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a b s t r a c t

This paper proposes a practical method for identifying wheeling paths in deregulated electricity markets
based on an extended sensitivity analysis. Using this method, it becomes possible to decide the proper
and fair wheeling rate according to the degree of burden on transmission lines by each power flow trans-
action. Moreover, a wheeling rate based on the real power flow burden is also an important signal to new
power suppliers in the markets. In order to show the validity of the proposed method, a series of simu-
lations on the IEEE 30-bus test system were conducted.

Crown Copyright � 2008 Published by Elsevier Ltd. All rights reserved.

1. Introduction

There is a trend toward competitive markets in the electric
power industry all over the world [1–3]. In Japan, although the
deregulation of electricity is being implemented mainly in the
wholesale power market, partial retail wheeling is allowed. In
other words, any party (player) who is in the business of supplying
electricity to the market can supply it to its customers, not only
from its own generators but also from the market, selling both in-
side and outside their regions. High voltage customers can pur-
chase power from either existing regional utility companies, or
new power suppliers. Since the pricing for these purchases is not
regulated, bilateral contracts between suppliers and customers
may be negotiated and arranged. However, if electricity based on
the bilateral transactions uses the grid owned by the regional util-
ity company, the wheeling rate must be paid to the grid owner. Un-
der such circumstances, appropriate setting of the wheeling rate is
one of the critical issues for both suppliers and grid owners in
deregulated electricity markets [4,5].

Several methodologies to determine wheeling rates, such as
postage stamp, contract path, distance based MW-mile, and power
flow based MW-mile have been proposed and deeply investigated
[6–8]. However, since in the aforementioned methods, the use of

transmission lines and time variable load flows is not modeled suf-
ficiently, a wheeling rate reflecting the transmission line condition
(change by time and a day of week) is preferable in order to obtain
a fair rate.

In this paper, we propose an efficient method for identifying
wheeling paths based on an extended sensitivity analysis. Using this
method, it becomes possible to fix the proper and fair wheeling rate
according to the degree of burden on transmission lines by each
power flow transaction. The proposed method has four advantages
compared with the existing transmission routes identification tech-
niques. (i) The proposed approach incorporates the concept of gen-
eration distribution factor [9–11] into the sensitivity analysis,
which can take the consideration of not only variable loads but also
generator characteristics (generation capacity, speed regulation,
and dispatching strategies) and load characteristics (voltage and fre-
quency elasticity, constant power features) under various condi-
tions. (ii) Comparing with most of the techniques which target to
identify wheeling path from single generator to single customer
[12–14], the proposed method can identify multiple wheeling paths
accurately, i.e., any combination among the generators and the cus-
tomers, such as single to single, plurality to single, single to plurality
and plurality to plurality. This approach is applicable to the situation
where new power suppliers have more than two generators and
there are many customers in the market. (iii) The computational
complexity of the proposed method is approximately equivalent to
one iteration of power flow calculation, and is computationally effi-
cient. (iv) There is no special assumption, and also no additional the-
oretical error except numerical error.
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The paper is organized as follows. In the next section, the sen-
sitivity and generation distribution factor is described. In Section
3, in order to identify the wheeling paths of any combination
among generators and customers, the sensitivity factor concept
introduced in Section 2 is expanded. Then, wheeling paths identi-
fication technique and the algorithm that uses the extended sensi-
tivity method are described. Moreover, we explain the outline of
applications of the proposed method to the actual power market.
In Section 4, in order to show the validity of the proposed method,
several simulations on the IEEE 30-bus test system are conducted
and numerical results are described. Section 5 concludes the paper.

2. Sensitivity in power system operation

2.1. Sensitivity analysis in power systems

To determine the sensitivity factor, firstly, is necessary to devel-
op the sensitivity matrix of power flow [15]. The power flow of the
general N-node T-branch power system is described by a set of N
simultaneous complex equations

Pk þ jQ k ¼ Ck þ jDk þ Ek

XN

a
ðYkaEaÞ� ð1Þ

where Pk and Qk represent active and reactive power generations of
the node-k, respectively. In addition, Ck and Dk represent active and
reactive power demands of the node-k, respectively. Let the voltage
vector Ek at node-k be expressed in polar form and the admittance
Yka in rectangular form. The following 2N equations (G2k�1 ¼ 0 and
G2k ¼ 0ðk ¼ 1;2; � � � ;NÞ) are obtained dividing (1) in the real part
and the imaginary part

G2k�1 ¼ Ck � Pk þ Ek

X
a

EafGka cosðhk � haÞ þ Bka sinðhk � haÞg ð2Þ

G2k ¼ Dk � Q k þ Ek

X
a

EafGka sinðhk � haÞ � Bka cosðhk � haÞg ð3Þ

For simplicity, the variables and parameters involved in (2) and (3)
are defined with two vectors:

(i) Dependent variable vector X (2N-dimensional vector). Here,
vector X comprises unknown variables in a usual power flow
calculation.

(ii) Controllable variable vector U (M dimensional vector). This
is a M-dimensional vector comprising the operating (manip-
ulated) variables in system analysis and control.

Using the two vectors X and U defined above, (2) and (3) can be
rewritten as the simple vector

GðX;UÞ ¼ 0 ð4Þ

where G is a 2N-dimensional column vector function with G2k-1 and
G2k ðk ¼ 1;2; � � � ;NÞ. Suppose that in a N-node power system, the
operating condition is such that X = X0 for a specified control vector
U ¼ U0. Since the pair of vectors X0 and U0 satisfies the power flow
(4), then

GðX0;U0Þ ¼ 0 ð5Þ

Let us assume that by changing the operating condition of regulat-
ing devices (in what follows, simply called the regulating devices),
the controllable variable vector U changes of a DU from U0. If
dependent variable vector X changes from X0 to X0 þ DX in accor-
dance with the change DU, then

GðX0 þ DX;U0 þ DUÞ ¼ 0 ð6Þ

If DU is taken to be very small, then the variance DX is generally
small. By applying Taylor’s series expansion [16] to (6) with

ðX0;U0Þ as the reference state and neglecting higher order terms
in DX and DU, we have

GðX0;U0Þ þ GXðX0;U0ÞDXþ GUðX0;U0ÞDU ¼ 0 ð7Þ

where GX, GU are the Jacobian matrix of G with respect to dependent
variable vector X and controllable variable U. From (5), as the first
term of (7) is zero

DX ¼ �G�1
X � GU � DU ð8Þ

Let

S � �G�1
X � GU ð9Þ

(8) can be rewritten in the form

DX ¼ S � DU ð10Þ

or more concretely in the form

DX1

DX2

..

.

DX2N

0
BBBB@

1
CCCCA ¼

S11 S12 � � � S1M

S21 S22 � � � S2M

� � � � � � � � � � � �
S2N1 S2N2 � � � S2NM

0
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1
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DU1
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..

.

DUM

0
BBBB@

1
CCCCA ð11Þ

The 2N �M coefficient matrix S in (11) is called the sensitivity
matrix of power flow with respect to the controllable variable vec-
tor U.

Next, we derive the sensitivity matrix of power flow. By the use
of the two vectors X and U, the line flows or line currents are con-
veniently expressed by the simple function vector FðX;UÞ, where F
is a T-dimensional column vector function. Let us assume that
when the state of the system is changed from an initial state
ðX0;U0Þ to a state ðX0 þ DX;U0 þ DUÞ by the operation of some reg-
ulating devices, line flows are also changed by DFðX0;U0Þ

DFðX0;U0Þ ¼ FðX0 þ DX;U0 þ DUÞ � FðX0;U0Þ ð12Þ

Like (7), the Taylor series expansion of (12) with ðX0;U0Þ as the ref-
erence state and neglecting higher order terms in DX and DU yields

DFðX0;U0Þ ¼ FðX0;U0Þ þ FXðX0;U0ÞDXþ FUðX0;U0ÞDU� FðX0;U0Þ
¼ FXðX0;U0ÞDXþ FUðX0;U0ÞDU ð13Þ

The sensitivity SF expresses the change DFðX0;U0Þ of the power
flow, which corresponds to the change DU of the controllable vari-
able vector U. Hence, from (13), following relation is obtained

SF ¼
DFðX0;U0Þ

DU
¼ FXðX0;U0Þ �

oX
oU
þ FU � ðX0;U0Þ ð14Þ

Let F be the line power flow from node-k to node-m. When the line
power flow from node-k to node-m is assumed to be Pkm þ jQkm, the
line power flow is given by

Pkm þ jQkm ¼ EkðEk � EmÞ�ð�YkmÞ� ð15Þ

Thus, FðX;UÞ is given by following general form:

FðX;UÞ � FðEk; Em; hk; hm;UÞ ð16Þ

Partial derivatives, FX and FU are obtained quite easily by simple
calculation. ðoX=oUÞ, i.e., oEk=oU, oEm=oU, ohk=oU and ohm=oU are
the sensitivities of Ek; Em; hk and hm to the unit amount of change
in a regulating device, which is already known as the elements of
the sensitivity matrix S. Thus the sensitivity constants for line
power flows and line currents can be calculated from (14).

2.2. Generation distribution factor

Next, we describe generation distribution factor, which plays an
important role in identifying wheeling paths for the cases with two
or more wheeling contracts. The possibility to identify wheeling
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