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a b s t r a c t

Deregulation and privatization of power market worldwide has forced to identify the different ancillary
services and the service providers so that all the services can be priced properly. Active power loss is a
component that can never be avoided and constitutes a considerable part of economy. Hence,
identification of the sources of active power loss is very important. In deregulated power market bilateral
power trading plays a very important role where the amount of power and the flow path between the
transacting generators and loads are fixed beforehand. But the power flow rarely follows contracted path,
it flows according to physical property of the network. Graph theory based loss allocation methods are
based on power flow paths and hence are more reliable. But proper transaction based power flow is
not available and it makes graph theory based loss allocation for bilateral market a complex task.
Present paper applies diakoptics algorithm to find out the loop flows that is the deviation from contracted
path for each bilateral transaction which in turn allows finding out the loss allocated to any transaction.
Diakoptics is a general concept in which larger problems are solved by dividing the larger problem into
smaller problems and then finding out the overall solution by considering the solutions of each smaller
problem together. The proposed method is applied to different test systems and results are discussed in
detail.

� 2015 Elsevier Ltd. All rights reserved.

Introduction

INITIALLY, the power sector was vertically integrated utility and
was functioning in a monopolistic environment which means there
was a single authority to generate, transmit, distribute and sell
electrical energy. In the 1990’s, the unbundling of ancillary services
and deregulation in power sector has introduced several indepen-
dent power players in generation and distribution of electricity
while maintaining a single transmission system in an area. The
objective behind deregulating the power sector is to induce com-
petition by allowing several new power players which will make
system reliable and profitable. But, this leads to complexities in
power market because in between generation and consumption
there are several owners with their own objectives.

When an entire power system is managed in monopolistic envi-
ronment, path for electricity flow was of no concern. However, in
the multi-layered interconnection it is an important factor due to
ownership rights as the owner of the transmission line have to
be paid for loss incurred in the line for wheeling power.

The three fundamental power market models exist for electric-
ity transaction [1]:

1. Poolco: In this model consumers can buy power only from the
energy pool which purchases energy from competing generat-
ing companies i.e., Generators and loads communicate with
each other through the pool.

2. Power exchange (PX): Similar to a monetary stock exchange,
the PX constantly revises and declares the current price at
which transactions are being done.

3. Bilateral exchange: In this model suppliers and consumers are
allowed to arrange power transfer independently without any
interference of system operator.

A transaction specifies the participants involved in trading
amount of power and a particular time interval when it will take
place. Sometimes, transactions can also specify a ‘contract path’
which is the desirable path that power should follow. The amount
of power scheduled to flow through the specified sequence of
transmission line is referred as ‘contracted power’. All other paths
except the intended contract path are called parallel paths and the
corresponding flows are referred to as ‘‘parallel flows or loop
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flows”. The price of power exchange will be decided by the buying
and selling company confidentially.

The existing loss allocation methods for both pool market and
bilateral transaction based market can be broadly classified as:
pro-rata method, incremental transmission loss based method,
game theory based approach and graph theory approach. Graph
Theory based methods like Impedance Matrix based method [2],
Modified Y-bus method and Reachability Matrix based method
[3] overcome drawbacks of other methods based on pro-rata
methods and ITL methods and is based on physical flow of net-
work. But, these methods are not well suited for bilateral transac-
tions because these methods don’t consider loop flows. Power
tracing based methods provides allocation of transmission losses
which uses proportional sharing assumption [4]. Also, load flow
solution is the fundamental requirement for the application of
this method. Based on power flow tracing methodology, topolog-
ical generation and load distribution factors are determined in [5]
through matrix inversion, with additional nodes added to repre-
sent line losses which makes system messy. In [6] new method
is proposed which topologically determines the contribution of
each generator and loads in transmission losses. In [7], new
methodology based on complex power flow tracing is proposed
in which transmission losses are decomposed into three
components.

The methods based on circuit theory are simple and easy to
implement. Z- bus matrix method [2] proposed by Conejo et al.
presents a new procedure for allocating transmission losses to gen-
erators and loads in the view of pool structured market. In [8]
method based on circuit theory and the concept of orthogonal pro-
jection for pool based electricity market is proposed. In 2009, Xie
et al. [9] proposed and explained the power flow tracing algo-
rithms founded in the extended incidence matrix considering loop
flows.

Various other algorithms like breadth first search (BFS) tech-
nique [10] are applied along with graph theory for tracing but
become very complicated in case of bilateral transaction.

Modern competitive power system structure works on the pool
structure as well as on transactions where generators and loads
deliver and receive power through bilateral contracts [1]. Loop
flows and inter-area flows are very important in bilateral transac-
tions because these constitute losses. For calculating these flows, a
graph theory based new framework using diakoptics is proposed
for flow allocation which gives information about for losses. The
proposed framework enables explicit and network graph based
modelling of bilateral transaction tracing and loop flow tracing
together for flow allocation.

This paper is organised as follows: Section ‘Problems associated
with loss allocation for bilateral transaction’ describes problems
associated in loss allocation for bilateral transaction market using
power tracing. In Section ‘Proposed solution for bilateral transac-
tion using new circuit theory based framework’, new methodology
for bilateral transaction tracing is discussed and the new frame-
work is applied in 6-bus test system to show the applicability of

the method. Section ‘Calculations and results’ summarizes the
results and finally Section ‘Conclusion’ concludes the paper.

Problems associated with loss allocation for bilateral
transaction

The main problem in allocating transmission loss to the loads or
the generators is that allocations are based on assumptions and
approximations which introduce certain degree of arbitrariness.
This occurs because transmission loss is a non-separable and non-
linear function [11] of active power. The loss allocation methods
discussed in Section ‘Introduction’ have their merits and demerits
which are presented below [11]:

1. The pro-rata method is not suitable for bilateral transactions as
the allocation does not reflect the location of the load in the net-
work. It is characterized by the allocation of electric losses pro-
portionally to the power delivered by each generator and each
load.

2. Allocation based on incremental loss coefficients has the fol-
lowing characteristics: (a) it may be positive and negative, (b)
it depends on the choice of the slack generator, and (c) it typi-
cally results in over-recovery of loss (when the coefficients are
applied directly).

3. ITL method proposes cross subsidies incorporating negative
allocations and also presents high volatility and negative loss.
Furthermore, it may present a high loss allocation imbalance
between generation and demand.

4. Although the proportional sharing procedure takes into
account the network, but its allocation trend uses load flow
results. The load flow results are not available for transaction
market.

5. Game theoretic solution, needs much more computational
works; as many power flow analyses need to be performed
for all possible coalitions among the participating players. Thus
computationally, game theory based method is the costliest, but
on the basis of desirability of the results, it satisfies all the
involved players.

6. Network based loss allocation procedures like MW-mile
method and MVA-mile method are power flow path
dependent.

Many of these methods are based on some assumptions or pro-
duce allocations that are not comparable to physical network
behaviour.

Problem with power tracing for bilateral market is that no
proper transaction based power flowmethod is available. The exis-
tence of loop flows creates the difference between financial net-
works and the physical networks through which power is
actually delivered.

In literature, bilateral transactions are usually modelled as
point-to-point power injections without specifying contract paths
and the resulting loop flows [12–15].

Nomenclature

Fa line flows for all lines present in reference frame ‘a’ in
matrix form

Da voltage angle differences across lines present in refer-
ence frame ‘a’

Xaa diagonal reactance matrix of the network in reference
frame ‘a’ of order (la � la)

Cab connection matrix that maps between reference frame
‘a’ and ‘b’

Fibt internal bilateral transactions as column matrix
Febt external bilateral transactions as column matrix
Fic internal loop flow matrix; number of element will be

equal to number of loops present in a particular area
Fec external flow matrix; number of elements are depen-

dent on number of single areas in a meshed network
la number of lines present in reference frame ‘a’
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