So wheeler should receive additional
costs imposed by contract parties. For this reason, OPF is
executed for the network until injections and deviations of
generations from the optimal pattern are calculated. This cost
will be added to transmission cost. Therefore, if congestion
occurs in some weak lines, the congestion cost must be allo-
cated only to contract parties. After calculation the contribu-
tion of each user in congested lines, according to distribution
factors, the congestion cost for buyer and seller will be cal-
culated and added to transmission tariff as followings:

CCS = DNi j · CC (13)

CCB = CNi j · CC (14)

In off-peak hours, the congestion cost is not allocated to
contract parties, because the transmission lines do not exceed
their thermal limit. This can be important for transmission
cost allocation.

The wheeling tariff can be written as below:

T P = T C + CC

P
(15)

The transmission tariff for contract parties can be written
as below:

T PB = T C/2 + CCB

P
(16)

T PS = T C/2 + CCS

P
(17)

8 Security Cost

In this paper, in addition to considering the capacity cost and
congestion cost, the system security cost is considered. The
security cost approach can strike the right balance between
power system security and cost which is compatible with
market mechanisms. The security cost of wheeling charge
has not been considered in the previous methods. In this
method, N-1 contingency is assumed for security cost cal-
culation. Firstly, the security cost will be considered in the
network without wheeling contract. Then, applying wheel-
ing contracts to the network, security cost is calculated. The
difference between two costs is considered as the cost of
security reduction related to the wheeling contract.

In this method, random line outage is taken into account
as the N-1 examination of lines to evaluate the power system
security. Therefore, the load interruption cost is calculated
associated with random line outage.

The load interruption cost minimization is the objective
function in this method:

Min{
k∑

k=1

πkCk} (18)

Where Ck is defined as below:

Ck = BI [P0
L − Pk

L ]. (19)

For minimizing the Ck, the A factors must be calcu-
lated firstly. These factors show the effect of injections and
demands on the transmission line flows. These factor can be
written as below:

Ali = � fl

�Pi
(20)

where �P represent the change in injection or demand at bus
i as one unit and � f is represent the change in active power
flow on line l when a change in generation �Pi occurs at bus
i . The A factor may be positive or negative.

Considering the random line outage in the transmission
network, A factors are calculated and the congested lines
will be determined. Now, some loads must be interrupted for
congestion relieving. For interruption cost minimization, two
important point are assumed:

1. Choice of a load that has the most effect on the congested
line respect of A factors (Amax).

2. Interruption cost in each bus per MW (BI).

Therefore in each case, A factors are sorted and divided to
buses interruption cost:

μL = Amax

BI
. (21)

Therefore, a load with lower interruption cost is deter-
mined. The interruption cost due to load interruption is cal-
culated as below:

Ck = BI [P0
L − Pk

L ]. (22)

There are some technical limitations on the load magni-
tude we can drop when a random line outage occurs in weak
transmission lines. This amount is given by PLi,min. If the
amount of load for interrupting be more than the predefined
load limit, second priority will be taken for load interruption.

Now, with considering line outage probability πk and cal-
culation of Ck in each case, the security cost can be written
as below:

SC =
k∑

k=1

πkCk . (23)

123

Author's personal copy



J Control Autom Electr Syst

Fig. 1 The schematic plan of
transmission network in
proposed approach
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Therefore the security tariff for wheeling contract can be
written as follow:

S P = SCAC − SCBC

P
. (24)

Figure 1 shows the schematic plan of congested lines
(because of congestion occurrence) and faulty lines (because
of executing the N-1 examination of lines) in transmission
network.

9 Wheeling Tariff

After calculation of capacity, congestion, and security cost
for wheeling contract, we can obtain the wheeling tariff. By
applying the wheeling contract during the peak loads, the
congestion probability will be increased and the congestion
cost should be paid by contract parties; therefore, this method
leads to a significant increase in transmission price in peak
periods. Moreover, the security cost will be increased by rea-
son of approaching the lines to the thermal limit. Therefore,
the proposed method causes wheeling tariff to increase in
peak periods, without assuming the excess tariff in these
hours. It can send a good signal for system users for load shift-
ing from peak hours to off peak hours. Respect to Eqs. 16,
17, and 24, wheeling tariff for seller and buyer can be written
as below:

T PB = (T C + SC)/2 + CCB

P
(25)

T PS = (T C + SC)/2 + CCS

P
(26)

The proposed approach can be summarized as the follow-
ing steps.

Step 1 Run OPF in normal condition of power system with-
out wheeling contract.

Step 2 Calculate security cost.
Step 3 Apply wheeling contract to the network.
Step 4 Run OPF in new condition with applying wheeling

contract.
Step 5 Calculate distribution factors and A factors.
Step 6 Calculate security cost with applying wheeling con-

tract.
Step 7 Check the congestion occurrence in all transmission

lines. If the congestion occurred in a line go to step
8, otherwise go to step 9.

Step 8 Calculate distribution factors and wheeling parties’
portion of congested lines.

Step 9 Determine security, congestion and capacity cost
according to step 5, 6 and 8.

Step10 Calculate wheeling tariff for buyer and buyer.

The process is summarized in flowchart of figure 2.
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Fig. 2 The flowchart of
proposed wheeling tariff
approach

Input network data
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calculation
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portion of congested lines
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10 Case Study and Discussion of the Results

To investigate the proposed method, it has been applied to the
9-bus test power system shown in Fig. 3, (Yousefi and Seifi
2004). The network data are given in the Tables 1, 2, and 3. It
is also assumed that there is a wheeling transaction between
buses 6 and 8. In this contract, the seller and the buyer are
located in buses 8 and 6 respectively.

11 Calculation of Transmission Cost During Peak
Period

Assume a contract for exchanging power between contract
parties at buses 6 and 8 with the amount of 60 MW are
available. Considering network topology, distribution fac-
tors including C and D for these buses can be calculated
as Table 4.

G

G

7

8

9

G

12

3
4

5

6

Seller Buyer

Fig. 3 The nine-bus test power system
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Table 1 Wheeler buses load
Condition load Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 7 Bus 9

Peak Active (MW) 80 80 80 120 120 70 70

Reactive (MW) 30 30 30 50 50 20 20

Off peak Active (MW) 50 50 50 50 50 40 40

Reactive (MW) 20 20 20 20 20 20 20

Table 2 Test system data

Line no. Start and R(p · u) X (p · u) Y (p · u)

1 1–2 0.042 0.0168 0.041

2 1–4 0.031 0.121 0.031

3 1–6 0.053 0.21 0.051

4 2–3 0.031 0.126 0.031

5 2–4 0.084 0.336 0.082

6 2–7 0.053 0.21 0.051

7 3–4 0.053 0.21 0.051

8 3–9 0.053 0.126 0.051

9 4–5 0.03 0.126 0.031

10 5–6 0.031 0.126 0.031

11 7–8 0.03 0.126 0.031

12 8–9 0.015 0.0513 0.015

Table 3 Wheeler generators data

Generator C(Pg) = A · P2
g + B · Pg

+C ($/h)
Qgmax Qg min Pg max V

A B C (MVar) (MVar) (MW) (p · u)

1 0.00156 7.92 561 561 800 −800 1.06

2 0.00194 7.85 310 100 −90 400 1.045

3 0.00482 7.97 78 100 −90 400 1.01

Considering values in Table 1 and D factors for the three
generators, the contribution of injection buses in the network
from the transmitted power will be as those shown in Table 5.

12 Calculation of Capacity Cost During Peak Period

Now, using Eq. (12) with considering values in Table 5, the
transmission capacity cost due to the contract are calculated
as below:

T Ct = T C ·
∑

k∈K Ck Lk MWt,k
∑

t∈T
∑

k∈K Ck Lk MWt,k
(27)

= 5280 × 50812

50812 + 88963 + 221566 + 140363

= 534.76
$

h
.

T C stands for the transmission cost which is expressed in
second column of the Table 5. Therefore, the transmission

Table 4 Distribution factor due to wheeling transaction

Line Cij,6 Dij,8

1–2 0.364595 −0.06408

1–4 0.029261 0.063964

1–6 0.59453 0.007066

2–3 −0.00768 0.205655

2–4 0.170499 0.005038

2–7 −0.00318 0.397659

3–4 0.280049 −0.10669

3–9 0.000999 0.609874

4–5 0.442296 −0.01657

5–6 −0.43124 0.011689

7–8 0.002026 −0.39153

8–9 −0.00168 −0.60149

Table 5 Transmission usage allocation applying distribution factor

Line Line cost Pi j G8 Pi j G1 Pi j G2 Pi j G3

1–2 200 −3.84 −34.93 100.38 34.42

1–4 840 3.84 37.20 12.27 −10.27

1–6 1,000 0.42 21.57 37.64 16.61

2–3 760 12.34 12.34 88.56 −69.94

2–4 300 0.30 −2.19 51.53 12.19

2–7 400 23.86 11.00 42.54 −3.08

3–4 320 −6.40 −10.49 34.17 57.63

3–9 120 36.59 6.58 5.92 29.91

4–5 600 −0.99 9.09 47.21 30.21

5–6 80 0.70 −8.15 −1.13 3.42

7–8 280 −23.49 4.27 −0.24 26.06

8–9 380 −36.09 8.63 35.88 −6.51

Total 5,280 – – – –

capacity cost that should be paid by contract parties can be
calculated as mentioned above.

13 Calculation of Congestion Cost During Peak Period

In the test system, if the wheeling contract is not considered,
the generation cost will be equal to 5638.13$/h. On the other
hand, considering the wheeling transaction for the network,
the heavy congestion will be occurred in line 1–4. This is
mainly because of the fact that the transfer capacity is only
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60 MW. After generation re-dispatch in the network, the gen-
eration cost deviates from the optimum value and increases
to 5923.47 $/h.

Considering the Sect. 7, the excess cost related to net-
work congestion occurrence must be compensated by trans-
action parties. Table 4 shows the distribution factor for both
buyer and seller. As it can be observed, they are equal to
0.029261 and 0.063964, respectively. This means that the
seller and buyer must pay 68.7 and 31.3 % of the congestion
cost, respectively.

CCS = DNi j · CC = 285.34 × 0.687 = 196.02$/h, (28)

CCB = CNi j · CC = 285.34 × 0.313 = 89.31$/h. (29)

Therefore, the transmission cost due to the capacity and con-
gestion cost is equal to:

T T C = T C + CC = 534.76 + 285.34 = 820.1$/h. (30)

In (28), TTC is the total transmission cost. According to (15),
wheeling tariff for mentioned transaction is equal to:

T P = T C + CC

P
= 820.1

60
= 13.66

$

MW h
. (31)

Wheeler receives the tariff calculated in (31) from trans-
action parties. It should be noted that this cost must be com-
pensated by transaction parties in proportion to their contri-
bution in transmission capacity and the congestion occur-
rence. Transmission capacity cost for both seller and the
buyer is paid equally. However, according to (16) and (17),
the congestion cost will be allocated between both contrib-
utors according to their portion in congestion according to
Table 6.

14 Calculation of Security Cost During Peak Period
with Wheeling Contract

For calculating the network security cost, some network data
are needed. In this network, the load limit in each bus for the
maximum interruption are shown in Table 7.

Table 6 Wheeling tariff

Wheeling tariff for contract parties ($/MWh)

Tarrif Seller Buyer

Capacity 4.456 4.456

Congestion 3.267 1.488

Total 7.723 5.944

Table 7 Minimum load in network buses

Bus no. 1 2 3 4 5 6 7 9

Minimum load 20 20 20 30 30 20 20

Running OPF in the network, the LMP, loads and BI (bus
interruption cost) at all buses of network are listed in Table 8.
In this paper, we assume that the BI value in each bus is
double the amount of LMP.

Applying wheeling contract to the network, the inter-
rupted load related to each line outage is calculated. For
example, with outage of line 1–2, the μL factors respect to
Eq. (21) are listed in Table 9.

In the network of test system, the maximum transferred
power limit for each line is equal to 90 MW. According to
load flow result, with outage of line 1–2, the flow of line
1–4 and 1–6 are equal to 115.4 and 102 MW, respectively.
Therefore, for congestion relieving, according to Table 9,
demands in buses 2 and 5 have the most effect on congestion
occurrence in lines 1–2 and 1–6, respectively. For this reason,
load shedding management must be done for buses 2 and 5
according to Table 10.

If the probability of line 1–2 outage be equal 0.02(π1 =
0.02):

C1 = B1[P0
L − P1

L ]
= 25.88 × (80 − 49.66) + 25.054 × (120 − 101)

= 1261.2$/h. (32)

Therefore, security cost due to line 1–2 outage is equal to:

SC = π1 × C1 = 0.02 × 1261.2 = 25.224$/h. (33)

Finally, the amounts of interrupted loads due to line outage
are listed in Table 11. Note that, if the maximum value of loud
interruption does not lead to a complete congestion relieving,
the second priority of load will be chosen for interruption.

According to Table 11, the total decreased load is equal
to:

12∑

k=1

[P0
L − Pk

L ] = 812.76 MW. (34)

If the probability of line outage is supposed to be 0.02 (πk=
0.02) for all transmission lines, the system security cost after
applying wheeling contract is calculated as following:

SC =
k∑

k=1

πkCk =
k∑

k=1

πk BI (P0
L − Pk

L )

= 395.4$/h
(35)

Now, for comparing the security cost with and without wheel-
ing contract, the security cost without wheeling contract will
be considered in the next part.
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Table 8 LMP and load in
wheeler network Bus no. Before contract After contract

Demand (MW) LMP ($/MWh) BI ($/MWh) Demand (MW) LMP ($/MWh) BI ($/MWh)

1 80 8.761 17.522 80 8.302 16.604

2 80 8.82 17.64 80 9.16 18.32

3 80 9.093 18.186 80 9.763 19.526

4 120 9.366 18.732 120 12.94 25.88

5 120 9.736 19.472 120 12.527 25.054

6 0 9.341 18.682 0 11.193 22.386

7 70 9.585 19.17 70 9.808 19.616

8 0 9.648 19.296 0 9.801 19.602

9 70 9.675 19.35 70 9.957 19.914

Table 9 μL factor due to the
lines and load with line 1–2
interrupting

2 3 4 5 6 7 8 9

1–4 0.83173 0.806728 0.640385 0.523012 0.202203 0.825503 0.813005 0.815826

1–6 0.206059 0.200201 0.167931 0.37633 0.339939 0.204657 0.201641 0.202375

2–3 0 0.272906 0.001638 0.002524 0.000988 0 0.025167 0.098696

2–4 0 0 0 0 0 0 0 0

2–7 0 0.061775 0.000371 0.000571 0.000224 0.582109 0.362791 0.275515

3–4 0 0 0.000654 0.00101 0.000394 0 0 0

3–9 0.103127 0 0 0 0 0.463052 0.663101 0.751692

4–5 0 0 0 0.477023 0.184333 0 0 0

5–6 0.191472 0.185983 0.154764 0.345061 0 0.190151 0.187338 0.188015

7–8 0.102677 0 0 0 0 0.458255 0 0

8–9 0 0.060754 0.000365 0.000562 0.00022 0 0 0.270222

Table 10 Bus demand before and after line 1–2 outage

Bus no. After contingency Before contingency

1 80 80

2 49.6 80

3 80 80

4 120 120

5 101 120

7 70 70

9 60 60

15 Calculation of Security Cost During Peak Period
Without Wheeling Contract

Now, without wheeling contract in the network, the security
cost will be calculated.

In this case, the amounts of interrupted load due to outage
of each line are listed in Table 12.

According to Table 12, the total decreased load is equal
to:

12∑

k=1

[P0
L − Pk

L ] = 614.6 MW. (36)

Table 11 Demand in buses due
to lines outage Line outage 1 2 3 4 5 6 7 8 9 10 11 12

Bus. 1 80 80 80 80 80 80 80 80 80 80 80 80

Bus. 2 49.7 80 79 80 80 80 80 80 80 80 80 80

Bus. 3 80 80 80 20 80 80 80 80 80 80 80 80

Bus. 4 120 97.9 120 119.2 48.7 112.8 44.7 82.5 120 120 83 74.8

Bus. 5 101 47.3 120 94 83.5 95.2 80.7 99 118.7 30.1 99.2 96.1

Bus. 7 70 70 70 70 70 20 70 70 70 70 70 70

Bus. 9 60 60 60 60 60 60 60 60 60 60 60 60
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Table 12 Demand in buses due
to lines outage Line outage 1 2 3 4 5 6 7 8 9 10 11 12

Bus. 1 80 80 80 80 80 80 80 80 80 80 80 80

Bus. 2 80 80 80 80 80 80 80 80 80 80 80 80

Bus. 3 80 80 80 20 80 80 80 80 80 80 80 80

Bus. 4 120 78.6 30.8 120 56.5 120 61.6 111.9 120 31.2 82.7 82.7

Bus. 5 120 120 88.7 120 120 120 120 120 120 88.7 120 120

Bus. 7 40.2 70 70 70 70 33.3 70 70 70 70 70 70

Bus. 9 60 60 60 59.2 60 60 60 59 60 60 60 60

Table 13 Wheeling tariff in peak period

Wheeling tariff for contract parties($/MWh)

Tarrif Seller Buyer

Capacity 4.456 4.456

Congestion 3.267 1.488

Security 1.365 1.365

Total 9.088 7.309

If the probability of line outage is supposed to be 0.02 (πk=
0.02) for all transmission lines, the system security cost after
applying wheeling contract is calculated as following:

SC =
k∑

k=1

πkCk

=
k∑

k=1

πk BI (P0
L − Pk

L ) = 231.2$/h (37)

After calculation of security cost before and after apply-
ing wheeling contract to the network, the difference value
allocated to the contract parties:

SCAC − SCBC = 395.4 − 231.2 = 164.2$/h (38)

where SCAC and SCBC represent the security cost after and
before applying wheeling contract to the network, respec-
tively. This cost for both seller and the buyer is paid equally.
Therefore according to Eq. (24), the security tariff per MW
in peak hours is as below:

SP = SC

P
= 164.2

60
= 2.73

$

MWh
. (39)

Therefore, the seller and the buyer will pay 1.365 $/MWh
for security cost individually. Finally, total transmission tariff
for wheeling contract in peak hours is shown in Table 13.

16 Calculation of Transmission Cost During Off Peak
Period

The network data for off peak period is given in Table 1. In
this case, line 1–4 is loaded less than 60 MW and therefore,

Table 14 D factors in off peak period

Line Flow
(MW)

Dij,8 DijG1 DijG2 DijG3

1–2 9.69 −0.21683 −0.28088 0.328652 0.214912

1–4 52.99 0.179851 0.333093 0.033962 −0.06753

1–6 62.78 0.044929 0.2301 0.15213 0.125591

2–3 25.53 0.237307 0.086643 0.2499 −0.38779

2–4 24.64 −0.03665 −0.0105 0.171102 0.078407

2–7 18.1 0.400995 0.056855 0.094474 −0.05246

3–4 24.52 −0.19727 −0.067 0.1297 0.349497

3–9 1.79 0.589746 0.004768 −0.0325 0.113073

4–5 50.29 −0.04896 0.103597 0.180239 0.206319

5–6 0.58 0.046873 0.046212 −0.02917 −0.05483

7–8 22.16 −0.40008 0.063166 0.025606 0.172318

8–9 37.67 −0.59306 0.115324 0.152903 0.006117

it will not be congested. Data for line flow and D factors are
listed in Table 14.

The transmission capacity cost in this case is equal to:

TCt = TC ·
∑

k∈K Ck Lk MWt,k∑
t∈T

∑
k∈K Ck Lk MWt,k

= 489.61 $
h.

(40)

Considering (6), the wheeling tariff for this contract will be
equal to:

T P = T C

P
= 489.61

60
= 8.16

$

MWh
. (41)

Transmission capacity cost is allocated to the seller and the
buyer equally. Therefore, the seller and the buyer will pay
4.08 $/MWh individually. It can be seen that, during off peak
periods, the transmission cost is less than the peak periods.
The main reason is the presence of congestion in all trans-
mission lines.

In off peak periods, respect to the amount of load, the
security cost in the network is zero. But, by applying wheel-
ing contract to the network, this cost will be increased. The
amounts of interrupted loads due to outage of each line are
listed in Table 15.
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Table 15 Demand in buses due to lines outage

Line outage 1 2 3 4 5 6 7 8 9 10 11 12

Bus. 1 50 50 50 50 50 50 50 50 50 50 50 50

Bus. 2 50 50 50 50 50 50 50 50 50 50 50 50

Bus. 3 50 50 50 50 50 50 50 50 50 50 50 50

Bus. 4 50 50 42 50 50 50 50 50 50 50 50 50

Bus. 5 50 50 30 50 50 50 50 50 30 50 50 50

Bus. 7 40 40 40 40 40 40 40 40 40 40 40 40

Bus. 9 40 40 40 40 40 40 40 40 40 40 40 40

Table 16 Wheeling tariff in off peak period

Wheeling tariff for contract parties ($/MWh)

Tarrif Seller Buyer

Capacity 4.08 4.08

Congestion 0 0

Security 0.15 0.15

Total 4.23 4.23

According to Table 15, the total decreased load is equal
to:

12∑

k=1

[P0
L − Pk

L ] = 48.01 MW. (42)

The system security cost after applying the wheeling contract
to the network is as below:

SC =
k∑

k=1

πkCk

=
k∑

k=1

πk BI (P0
L − Pk

L ) = 18.575$/h. (43)

After calculation of security cost before and after apply-
ing wheeling contract to the network, the difference value
allocated to the contract parties:

SCAF − SCB F = 18.575 − 0 = 18.575$/h. (44)

Therefore, the security tariff per MW in peak hours is as
below:

S P = SC

P
= 18.575

60
= 0.3

$

MWh
. (45)

Therefore, the seller and the buyer will pay 1.365 $/MWh
for security cost individually. Finally, total transmission tariff
for wheeling contract in off peak hours is shown is Table 16.

Comparison between Tables 13 and 16, we can see that
during off peak periods, the transmission cost is less than the
peak period. The main reason is the decrease of congestion
and security cost in off peak hours. This is an important issue
in transmission pricing. This method can send proper signals

Buyer
Seller

4.23
4.23

7.3099.088

wheeling tariff ( $/MWh)
Off Peak Peak

Fig. 4 Wheeling tariff comparison in peak and off-peak periods

to transmission users for load shifting to off peak hours. In
Fig. 4, we can see the wheeling tariff comparison between
peak and off peak periods.

17 Conclusion

In this paper, a new security-based framework for wheel-
ing contract is proposed in order to make a perfect market
and maximize the power system security, emphasizing the
risk associated with random line outage. Proper transmission
pricing can promote the efficient operation of power system
and encourage investment in production and transmission.
The marginal cost method may not cover all of the investment
and operation costs. Therefore, the embedded cost methods
are more acceptable.

In this paper, the transmission pricing method is evalu-
ated. Then, the wheeling tariff has been modified to allocate
the congestion cost to all users in proportion to their con-
tribution in network congestion. Also, the wheeling tariffs
during peak and off peak periods are compared to show the
applicability of proposed method. The market equations are
characterized by the locational marginal pricing (LMP) and
can be obtained by optimal power flow (OPF) scheme based
on power market structure. In addition, when the impact of
applying the wheeling contract on power system security is
investigated, the random line outages were also taken into
account with N-1 examination of lines. Congestion manage-
ment is considered in the proposed approach to guarantee the
power system security. This paper provides a new framework
for wheeling tariff in competitive markets and a lot of real-
istic problem to be solved are still remained. To overcome
the limitations of this paper, inclusion of wide spread trans-
mission network constraints and analysis on the impact of
market requirement on the solution should be further investi-
gated. Based on the results of this paper, one can investigate
to obtain more precise presentations as well as more efficient
wheeling contract procedure in the future.
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