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Abstract

In this thesis, a congestion management method based on the merchandise surplus
refund is presented, and is illustrated in a 5-bus system under the bilateral model.
Furthermore, for the interconnected system consisting of several or more control areas
and different transmission system operators (TSOs), the decomposition of optimal
power flow (OPF) is studied, and a decomposition strategy is proposed to achieve
optimum over the entire system while keeping the information exchange between
neighbouring control areas at an acceptable level. Based on this decomposition strategy,
an interior point method (IPM) is applied and then tested in a small system. This barrier
function method complemented the previous works of several researchers, and it
enables the TSOs at different control areas to calculate the OPF in parallel and
coordinate through very limited information exchange. This method is compared with
two existing methods, both on the algorithms and on the test system, and proved fast
convergence and numerical stability. Finally, in order for researchers to study cross-
border congestion management methods, a test model is created based on the UCTE
(the Union for the Co-ordination of Transmission of Electricity) ultra high voltage
transmission network. As it is based on public information, no commercially sensitive
information is involved, and it inherits the physical characteristics of the real network in
the respect of cross-border power flows. The verification of this test network is also
done by comparing the calculated PTDFs (Power Transmission Distribution Factors)

against the published true values.
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Glossary

AAC: the already allocated capacity

ATC: available transfer capacity

AVRs: automatic voltage regulators

BC: bottleneck capacity

CBT: cross border trade

CCR: cross-border co-ordinated re-dispatch

CRRs: congestion revenue rights

DACEF: the day ahead congestion forecast

DC: direct current

EC: the European Commission

EHV: extra high voltage

ETSO: the European Transmission System Organisation
FACTS: flexible AC transmission systems

FERC: the Federal Energy Regulatory Commission
FTRs: firm transmission rights or financial transmission rights, depending on the
contexts

GIS: geographic information system

HVDC: high voltage direct current

IEM: the internal electricity market

IP: interior point

IPM: interior point method

IPPs: independent power producers;

ISO: the independent system operator

ITP: independent transmission provider

LMP: locational marginal pricing
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LR: Lagrange relaxation

LRAIC: long-run average incremental cost
LRMC: long-run marginal cost

LSE: load-serving entities

MB: marginal benefit

MC: marginal cost

MMU: market monitoring unit

MS: merchandise surplus

NEM: the National Electricity Market

NETA: the New Electricity Trading Arrangements
NTC: net transmission capacity

NZEM: the New Zealand Electricity Market
OASIS: the open access same time information system
OMOI: office of market oversight and investigation
OPF: optimal power flow

OTC: over-the-counter

PTDFs: power transmission distribution factors
PX: power exchange

QP: quadratic programming

RC: requested capacity

RTO: the regional transmission operator

SC: scheduling coordinators

SMD: standard market design

SO: the system operator

SPC: the State Power Corporation

SQP: sequential quadratic programming
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SRMC: short-run marginal cost

T&D losses: transmission and distribution losses

TCC: transmission congestion contract

TLR: transmission load relief

TSOs: transmission system operators

UCTE: the Union for the Co-ordination of Transmission of Electricity

UKTSOA: the United Kingdom Transmission System Operators Association
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Introduction

For a long time, the electricity power industry had been seen as a public service and
thus been structured as a vertical monopoly. The requirements for system real-time
security and the economies of scale in electricity production did support such a
monopoly, but the problems of low efficiency and lack of incentives has been widely
criticised.

Experiences during the past twenty years have proved that the deregulation in
power markets is feasible and also beneficial to the customers. However, electricity is a
special commodity and thus electricity markets require special design. The major
difficulties of electricity as a commodity are: (1) electricity cannot be stored on a large
scale. (2) All the market participants in a market share the same transmission network,
while the power flows obey physical law instead of “contract path”. (3) The frequency
in a synchronised system is identical everywhere, and the real-time energy balance
needs to be maintained [1]. The second characteristics implies that the transmission
network is a natural monopoly, and the system operator (SO) is required to provide
transmission services to all the network users. Due to the first and third reasons, a
balancing service must also be provided to ensure real-time system security.

Transmission congestion problems occur when the transmission facilities have
scarce transmission capacities and cannot accommodate the overall power flows
incurred by all the network users wishing to transfer energy from one site to another site
through the network. The system operator must prevent and resolve congestion
problems in order to keep the transmission grid operating propetly and to avoid
damaging transmission equipment [2]. If the technical transmission limits are binding,

customers have to pay more to get alternative energy from other generators to meet their




demands. Thus those out-of-merit generators have to be “constrained on” while cheap
generators will reduce their output to ensure system security. As congestion makes the
cheaper generators reduce the output, it results in low efficiency and lost of welfare.

It is fair that the participants who caused congestions should pay for it. In this way,
every participant has the correct incentive to avoid congestion. Moreover, transmission
network can raise part of the fund for system expansion. However, the existence of loop
flows in a grid makes it difficult to specify each party’s payment. (Rather than
following the pre-specified contracted paths, loop flows are the actual power flows
passing through all the shunt connected circuits according to Kirchoff’s current law.
The distribution of power flows depends on the impedances of the shunt circuits.)

This thesis will address the congestion management in the electricity market,
especially the cross-border congestion management in interconnected systems. In
Chapter 1, the electricity prices are analysed and associated with the underlying
mathematical model, and different types of wholesale electricity markets are outlined
and compared. Congestion management methods are reviewed. The concept of
transmission rights is also discussed here. Cross-border congestion management
methods are listed in Chapter 2, and the current situations in Europe and the US are also
briefly given. In Chapter 3, a congestion management method is proposed and
illustrated on a small system example. This method is based on the analysis of
merchandise surplus (MS) in electricity markets, and is designed to give correct
incentives to the market participants and the system operator (SO). The optimal power
flow (OPF) calculation for interconnected system is discussed in Chapter 4, especially
on how to decouple the calculation among control areas. Comparison has been made
between two current approaches, and study is made on how to decompose an
interconnected network for the OPF calculation. Based on this study an interior point

method is suggested to modify current approaches, and it is tested in Chapter 5 in



comparison with the other two methods. Chapter 5 also gives test results on
experimental small systems about these decomposed OPF calculation methods. In
Chapter 6 and Chapter 7, a test network is built up for methodology study in the
interconnected systems. This network is based on UCTE 1% synchronised area and is
similar to the real system in the sensé of cross-border power flows and network

structures. Verification of the model network through PTDF comparisons is also given.



Chapter 1 Electricity Market

1.1 Introduction

In an electricity power market, producers and consumers response to prices by
adjusting their generation/ demand levels. If the prices can give the correct economic
signals (both short-term and long-term) and if market participants can compete fairly
and openly, the electricity system would be able to achieve high efficiency. As the
operation of system changes from second to second, the prices will change with the
operations, thus the close-to-real-time pricing (called spot pricing in economics theory
[3]) is required to adapt to the changing situations in power system. A congestion fee is
incurred when congestion on the bottleneck occurs, and the network users have to pay
the fee for the scarce capacity if they still wish to use it. The mathematical model
described in this chapter explains how the congestion fee is calculated, taking into
consideration of the existence of loop flows in a grid.

The power system has special reliability requirements. As all the market
participants share the same network to transfer the energy, coordination between them is
necessary to ensure the real-time system security and reliability. In the long run, both
over-investment and under-investment should be avoided. An ideal market mechanism
is expected to encourage competition and give the correct price signals.

In the deregulated power market, congestion management involves setting up a set
of rules that ensure sufficient control over generators and loads to maintain the power
system security and reliability at an acceptable level, both in the short term operation
and in the long term construction, and at the same time maximise market efficiency [4].

Issues like how to allocate the scarce transmission capacities, how to set the prices for



use of the capacities, and how to use the revenues collected from capacity auctioning
are different forms of congestion management methods, and they vary with the form of
the markets. Therefore, congestion management methods will be discussed in the
following sections in association with the practical markets.

This chapter is focused on the fundamental sources of congestions, as well as
congestion management methods in electricity markets. In order to avoid or reduce
congestions, a congestion management mechanism must be established. In the long run,
this mechanism must give incentives for network enforcements and expansions. In the
short run, economic dispatch should be achieved under this mechanism [5].

In this chapter, the mathematical model of optimal power flow (OPF) is reviewed,
and the components of electricity prices are interpreted from the calculation of this OPF
problem. The electricity market models and financial arrangements are then discussed,

and examples in several countries are given.

1.2 The optimal power flow (OPF) problem

[3] gives the underlying mathematical model for spot prices in the electricity
market, and explains the price components associated with the mathematical derivations
obtained from the optimal power flow (OPF) calculation. Besides, some researchers
also suggested different OPF models. [6] suggested a minimum cost formulation as the
objective function to solve the dispatch problem for a congested network. [7] explained
the theoretical foundations of electricity pricing, and discussed how pool model and
bilateral model define the transmission prices. Impact of market power was also
discussed. [8] studied the models of generators, loads as well as static volt-ampere-
reactive ~(VAR) compensators, and their impacts on optimal power flow results. For the
reason of simplicity, the OPF model in [3]is used to illustrate the works done in this

thesis. It’s worth giving a brief description of this model in this section.



In the following discussion, the objective function and the constraints of the OPF
problem are given. For simplicity the inter-temporal dependence is not considered, i.e.
the generation costs and customer benefits are not affected by their behaviours in the
previous or future hours. If the coupling between multiple time periods like the start-up
costs and the ramp rates of generators are considered, the calculation of spot prices will
be more complicated, but the basic hourly spot pricing concepts will not be changed [3].

Therefore, the simple one-hour model will be used to display a clear picture of the
spot pricing components.

1.2.1 The model
The objective of this OPF problem is to minimise the social cost, which is the total

generation cost minus the customer benefit from using the electricity.

Let g, be the output of the jth generator, j=1,2, ...

d, be the demand of the kth customer, k=1,2, ...

" Then the generation cost can be expressed as: ZC(g ; ), where the C is the cost
i

function, And the customer benefit is: ZB(d . ) , where the B is the benefit function.
k

Therefore, the objective function is:

min 3 Clg, )- ;B(dk) (1.1)

4.8

Unlike the traditional regulated power system where the SO knows all the cost and
benefit functions, the deregulated power market requires protection of these commercial
sensitive data. However generators and customers may submit their bids which should
reflect their costs or benefits. Assume the generators and customers bid their true
marginal costs/ benefits to the SO, then the optimal dispatch objective is still as

described in equation (1.1), provided that the C{g,) and B(d,) are functions of price and

quantity bids.



Let z, be the line flow of the ith transmission line, i=1,2, ..., then the line losses can

be written as: Zl(zi), where the 1 is network loss, and the constraints can be summarised

as:
System energy balance constraint: Z d, + Zl(zl. )- Z g; =0 (1.2)
k i j
Total generation must equal the sum of system energy losses and demands at any
time.

(1.3)

res

System reserve constraint: Z g; = Z g, -G
j j

where the G, is the system reserve capacity, and g;  is the maximum output of the jth

generator.

In the electricity system, components might go out of operation due to technical
reasons, therefore the system reserve capacity should be maintained even when the
demand is high.

Individual generator output limit:

gj.“i“ <g;sg;  for Vj=12,- (1.4)

Line flow limit:

~zi* <z, sz for Vi=12,-- (1.5)

ic

Where the z™ and z™ are the limits of power flows at both directions of the ith
line respectively. In order to obtain the standard form, this constraint can be re-written
as: z, sz™ and -z sz™ (1.6)

The sources of the transmission limits include thermal limits on power lines, system
stability limits[9], or other system operation limits converted approximately into line

flow limits[10]. Typical limits are determined in [11] as:



* Interface power flow limits: the total power flow on a set of transmission lines
between two areas does not exceed a certain value. This is related with voltage
and stability limits caused by energy transfers between areas.

* Thermal limits: if the transmission line is overloaded it will overheat, causing
line sag etc. The thermal limits are dependent on the ambient temperature.

* Contingency limits: due to the effect of parallel flows, if another transmission
line near to the studied one is tripped off during operation, its loads will be
shifted onto this line. The N-1 contingency limits require the line can remain

operate even the neighbouring line is tripped off.

Here the line flow z, are status variables determined by the control variables g, and

d, . Additional constraints can be added here to represent the line flows:

Network representation:

Z; =hi,j(gj—dj) (1.7)

where the g, and d; are generation and demand at the jth bus, respectively. 4, ; is the

contribution factor of the power flow in ith line caused by 1MW of electricity injected

at the jth bus and withdrawn at the slack bus. In DC power flow calculation, 4, ; is a

constant dependent on the network parameters and structure. In AC power flow

calculation, 4, ; is also dependent on the levels of generations and demands. Generally

p o=t o (1.8)

1.2.2 Solving the problem
The Lagrangian function of the above OPF problem is:
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Where the w,, 4,1, ;,4,, and u,,; are Lagrange multipliers for the constraints.

According to Kuhn-Tucker conditions, the solution can be obtained by solving the
derivative equations, and both the price and the quantity of electricity at each bus are

included in the solution [12]. Here only two of the equations are listed because they are

related closely to spot prices:

e o [ ) S o)
og, 9, | 9%, T e e,
GZl(z.)
0Q 0B - 0z,
= 14— - )— = 1.11
adk adk +/ue + adk +Z(luz,z fucz,z)adk ( )

1.2.3 Nodal prices and Locational Marginal Pricing (LMP)
For the swing bus s, the derivatives of line flows and losses with respect to the bus

injection are 0, because the line flows are not affected by the injection in the swing bus.

Therefore, equation (1.10) for the swing bus can be written as:

02 aC oC
=—— U, T U T U s=0==>iue =t U T U (112)
ags ags ‘u ; ags :

Furthermore, as the designation of swing bus can be arbitrary, we can appoint the
bus attached with the system marginal generator (that’s the last accepted running
generator) as the swing bus, and we assume that the marginal generator is not running at

its full capacity, so that the system reserve constraint and the generator capacity



constraint are not binding. Thus their corresponding Lagrange multipliers are Os, and

finally we can get: u, = a_C(Q (1.13)

og

s

dC(g .
Note that the item p 8;) is marginal cost (MC) of generation at any node j, and
g

it can be simply written as MC(g ;) - That is the cost of increasing or decreasing one
unit of generation at node j. Thus u, = MC (gs) (1.14)

Customers will take the electricity at their nodal prices, as long as the price doesn’t

exceed their marginal benefits. Therefore, if there is enough electricity supply in the

9B(d,)

od,

system, the marginal benefit should be equal to the nodal price. The item is the

marginal benefit (MB) of using one unit of power at node k, written as MB(d, ) .

Equation (1.11) gives the nodal price:

BZl(zi)

) : 0z,
=M, - —r z - ) —L 1.15
IOk B(dk ) tue 1 + adk + : (luz,z Aucz,t ) 8dk ( )

If a customer is connected to the swing bus, considering equation (1.14), he will

: aC
see the nodal price as: p, = u, = Py (1.16)
g

s

because of the insensitivity of line flows to the nodal injection at the swing bus. Thus

’ : . : : aC .
the marginal generator sets the nodal price as its marginal generation cost. Py i1s also
&s

known as “system lambda”, A, as it reflects the marginal cost for the entire system to

maintain energy balance.

It becomes more complicated if the marginal generator is running at its full

capacity limit. In this case 4, and w,, are both nonzero, because the demand is so

10



high that even the marginal generator (and also the system overall generation) is short of

capacity. However, equation (1.14) still holds, and for the swing bus, we can now have:

0B aC
9a Pk =g, et Hgs (1.17)

The marginal benefit of this customer is now higher than the marginal cost of the
marginal generator at the swing bus. Due to the technical constraints of generator
capacity and system overall generation capacity, this customer cannot take any more

electricity. Should the marginal generator capacity be increased by 1MW, the customer

would buy this extra IMW and create extra social benefit by the amount of

0B aC
[—— - —j . Therefore, the marginal opportunity cost (also called shadow cost) of

od, 0g,
these two constraints— (ucm + Uy, )—is equal to (2 - ﬁj , and

od, g,

oC
Aue =+ Aucrit + Aug,s (1'18)
g,

For the buses other than the swing bus, network effects have to be taken into
account. In general, the marginal benefit of customers at the kth bus sets the nodal price,
as in equation (1.14).

The setting of nodal prices defined by equation (1.14) is also called locational
marginal pricing (LMP). In short, the short-run (i.e., assume that the embedded cost is
fixed and that there is no system expansion) nodal prices have the following three
component [13]:

LMP ($/MWh)=energy component + loss component + congestion component

The energy component, also known as the system lambda, is the energy-clearing
price in a non-congested lossless system, and it is identical at all locations. The loss
component is the marginal cost of system losses at this location. The congestion

component reflects the marginal congestion cost at this location. If there’s no

11



congestion on a specific line, the congestion rent of this line is zero. The LMP is the

basis to market operation and the transmission congestion management.

1.3 Market Models and Financial Settlements

There are two basic forms of eleétricity markets, the pool market and the bilateral
market. Although in real life, markets with combined structures are more common [14],
they are developed from these two basic types [15].

In this section, these two different market models are discussed, and the financial

settlement methods under the two models are also analysed.

1.3.1 Pool model

Gener- Gener-
ator A ator B
Bid

Bid
Wholesale Pool
Bid Bid
Cons- Cons-
umer 1 umer 2
Figure 1-1 Pool Model Structure

Figure 1-1 [16] gives the structure of the pool model of the electricity wholesale
market.

In the pool model, generators or other suppliers (the commercial enterprises which
can inject power into the network) and customers (including distribution companies, the
retail traders or large end-users) submit their price and quantity bids to the system
operator (SO), and have the SO arrange the dispatch for them. The SO is responsible for
selecting the optimal dispatch while keeping the constraints met, and making financial
settlements for market participants[15].

12



In a power pool, the supply bids can be technically complex (for example, stating
the start-up and non-load costs for generation units), and the system operator uses
optimisation calculation to decide the dispatch[9]. Under this dispatch, the energy

prices, system losses and network congestions are solved at one time [9].

1.3.2 Bilateral model
Figure 1-2 gives the structure of the bilateral model structure for electricity

wholesale market. In the bilateral market, producers and consumers directly negotiate
the price and quantity of energy transaction. Transaction agents submit the schedules to
the SO in order to request for permission to carry out the physical energy transfer. The
SO has no knowledge about energy prices in the trading, but it is responsible for
determining the transmission limits, arranging the physical power deliveries, making
necessary curtailment and maintaining real-time power balance in the spot market [18].

The bilateral model allows the market participants trade freely in the market place,
however, due to the physical limits of the transmission network, this decentralised
market often has to resort to post-trading adjustments such like curtailment or

adjustment bids [19].

Gener- Gener- Gener-
ator A ator B ator C

\
Cons- Cons-
umer 1 umer 3

Figure 1-2 Bilateral Model Structure
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A Power Exchange (PX) is a standard market place dealing with standard price and
quantity bids, finding the trading counterpart for sellers and buyers [17]. A PX makes
the financial arrangement and settlement, and the balancing services are left to the

system operator.

1.3.3 Comparisons
It has been proved that, under perfect competition (assuming that no participants

have the significant market power, and that correct price signals are available to the
participants), free market competition can achieve the same perfect economic efficiency
as under central dispatch [18]. Under such assumption, the bilateral model is equivalent
to the pool model under perfect competition. However, the assumption of perfect
competition can never hold in real world. There have been comparisons of the different
market models such as [4].

In the real-time market, central coordination is required, because all the physical
transactions share the same transmission network and interact with one another through
loop flows. Pool model is thus desired for the real-time market. On the other hand, the
forms of bids in the pool model may not give market participants enough flexibility as
provided in bilateral negotiations, but it requires less trading cost and time to find the
suitable counterparts and contracts [9].

In the forward markets, only financial contracts are traded, and there’s no need for
the central coordination. Therefore, bilateral model is favoured because of the great
flexibility. The resulting energy trading in the forward markets cannot match exactly the
real-time physical trading, and multi-settlement markets are organised to trade and clear
contracts for different time frames. Such multi-settlement design is expected to be able
to achieve both efficiency and security [9].

According to the experiences to date, markets with flexibilities for the participants

to choose between bilateral contracts and the pool, have the better performance [14].
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1.3.4 Transmission Pricing
Transmission pricing has been studied for a long time. [20] described a cost-based

pricing based on the decomposition of power flows into transaction components and
interaction components due to loop flows. [21] decomposed transmission prices into
operating components and embedded cost components. [22] used a simple network to
study the differences in prices and quantities under simplified models (used in many
countries) and an exact model. [23] suggested a multi-period energy auction model
which supports transmission congestion constraints and losses, as well as intertemporal
operating constraints like start-up costs and ramp rates. [24] proposed a congestion
management method to allocation the physical overload and congestion cost to
individual transactions based on physical power flows. [25] gives an approach to
decompose each nodal price into a set of components related with generation,
transmission congestion, voltage constraints and losses, etc. [26] gives a method to
compute transfer capability sensitivities. [19] propose a transmission pricing method
suitable for the hybrid electricity market containing both bilateral/multilateral
transactions and centralised dispatch. [27] compared several transmission loss allocation
methods under the pool-based electricity market on the IEEE reliability test model. [28]
proposed a multi-objective optimisation method to take into consideration both social
welfare and the system security margins. This OPF method allows market operators and
participants to control the system security level by controlling the weighing factors in
the objective function. [29] evaluates the economic inefficiencies of a simple auction-
based dispatch method.

Transmission services include operating, maintaining and expanding the

transmission system [3]. Normally the long-term cost of transmission consists of four

main elements:

e Transmission losses caused by the power flow in the network;

e Transmission constraints (i.e., congestion);
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* Balancing services to ensure that the network is robust (e.g. reactive power

support, spinning reserve);

* Returns and depreciation of the capital equipments.

The embedded cost recovery is not considered in short-term pricing. The balancing
service requires central coordination of the system operator, and thus can be charged to
all the network users as a flat rate [9]. Therefore the other two components are the focus
in the short-run transmission prices:

(1) Shadow price (also called the opportunity price) of congestion

(2) Resistive losses cost

Long-term transmission prices should not only recover the transmission cost but
also send correct financial signals to market participants [30].

The nodal prices calculated from LMP are the by-products of constrained economic
dispatch, and because of the opportunity cost (shadow cost) of transmission they
comprise, clear economic signals can be sent to the market participants [31]. The short-
run nodal prices consist of information of the direct costs for generation and losses as
well as the shadow costs for scarcity in transmission capacity. Thus the short-run
transmission prices can be naturally defined as the differences between node prices, and
the resulting transmission prices consist of marginal losses and congestion rents. On the
other hand, given the nodal spot prices, they can be divided into a generation component
and a network component [32].

Under the pool model, the market organiser (can be the power exchange—PX, or
the SO) collects payments from customers at the local prices, and then distributes the
payments back to generators at their local prices [33].

Under the bilateral model, the SO checks the power flows incurred by submitted

transactions. If congestion is likely to occur, SO will either curtail the related
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transactions or purchase congestion services from generators and customers. SO

allocates losses and congestion costs to the transaction agents [15].

Marginal Transmission Pricing and congestion rents
Under LMP, the transmission network users are charged the marginal transmission

cost, which is the price difference between the nodes of energy injection and extraction

(the source and sink nodes). The transmission charge can be written as:

aZl(zi) azi:l(zi)

I

ad, od .

J i

pk _pj =‘ue +Z (Auz,i _ﬂcz,i)'[ﬁ_iZi—J (119)

od, od,

The first item is the marginal social cost incurred by the marginal network losses
which is caused by injecting IMW of electricity to jth bus and extracting it at kth bus.
This item is often referred as the loss component in the transmission cost.

The second item is the marginal shadow cost caused by the binding line flow limits.

Moving 1 unit of electricity from bus j to bus k will give the line flow z, an increment

by (—Z—’ - ij , and if the line flow limit is reached in either direction, this moving of

ad,
electricity will incur a marginal opportunity cost of (uu. - U, ) The second item is

often referred as the congestion component in marginal transmission cost.
The congestion component is the most significant component among the short-run
elements. This means that the spot prices are highly volatile because of the occurring of

congestions in real-time markets.

Merchandise Surplus
The total net payment from customers to the pool equals to Z p.d, , and the pool
k

will pay back the generators total amount of Z ;& ; - The net payment to the pool, also
j

called merchandise surplus (MS), is equal to:
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MS=Zpkdk -ijgj (1.20)
k j

Considering that in the nodal price equation (1.14), the derivative 92 and
0 k

azi:l(z,.)

k

tend to make the price higher at sink buses (where the demand is higher than

local generation level), and lower at source buses (where the demand is lower than local
generation level), the MS is normally positive [34]. Chapter 3 gives a simple 2-bus
system example to illustrate the MS>0. In fact, the congestion rents are the dominant

component in the MS [3].

Embedded Cost Recovery

It is generally recognised that because of the economies of scale in electricity
industry, the sink cost of transmission network investments cannot be fully recovered
from the short-run marginal transmission revenues discussed above [35] and [36]. One
suggestion is to use the long-run marginal cost based pricing (i.e. taking into account
capital costs and system expansion) (LRMC). In this method, the short-run operation
costs including congestion and losses can be recovered through a flat rate, or a usage-
based algorithm, but without distorting the long-term locational signals[37]. However,
the calculation of LRMC tends to be highly complicated and dependent on a number of
assumptions on costs and scenarios of expansion [30].

Alternatively, a two-part price structure can be used where the short-run marginal
cost (SRMC, i.e, capital costs and system expansion are not considered) of serving the
user is the first part of the price, and the embedded cost recovery is the second part [34].
In this rﬁethod, the investment costs are usually defined as a flat rate to all the network
users to avoid distorting the short-run optimal pricing signals. Alternatively the second
part of price can be defined through a commonly accepted revenue recovery calculation

to calculate each user’s share of the sunk costs [37].
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There is no definite preference between these two pricing methods. Short-run
marginal pricing (SRMC) may not be able to give enough incentive to the investment
[38], while the effectiveness of long-run marginal cost (LRMC) depends greatly on the
cost allocation method applied, as well as the relation between generation and
transmission costs [39]. Even under the LRMC, transmission system expansion might
still require participation of a system regulator or a pool coordinator [38]. [40]
compared several embedded cost recovery methods with a special emphasis on power
flow based methods. Depending on which cost is more important, SRMC or LRMC can
be used, and a well-designed transmission tariff should give correct signals for both

short-term economic dispatch and long-term investment incentives [37].

1.4 Transmission Rights

Due to the uncertainties in the power system, real-time spot prices are highly
volatile. In a matured market, users can choose to either face the real-time prices or
purchase contracts in advance to hedge the price fluctuations [41]. Transmission rights
can be used to hedge the price volatility and lead to optimal dispatch [42]. In the long
run, transmission rights are important to provide the right incentives for system
expansions [33].

Physical transmission rights entitle the right holders to transfer energy through the
network even when congestion occurs. This might give the transmission right holders
opportunities to withhold the rare transmission capacities and to prevent other users
from competing fairly in the market. On the other hand, financial transmission rights
allow usage of the capacity from other users if they pay for it when congestion occurs.
The revenue from sales of the transmission rights goes back to the transmission right
holders.

Therefore, the price of transmission rights can be seen as the price signal of

constraints. Furthermore, the price signals can come in either of the two forms:
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conversion of the limits into nodal prices that market participants have to face, or
pricing out the constraints and then calculate out the contribution to these limits from
market participants [10]. With these two forms of price signals, transmission rights can
also be defined in the form of explicit or implicit (bundled with energy transactions)
rights. Through managing the transmission rights, the system operators can exercise
congestion management and give correct signals for both short-term and long-term
market efficiency.

Several forms of transmission rights have been proposed with the emphasis on the
problem of loop flows. [43] suggested a method to price the congestion. [42] suggests a
sequence of auctions on transmission rights in the point-to-point form and the flow gate
form. Different congestion management methodologies are compared in [44].

Transmission rights can be classified into point-to-point rights, point-to-hub rights
(entry/exit rights) and capacity reservation rights (link-based). Hogan [33] suggested the
first two rights, while Chao and Peck [45] suggested the third form of rights. In this

section, the two approaches are analysed and compared.

1.4.1 Hogan’s methodology
Hogan suggested a set of implicit financial transmission rights based on LMP: [33].

In this approach, the transmission is defined as injecting power at one node and
withdrawing it at another node. Such definition simplifies transmission pricing, because
the complexity caused by loop flows in the network is avoided.

These financial transmission rights are priced as the marginal price difference
between two locations. Using the LMP model described in Chapter 1, the differences

between nodal prices determine the transmission prices:

821(21.) aZl(Zi)

0z, 0z,
-0 = i + - e — - —L 1.21

J
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Where the p,; and u,,; are the opportunity costs of congestion in the two

directions of ith line, and z, is the power flow on ith line. Instead of u,, which contains

generation cost information, an average price at the balancing spot market can be used

for the calculation because it is more easily available.

Figure 1-3 Point-to-Point Transmission Right

The definition of point-to-point transmission rights is illustrated in Figure 1-3 [31].
The bus where the generator G is attached in Figure 1-3 is also called source bus, and
the bus where the user D is attached is called the sink bus.

These rights, due to the specification of source and sink buses, are not flexible for
market participants. Also the calculation of the transmission right prices is not
transparent. Such problems limit development of secondary transmission right markets
[42]. Therefore, Hogan suggested an alternative definition of transmission rights called
entry/exit rights [12]. By designating a common “hub” in the network, these point-to-

point rights can be easily transformed into entry/exit rights, as shown in Figure 1-4.

Figure 1-4 Entry/Exit Transmission Rights

In order to provide long-term hedge against price fluctuation and operation
changing, Hogan also suggested the long-term transmission rights called Transmission

Congestion Contract (TCC). These set of rights are long-run financially firm



transmission rights compatible with short-term locational marginal prices (LMP). The
right holders are indifferent between using the physical capacity and receiving financial
compensation through the congestion rents. If the right holder uses the capacity, he does
not need to pay for this specific transmission. If he cannot use the capacity, he is
compensated by the system operator with the real-time congestion rent. This is why the
right is regarded as ‘firm’. During real-time dispatch, the system operator makes
decisions without consideration of the long-term TCC:s. It is only at the ex-post clearing
stage that right holders get their financial compensation. Therefore, these TCC rights are
“firm” only in the sense of financial rights instead of physical capacity withholding.

A bidding model is suggested to allocate transmission rights. The object function in
the bidding model is the auction revenue, and the auctioneer is trying to maximise the
benefit from the auction[33]. This ex-ante auctioning of the transmission rights can give
non-discriminatory access to those who values the capacity the most. An ex-post
reconciliation process is also proposed to clears the TCCs at the real-time prices.

For example, in the network shown in Figure 1-3, the system operator runs the year-
ahead auction of the TCCs. Assume the generator G obtained the TCC from G to D for
a specific hour, and this TCC right allows G to transfer SOMW of electricity to D during
that hour. When this hour comes, the demand D is higher than expected, and G is only
allowed to transfer 20MW to D because of network capacity limitations. Therefore G is
entitled to the compensation for 30MW at the congestion rent G=>D. Suppose the nodal
prices at G and D are £2/MW and £5/MW respectively, then under TCC, the SO
compensates G for not being able to transfer the 30MW, and the price is £(5-2)=£3
(losses neglected in this simple example). Therefore, although G has to provide D with
50MW, he can buy 30MW at location D to fill the gap, for G was compensated with
30*3=£90 for not being able to fully use his transmission right. Thus G is indifferent

between using the transmission capacity or receiving financial compensation.
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The computation of these set of financial transmission rights is based on an
optimisation, and it has been proven that with a DC approximation calculation, the
revenue obtained from the TCCs is enough to cover the congestion payments, provided
that the set of TCCs are compatible with a feasible power flow scenario [33]. If the AC
load flow model instead of the DC model is used, there may be greater payments than
that needed for the total congestion payments, so there will be some leftover congestion
revenue after the clearance of the TCC rights. Hogan also suggested that this
contribution as well as the contribution from losses, can be used as part of the payments
of the fixed network costs [33].

There is another important point that Hogan pointed out: the “displacement” power
flows from ‘expensive’ to ‘cheap’ locations [33]. The displacement power flows are the
counter-flows on the congested lines. As they are in the opposite directions of the
congestions, they will increase the available capacities on the lines. However, right
holders will get negative congestion rent if they do not exercise the capacity in the real-
time. That means they will have to pay for not being able to transfer their contracted
energy along the counter-flow direction. This is fair because under this circumstance,
other transactions have to be curtailed in order to maintain system security. Hogan
suggested negative prices for these counter flow transmission rights in the auction, so
that the right holders get payments from the grid for relieving congestions [33].

Hogan’s approach is based on the centralised calculation and auctioning. It is worth
noticing that a multilateral coordinated trading proposed by Wu[18] can achieve the
same dispatch through decentralised trading.

The design of multilateral coordinated trade is aimed at the separation of security
and economy. The system operator maintains security by calculating, publishing and
charging the transmission congestions. The sensitivity factors of congestion costs to a

transaction are published, so that market participants can discover the profitable

)
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transactions which can avoid congestion charges and therefore relieve the congestions.
If necessary, system operator curtails submitted schedules without consideration of
economies.

If no participant has significant market power, the whole system will reach short-
term economic efficiency under these multilateral trades. Under this mechanism, the
security of the transmission network is public information which is open to every
transmission network user, and cost-benefit information do not need to be disclosed to
the system operator. Wu also suggested how to discover and arrange such trades, and

how to calculate losses based on a DC flow model.

1.4.2 Chao-Peck approach
Chao and Peck suggested a definition of flow-based transmission rights in the form

of capacity reservations [45]. The definition of transmission capacity right is [45]:

A transmission capacity right entitles its owner to the right to send a unit of power through a
specific transmission line in a specific direction and to collect economic rents associated with the

transmission line according to the trading rule.

The idea of defining these flow-based transmission rights is to avoid the numerous
point-to-point rights proposed by Hogan. As there are normally thousands of nodes in a
péwer system, their combination of point-to-point rights will require large amount of
calculation. The Chao-Peck transmission rights are called flow-based or link-based
transmission rights to differentiate from Hogan’s node-based rights. Unlike the point-to-
point financial rights proposed by Hogan, this definition gives capacity reserve priority
for each transmission line /transformer which is likely to be congested (called flow
gate), and the capacity-reservation provides both financial hedge and physical
scheduling priority. However, if the right holders do not schedule their energy
transmissions in real-time, others can use the capacities free of charge (the use-it-or-

lose-it rule for capacity reservation in electricity markets).
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In this approach, the tradable transmission capacity right enables the right holder to

transfer power from one node to another, and the right is composed of a set of power

flow paths P = {Pij Il <i,js n} across all the binding power flow constraints. . In such a

market, the right to transfer IMW from node i to j through the transmission network is

unbundled into more fundamental capacity rights in different links, defined as a set of

coefficients {B: ll <i,jksn }, where the value 8 represents the quantity of

transmission capacity rights on line (i,j) that a trader needs to purchase in order to
transfer one unit of power from bus k to the slack bus s [45]. In addition, this transaction
will probably create several capacity rights because of the counter-flows it arouses in
some constrained lines due to loop flows [17]. Therefore, the prices for some
transmission rights might be negative to reward the relief of congestions.

The transmission rights can be shown in Figure 1-5. The thick lines in Figure 1-5
are the so-called “flow gates”, i.e. those transmission lines or transformers which are
likely to get congested. For each flow gate, the transmission rights on both directions

are defined.

One unit of energy transfer G>D requires:
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Figure 1-5 Flow-based Transmission Rights

Under this link-based transmission right system, in order to carry out a transaction,
the trader must purchase the rights in all the associated links for positive and negative

directional transmissions.



Losses can also be attributed to individual trades, and the marginal loss charge was

suggested [45]. For the energy transfer from a node k to the slack node, 4, is the

compensation for the physical average network losses incurred by this energy transfer,

and @, is associated to each specific line (i,j), as the difference between the marginal

and the average transmission losses incurred by the power flow on this line.

The system operator is in charge of defining all the transmission rights, and also
organising the initial allocation well in advance of the real time. Once allocated the
transmission capacity rights can be traded freely in the forward market. This forward
market can be an exchange using auction or a bilateral market [17]. The right holders try
to maximise their transmission rents, subjecting to each generators’ willingness to pay
for the rents (each generator’s marginal benefit must equal to or greater than the sum of
its marginal costs of generation and transmission rights). It has been proved in [45] that
the final resulting congestion rents and generator dispatch are the same as those under
optimal economic dispatch.

In the forward market, right holders have the schedule priority. After the forward
market closes and the real-time spot market opens, all the unused transmission rights
will expire and the system operator decides on dispatch to maximise social welfare
while maintaining system security. This use-it-or-lose-it rule helps to mitigate market
power caused by withholding the capacities in real time. However, if a trader gets all the
transmission rights in a specific flowgate, it has the market power in the forward
markets since all the trades in the system need him to participate in [46].

In this arrangement, only congested links require financial settlements. This is
different from Point-to-point rights, in which all the nodal prices are subject to the
congestions. Therefore, flow gate rights are more transparent in pricing out congestions

than the point-to-point ones. Besides, it is suitable for transmission load relief (TLR)



protocols across multiple control areas by enabling a control area operator to calculate
its economic impact on other control areas due to loop flows [47].

The main disadvantages of this method might be (1) the complexity of the tradable
transmission rights and (2) the possibility of market power because of the ownership of
a transmission line. If a trader is looking for the set of rights to support one trade, he
need buy the set of associated rights on all the congested lines in the network. If a right
holder owns all the rights on a transmission line, then he possesses a monopoly over all
bilateral traders in the grid. Ruff [48] criticised this system, especially when under
multiple contingencies. On the other hand, Oren etc. [47] claimed that direct trading of
link-based physical transmission rights is needed to relief congestions. Stoft suggested
an alternative congestion pricing method which can accommodate both Chao-Peck’s
congestion pricing and Hogan’s nodal pricing [46]. This is based on the fact that under
perfect competition, the same optimal quantity and prices will be revealed under both

models.

1.5 Gaming and Market Power

The definition of Gaming, or strategic behaviour, is given as a type of behaviour
that aims to increase profits without achieving real efficiency gains [49].

From the definition we can see, gaming is a kind of behaviour exploring the flaws
of the market design or structure, trying to obtain more profit without making effort on
efficiency improvement. Therefore, gaming should be prevented to encourage perfect
competition and achieve the overall efficiency.

Gaming can be easily exercised by the market participants with market power.
Market power in wholesale markets can arise from ownership concentration, scarce
capacities in the transmission networks, insufficient operational reserves (including

spinning reserves and supplemental reserves), and poor market designs. Even without



dominant market power, a participant can still exercise gaming if there are not enough
monitoring measures and if the design or structure of the market is flawed.

Market concentration plays an important role in market power exercise. [50]
analysed the fact that duopoly exists in British electricity spot market, although the
phenomenon is not as serious as in theory. However, even if a market participant has
small market share, he can still exercise market power if he has a dominant position
(e.g. being located at a particular position, or being able to affect the system security)
[51].

In the transmission product market, according to Jaskow’s study [52], if a portfolio
Genco in the importing region has market power, or a TransCo in exporting region has
market power, holding transmission rights can enhance its market power. However,
such effects depend upon the microstructure of the transmission rights market, i.e,
transmission right allocation mechanisms and regulatory rules governing the market
power. [53] pointed out that transmission right holding might result in reduction of
available transmission capacity.

Past experiences have revealed that the power system alone cannot eliminate market
power or market manipulating simply through well-defined market rules. The structures
of the specific markets (e.g market concentration, network structure) will also lead to
gaming. The power industry is not expected to self-regulated. Therefore, market

monitoring is necessary to ensure a fair environment for suppliers and customers.

1.6 Electricity markets in the world

Many countries have opened up their electricity markets since 1980s. The common
characteristics of electricity markets in the world include separation of the generation,
transmission and distribution services (unbundling), and a system operator (SO) to

make sure non-discrimination access to the network [15].



The characteristics of a matured deregulated market also include the extensive use
of hedging contracts and a secondary contract market [15]. The contracts are used to
protect market participants from the risk of electricity price fluctuations. For example, if
a generator and a customer agree on a hedging contract of S0OMW energy at the price of
£4/MW, and in the real time, the energy price is £5/MW for this customer, then the
generator will refund £(5-4)x50 to the customer. Contracts can be traded freely in the
secondary market. The contracts to hedge transmission of energy in the real-time was
discussed in 1.3.

Several energy market structures were compared in [54]. In this section, the market
structures and transmission prices in different countries will be discussed.

UK

Before the deregulation, the UK electricity industry was formally a state-owned
industry, and the problem of inefficiency has caused a heavy burden on the government.
Electricity bills were high, mainly because the generator plants were required to
purchase British coal at high prices [55]. Eventually under Margaret Thatcher’s
privatisation policies, the electricity industry was privatised in 1989 [56]. All non-
nuclear state-owned power generators were privatised into four major generating
companies—PowerGen and National Power in England and Wales, and ScottishPower
and Hydro-Electric in Scotland [57]. The former twelve regional distribution boards in
England & Wales were privatised, and customers were given the freedom to choose
their suppliers. The National Grid Company (NGC) was created to own and manage the
network in England & Wales. This electricity reforms in England& Wales are generally
referred to as UK reforms [58].

Initially, the England & Wales market was based on the pool model, where NGC
forecasts the demands and determines the dispatch of each half-hour using the supplier

bids [59]. The last accepted bid sets the marginal price paid to all the online generators
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[60]. Wholesale buyers and sellers must trade through the pool. NGC recovered its cost
of transmission constraints through a flat uplift charge[6]. Besides, pool participants
have the opportunity to hedge themselves against spot price fluctuations in the
‘contracts for differences’ market. According to [61], 80-90% of the generation is
hedged by the contracts for differences in the day-ahead market.

This power pool has some design faults [57]. For example, as all the electricity must
be traded through the pool at the uniform marginal price, portfolio bidders have the
ability to set the marginal price, and submit very low prices for their base units to ensure
winning the dispatch and get paid at the uniform marginal price [50]. Generally
speaking, in a uniform price auction, sellers have common incentives to raise prices
because they are all paid at the clearing price [9].

In 1997, British government decided to use a set of new design rules to replace the
previous wholesale market design, including the Power Pool. This new market design is
called the New Electricity Trading Arrangements (NETA), and it was implemented in
March 2001 by Ofgem [62]. They consist of three main features [63]:

* _ Forwards and futures markets (i.e. the market where electricity is traded
well in advance of real-time in the form of contracts)

* A Balancing mechanism

* _An imbalance settlement process

The NETA are designed to promote greater competition, while maintaining a secure
and reliable electricity system. The design of NETA is able to host private bilateral
contracts as well as unilateral supplier/buyer bids, giving great flexibilities to market
participants. Market participants can also find their counterparts through the forwards
and futures markets and the three Power Exchanges (PXs) [64]. In fact, most trading is
done over the counter (OTC) via direct bilateral trade between participants.

Figure 1-6 [65] illustrates the markets under NETA arranged by time horizon.
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Figure 1-6 Traded Markets under NETA

Note that the gate closure time (i.e. the time between schedule notification and real-
time dispatch) in Figure 1-6 has been changed from 3.5 hours to 1 hour. The reduction
in the gate closure period can reduce the risks of mismatch between notified schedules
and real-time dispatches.

NGC, the system operator, runs the balancing market and ensures secure operation

of the system [63]. Ofgem gives the definition of balancing services in NETA [62]:

Balancing services are technical services purchased by the SO in order to maintain the reliability
and security of the transmission network, by, for example, supporting system voltage and
frequency.

Generators and customers may indicate their willingness to increase/decrease the
generations/ consumptions in the balancing market. NGC decides whether to accept
these adjustment bids/offers to keep the system in balance in real time, or purchase
balancing service from power exchanges or other short-term markets [62]. Under
NETA, the prices in the balancing mechanism are determined by the accepted bids and
offers (pay-as-bid). About 2 percent of electricity is bought and sold by NGC for system
balancing [66].

Generators and users are described as ‘out-of-balance’ if they are not committed to
their declared energy amounts in the spot market. This will incur additional balancing

costs because NGC may have to buy or sell electricity at short notice to maintain the
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system balance. Therefore, out-of-balance charges are applied on these participants
according to the additional balancing costs [66].

The NETA is generally thought as successful. Wholesale prices have fallen 40%
since 1998 when the NETA reform was proposed, due to several factors including
increased competition in generation, over capacity and the NETA [66].

Asia-Pacific area

China has launched a long-term restructuring of its electric power sector[67].
Generators are being largely separated from transmission and distribution services. The
State Power Corporation (SPC) divested most of its generators and was split into 11
regional transmission and distribution companies in December 2002. Electricity prices
will still be regulated, but subject to major changes in tariffing.

Japan has begun a reform program to improve the efficiency of its electric utility
sector. The independent power producers (IPPs) were given entry into the wholesale
market, but they were only allowed to bid outside the service area they are located[15].
Large industrial and commercial consumers are allowed by law to choose their
electricity suppliers, and a power exchange will be established.

The wholesale New Zealand Electricity Market (NZEM) is a voluntary pool market
which can accommodate bilateral transactions as well as spot power exchanges. The
spot clearing price for each half hour period is obtained from the central dispatch where
losses, congestions and energy balance are taken into consideration simultaneously, and
generators and demands at the same place use the same spot price [68]. A financial
contracts market was created to hedge the spot price volatility, and to give incentives for
grid expansion investments [69]. Decisions on network expansions and system

operations are made by the system operator. The characteristics of NZEM is that

customers pay for the losses at the energy exit point [70].
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The National Electricity Market (NEM) consists of a wholesale pool in Australia.
The system operator, NEMMCo, operates the pool and makes dispatches based on
generation/demand offers/bids. Large consumers can also trade directly with suppliers
through bilateral contracts. A geographically uniform spot price is applied in the pool
[70]. The NEM also provide a financial contracts market to provide hedges against the
spot market trading risks. The Privatisation of generation and distribution assets has
attracted investments on the system expansion [67].

The United States

The 1992 Energy Policy Act and the 1996 FERC (the Federal Energy Regulatory
Commission) orders [71] require non-discriminatory open access to the transmission
system [72]. All transmission facilities should be accessible to the public, and non-
discriminatory transmission tariffs are required. A same-time information system was
developed to give all users equal access to transmission information.

The market design was left to the states. California, the Pennsylvania-New Jersey-
Maryland (PJM) are two of the different examples as the former failed in 2000-2001,
causing the state government to step in and purchase power [73], while the latter was
regarded successful and was used as the prototype for the nationwide Standard Market
Design (SMD) [13].

California: California has two market places: the day-ahead power exchange (PX),
and the real-time ancillary market [73]. In the day-ahead market, bids/offers for the next
day are submitted to the PX. Large electric users could also contract directly with
generators using bilateral contracts. The PX then matched buyers and sellers according
to their offers/bids without checking the physical constraints, and the highest accepted
energy price set the “market-clearing price” in that hour. After the matching, PX as well

as other scheduling coordinators (SC) sent scheduling information to the Independent
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System Operator (ISO) for transmission congestion and load balancing management
[74].

In the real-time balancing market, the ISO purchases ancillary services including
imbalance energy, reserves and congestion relieving, from generators. The prices for
ancillary services were determined from auctions conducted by the ISO. Generally the
ISO has a price cap for ancillary services, but if the ISO cannot get enough qualified
ancillaries at that cap, “out of market” purchases for the ancillaries have to be arranged
to ensure the system security, and prices for such purchases are not capped [74].

The inconsistency on the underlying calculations between the day-ahead market and
the real-time market was a design flaw. Transmission users discovered the opportunity
to over schedule in the day-ahead market to cause congestions, and then ‘reduce’ their
declared usage to get payments for relieving the artificial congestion in the real-time
market [71].

The use of price cap is only applied within the state area, therefore generators in
California exercised gaming by exporting their generation to other areas, and then
import it back as the ‘out of market’ purchase [71].

The California market didn’t support forward trading[75], thus the retailers cannot
hedge themselves against the spot price volatility [76]. To make things worse, the retail
prices were maintained low by regulations, while the wholesale prices were not
regulated. [15]

Locational pricing is not used in either of the two markets. Instead, zonal pricing
was applied in case of congestion [73]. The state was divided into several large
transmission zones, and generators and demands at the same place use the same zonal
price. The market participants can get away with such congestion charges by simply

converting a spot trade into a bilateral schedule, and this lead to serious gaming

behaviours [77].
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The SO provides “firm transmission rights” (FTRs) , which are financial rights with
scheduling priority in California. The SO runs a separate congestion market to relieve
congestions.

PJM: PJM operates the world’s largest competitive wholesale electricity
market[11]. It consists of two markets—the day-ahead market and the real-time
balancing market. The day-ahead prices and the balancing (real-time) prices are all
based on the concept of LMPs, which provides fundamental consistency between the
energy price and the price of transmission.

The day-ahead market is a voluntary bid-based market which can accommodate
both spot market bidders and self-dispatch participants [13], providing all the
transmission customers with flexibilities of the bids and thus equal access to the
transmission network. The hourly day-ahead clearing prices are obtained from a
security-constrained unit commitment and economic dispatch, given all the bids/offers
and bilateral transaction schedules submitted into the day-ahead market [11]. Bilateral
transactions are broken into entry/exit bids for the power flow calculations.

The balancing market is the real-time energy market where the real-time clearing
prices are calculated every 5 minutes based on the actual system operations. The
underlying power flow model and operating constraints are consistent between the day-
ahead market and the real-time market, therefore the resulting LMP price signals are
also consistent between the two markets[11]. This fundamental consistency helps to
promote economic efficiency through price signals and to avoid the gaming
opportunities [11].

The financial settlement consists of two features: all the transactions in the day-
ahead market are settled at the day-ahead prices, including the day-ahead congestion

charges. On the other hand, all the deviations from day-ahead scheduled quantities are

settled at the locational real-time prices over the hour [11].
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The acronym FTR stands for the “fixed transmission rights * in PJM, but “firm
transmission rights” in the California market [17]. In PJM, the FTRs are purely financial
contracts and are applied to provide hedge against transmission price fluctuations and
operation changes. PJM offers a monthly auction to process the residual rights. The
FTRs are settled at the day-ahead LMP values [11].

South America

Chile began restructuring its power sector in the early 1980s, and is generally
regarded as the first nation to reform the wholesale electricity industry structure [58].
The law was established to ensure free entry and competition in generation, and a
pricing scheme based on short-run marginal costs [67]. The wholesale prices are actual
pool prices, plus a regulated LRMC capacity premium, while the retail prices are
regulated. Short or long-term contracts co-exist with the contract purchases [70].

The deregulation has seen positive results. There is now a competitive power
generation market. From 1986 to 1998, electricity coverage rates had increased from
70% to 97% while transmission and distribution (T&D) losses decreased from 24% to
7% [78]. Privatisation also attracted private investments (especially overseas capitals)
on the system expansion.

Argentina government has introduced a privatisation procedure since 1991. Access
to the grid is open in order to encourage competition. The transmission prices are
regulated, and the transmission companies are separated from generation service to keep
their independence and thus ensure the non-discriminatory transmission access. The
open electricity market has attracted foreign investments, and the domestic demand can
be generally met by the generation capacity now [78]. T&D losses have been reduced
from 26% in 1991 to about 7% in 1999. Service reliability has also increased mainly

because of the technology newly introduced. [67]
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Europe

The Electricity Directive 96/92/EC requires deregulation of the electricity industry
in European Union countries. According to the directive, the electricity markets of all
current 15 member countries will be fully deregulated by July 2007 [67]. The
restructure processes vary among the member countries.

German market was completely liberalized in 1998, and all the end-consumers are
able to choose their suppliers now. Transmission tariffs were defined by the agreements
between the producers and industry consumers [15]. Customers, instead of the suppliers,
bear the use-of-system charges, which depend on the voltage levels and load profile. In
other words, the use-of-system charge doesn’t vary with the choice of suppliers within
Germany [79].

The electricity industry deregulation in Germany is thought to be successful
because consumers have seen essential price reductions after the market opening.

In contrast to Germany, the power industry in France is still regulated, and the state-
owned Electricité de France (EDF) dominates the market. Up to the summer 2003, only
35% of market volume was opened to competition [67]. All the customers with annual
electricity consumption above 7 GWh are able to choose their suppliers. However, there
are steps forward towards deregulations. The independent network operator called
Reseau de Transport d'Electricité (RTE) was established in year 2000 to assure fair
access to the transmission network. In late November 2001, EDF/RTE was authorised to
indirectly participate in the Powernext electricity trading market through a joint venture
with other European TSOs[80]. Powernext auctions standard hourly contracts for
physical delivery of electricity to business customers. Powernext aims to trade 10% of
the French market by 2003-2004, and also to act as a price reference for the electricity

market. Powernext plans to launch French electricity futures trading, which will include
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hedging products for all power-related risk (like gas, electricity futures contracts, CO2,
weather derivatives) [15].

As the grid was originally designed for centrally optimised dispatch, it might not be
able to accommodate all the commercial transactions at the same time. In many
occasions the network is utilised near the limits [81], making the system security service
more difficult. Congestion management is one of the most challenging tasks that system

operators have to face under the deregulated circumstances.

1.7 Conclusions

In this chapter, the electricity prices are analysed using an OPF model, and different
types of wholesale electricity markets are outlined and compared. A more complicated
topic, i.e. the cross-border congestion management, will be discussed in the next
chapter. The fundamental concepts illustrated in this chapter will help to understand the

following chapters.
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Chapter 2 Cross-border Congestion Management

2.1 Introduction

In continent Europe, efforts are bleing made to achieve an internal electricity market
(IEM) for competition and efficiency, and ultimately better service for consumers.

The Florence Regulatory Forum was founded to develop the framework of IEM
[82]. Cross-border power trade and congestion management are among the main topics
of the Florence Forum [15]. According to ETSO (European Transmission System
Operation), cross-border congestion management is the main factor for the efficient
performance of the European market [83].

The US is also trying to achieve the nationwide electricity market. FERC has issued
a framework called SMD (standard market design) [84]. The functions of regional
transmission operator (RTO) are specified, and each region is required to conform to the
framework with regional flexibility [71].

There are five key characteristics of an interconnected electric transmission
system[85]:

(1) The thermal limits of transmission lines

(2) The real-time frequency limits

(3) The line losses increase with the transferring distance
(4) The phenomenon of parallel path flows

(5) The siting of generators or substations should take voltage stability into
consideration.

Market participants are not supposed to care about physical power flows, thus good
design of market rules is necessary to lead to an efficient and secure market. Aside from
providing operational service to ensure security and reliability within their own control

areas (“to keep the light on”), The TSOs also provide support to enable the opening of
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electricity market, including grid access, cross-border tariffication and congestion
managements (“ to make the market happen”) [86]. It is a challenging task to maintain
the system security of the electric system and implement an effective strategy for the
development of the interconnected system. During the debates on the SMD framework,
the problem of congestion management and transmission pricing have been deemed as
critically important issues[44].

In this chapter, the proposed cross-border congestion management methods in

Europe and USA are reviewed and compared.

2.2 ETSO Cross-border Congestion Management Methods
Review

The European power networks were initially connected for system reliability
operation, then power exchange contracts (mostly long-term ones) were developed
among the member countries for mutual commercial benefits. On November 25, 2002,
European Union energy ministers agreed to fully open the electricity and gas markets by
July 1, 2007 [78]. Under market structure, the system operators on different control
areas need to cooperate closely to ensure system security and reliability. Cross-border
power trading has posed challenges to the existing congestion management methods
based on the full knowledge of a control area. ETSO has summarised the general
principles for the cross-border congestion management methods in the European market
[82], and also gave evaluations on the several proposed mechanisms. The principles
include[82]:

» Fair and non-discriminatory

* Economically efficient

e Transparent and non-ambiguous

Applicable
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* Compatible with different types of trade and contracts

The cross-border congestion management methods include non-market-based
methods and market-based methods. Market-based ones are favoured because of the
correct economic signals they send to market participants [82]. However, non-market-
based methods (e.g. curtailment) are still necessary to maintain real-time system
security because of the two demand-side flaws described by Stoft [9]: (1) Users can
consume electricity from the system at real-time without warning (2) Consumers are not
sensitive to spot prices.

The main non-market-based methods applied are first-come, first-serve,
curtailment, etc, among which curtailment is thought to be necessary for maintaining
system security [87]. This is a pure technical way based on the published NTCs (Net
Transmission Capacities), and no economic incentive is given in this method. When the
TSOs give approval to cross-border transactions, they can exercise this method to
ensure transmission limits are not exceeded. However, there may exist conflicting
curtailments when multiple congestions co-exist [87]. Moreover, the NTC values are
not stable and are strongly interdependent in the meshed network [88].

In this section, several market-based cross-border congestion management methods
in Europe will be reviewed and compared.

2.2.1 Available Transfer Capacity (ATC) calculation

Congestion management requires the calculation of available capacities on the
transmission lines/transformers. Tabors suggested a set of cross-border capacity rights
and calculation of transmission capacities [89]. [90] studied and compared several
methods of available transmission capacity determination. In this section, the Available
Transfer Capacity (ATC) calculation in ETSO area is summarised.

The transmission capacities are defined as NTC (net transfer capacity) and ATC

(available transfer capacity). Market actors use NTC and ATC to anticipate and plan
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their cross-border transactions, and TSOs use these two notions to manage these
transactions[91]. The calculation procedure is given in [88]. The definition of NTC is
given as [91]:
NTC: the maximum exchange programme between two areas compatible with
security standards applicable in both areas and taking into account the technical
uncertainties on future network conditions. NTC=TTC-TRM

Where TTC stands for the total transfer capacity, and TRM is the transmission
reliability margin. The “program” value is referred to as a commercial transaction of
injecting a certain amount of energy at one place and withdrawing it at another place
[91].

The calculation of TTC value has to be based on a specified power system scenario
(called Base Case). This base case is generally agreed by all the related TSOs.

TRM is determined by each TSO for local system security. It is related to the real-
time operation. The value of TRM may vary with the seasons or power system
modification.

From the calculation of NTC we can see that NTC may also vary when TTC or
TRM varies. NTC specifies the allowed transaction between two areas, and it is not a
physical power flow limit. Therefore it is dependent on the choice of the base case and
the security rules. During different time frames the NTC value will change. In each
allocation time frame, there exist two notions—AAC (the Already Allocated Capacity)
and ATC (the Available Transmission Capacity). AAC is the total amount of allocated
transmission rights (can be capacity or exchange programme), and ATC is the available
exchange programme after each phase of the allocation procedure. In short, ATC=NTC-
AAC [91].

The definitions of transfer capacities can be summarized in Figure 2-1 [91]. From
the definitions we can see that the NTC and ATC etc are directional and time

dependent, i.e., they have different values in both directions of transactions, and
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different values in different time horizons. In a highly meshed network like the
European network, the NTC and ATC are strongly interdependent, requiring the

allocation of them to be closely coordinated among the involved TSOs.

Direction
A—->B
Direction
v B>A
Planning
Area A Area B
Figure 2-1 Transfer Capacity Definitions

2.2.2 Cross-border transmission pricing
Cross-border transmission pricing should be market-based, have cost-reflective

transmission pricing mechanisms, and should be simple, transparent and efficient[92].
ETSO summarised the components of transmission costs[37]:
e Asset costs, including capital investment costs and the costs of operating and
maintaining these transmission assets;
» System operation costs, including balancing service costs, congestion resolving
costs and transmission losses recovery.
Due to the diversity of the member countries, uniform competition rules might lead
to structural distortions [93]. Unlike “normal” bottlenecks within the control area of one

TSO, interconnectors (equipments used to link electricity systems) involve two TSOs.
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For cross-border transactions, as each involved TSO will ask for a transmission fee, the
sum will be generally much greater than the local transmission fee. This “pancaking”
may prohibit cross-border tradings. The problem of cross border tariffs seems the major
obstacle for exchanges within the internal electricity market.

In order to provide correct signals the transmission line capacities are available on
the UCTE website. The investment incentives are specially important as congestion on

the European interconnections exists and is expected to increase in the future [94].

2.2.3 Cross-border explicit auction of interconnection capacity
The explicit auction can be shown in Figure 2-2 [95]:
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Figure 2-2 Cross-border Explicit Auctioning

In the explicit auctioning, the energy and transmission rights are unbundled. The
available transfer capacity (TAB in Figure 2-2) is explicitly auctioned, and network
users bid for the interconnection capacity [95]. The bids are ranked by the bidding
prices from high to low, until the capacity is fully allocated. Normally buyers are
charged at the marginal price instead of their bid price, because of the “no congestion no
rent” principle for congestion charges—if the interconnection is not congested, network
users should be free to use its capacity [96]. The marginal price is set by the lowest
accepted bid (pAB in Figure 2-2). The shadow area in Figure 2-2 shows the revenue
collected from the explicit auction.

The advantage of separating the energy and transportation is that clear signals can

be sent to market participants[64]. The disadvantage of it comes from the inefficiency

due to the added operation complexity [95].



The co-ordinated explicit auctioning can only be organised by the TSOs who have
the full information of their networks. Also it requires close coordination between TSOs
and the PXs [97]. TSOs are expected to perform the system technical operation
function, while power exchanges are in charge of market financial functions. Both of
them are relevant to congestion management, and close coordination between them is
essential for market efficiency and security [97].

The European electricity markets have great diversities from country to country.
Therefore, different auction mechanisms are used in different TSO areas, bringing about
difficulties in achieving overall market efficiency. If the auctions are not effectively
synchronised, the results from separate regions might not converge. Besides, bad
coordination among different auction systems might lead to distorted price signals [98].
If a strong interrelationship exists between several interconnections, there may exist
disputes about the allocable capacities [99].

For these reasons, the auctioning must be co-ordinated and be able to accommodate
both bilateral cross-border trades and power exchanges. The transmission capacity
reservation must be coordinated among all the interconnected parties to allocate the
scarce transmission capacities of several interdependent transmission lines between
different zones. The transmission rights to be auctioned can be area-to-area transfer
rights, or inject/withdraw power between one control area and a specified global hub
(the entry/exit right, also called zone-to-hub rights). These two options are compatible
with each other, provided that the netting rules are generally agreed (netting means that
the transmission rights opposite to the direction of congested power flows are
supported, so that the overall power flow can be reduced). The entry/exit model is

flexible for the users, and the area-to-area rights are more stable and confidential. Thus

both options are acceptable [100].
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If there is no congestion, all the bids are secured, and market participants can use
the capacities free of congestion charge. Otherwise marginal congestion charge applies
to them. The capacity allocation procedure contains 3 steps: publishing—bidding—
clearing. The TSOs publish all the security limits and PTDFs. The coordinated auctions
are organised simultaneously by the TSOs. The clearing process is to maximise the
overall value for the market, in other words, to minimise the transmission cost [85].

It is preferred that several auctions on transmission rights should be organised
during a period (the multiple-round auction), as it is transparent in revealing the
economic values of each round [85].

The co-operation between TSOs for congestion management is expected
throughout all the key stages from the calculating (i.e. a commonly agreed power flow
scenario as the base case load flow, and network security analysis) to the financial
clearing and settlement of costs.

In order to ensure the firmness of transactions for the purpose of netting, a bottom
price is set for the auction, so that the participants are really serious on their bids and
attach enough values to their exchanges. Unused rights are lost during real-time (use-it-
or-lose-it). At the forward right markets, reselling them is possible, but must be made
through the auction office to prevent market power incurred by capacity withholding.
The revenue collected from the auctions should be firstly used for the re-dispatch costs.
The remaining amounts are firstly divided between the TSOs. However, as TSOs are
monopoly and are not allowed to retain these revenues, they finally pass the revenue to
their control areas.

Long-term contracts will reduce the available transmission capacity and thus
reduce the transmission market liquidity. However, the inherent access rights should be

retained for consistency, and they should also be subject to the ‘use it or lose it’ rule. In
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the future, new long-term contract holders have to face the risk of uncertainty in
transmission capacities. Hedging contracts can be used to cover this risk.

On the TSO’s side, if the allocated transmission products are not available due to
the real-time uncertainties (e.g. unexpected system disturbance, outage of the network
components), the TSOs should arrange to buy-back the rights. However, TSOs should
not be discouraged from making full use of the transmission capacities under this

arrangement. Therefore, in the early allocation rounds the SO will retain some

capacities at hand to leave flexibility for the power flow uncertainties. Besides, different

levels of firmness on the TSOs are allowed (e.g. cost socialising, cost recovery by a
portion of capacity auction revenues, or even no guarantee).

Coordinated auction has been used in the Netherlands-Belgium-Germany
interfaces. The loop flows are taken into consideration in the form of interactions
between minimal contract paths. However, as this approach is still based on the virtual
contract paths instead of physical paths, system security problems and inaccurate price
signals might occur if it is extended to the highly meshed UCTE network [101]. With
good design, it is economically efficient and is compatible with existing long-term

contracts and can be used for both bilateral trading and spot market exchanges.

2.2.4 Cross-border implicit auctioning/ market splitting
In the cross-border implicit auctioning, the energy is bundled with transmission

rights. Figure 2-3 shows how the cross-border implicit auction works [102]:
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Figure 2-3 Cross-border Implicit Auctioning
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In the implicit auction, an organised power exchange (PXs) is required in the
importing area (area B in Figure 2-3) [95]. Due to the limited capacity in the
interconnection from area A to B (TAB in Figure 2-3), the spot price in area B is higher
than in area A. Thus generators at area A bid for exporting their outputs to area B. This
bid is on energy product instead of transmission capacity. Bids in area A are ranked
from lower prices to higher prices, and the lower price bids are accepted until the
transmission capacity reaches its limit TAB. The highest accepted bid sets the price
pAB for energy exported from area A to B. The shadow area in Figure 2-3 shows the

revenue from implicit bidding, which is (0, - 0,5 )% T, -

Market splitting can be seen as a special form of implicit auctioning [102]. The
standard market splitting can be shown in Figure 2-4 [102]. In this method, several
geographical bid areas are defined by the permanently congested bottlenecks. The total
demand and generation in the whole market area determine a system price without
consideration of the congestions, then the TSOs compute power flows and identify the
constrained lines. If congestion occurs, the bid areas on both sides of the bottlenecks
apply different spot prices and form different price areas. The PXs in both areas are
required to organise the energy dispatch, calculating the spot prices in their areas. In
Figure 2-4, the PA and PB are calculated system prices without consideration of the
energy exchanges between area A and B, while the PA’ and PB’ are the actual clearing
prices taking the energy exchange into consideration. The revenue from market splitting
is shown as the shadow area, which equals to (PB. - P, )x T,;.

This method gives clear signals to all the participants. It is used in the NordPool
area [103], where the radial network structure facilitates application of it. The radial
network structure can ensure that there are no power flow interactions among
interconnections across different areas. In a highly meshed network like UCTE network,

the standard market splitting is not applicable because of the interdependence among the
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available transmission capacities among several neighbouring control areas. However,
ETSO has proved that the generalised market splitting method taking PTDFs into
consideration can be developed into a general implicit auctioning[102]. In other words

b

the standard market splitting is a special case of implicit auctioning[104].
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Figure 2-4 Market Splitting

The coordinated implicit auctioning should also be able to accommodate bilateral
transactions across the borders, so that different market mechanisms in different control
areas can be compatible. The power exchanges coordinated closely to allocate the
available capacities because of their strong interdependency. Location-to-location bids
are split into entry/exit bids and submitted separately to each bidding area PX. The
capacity sharing between bilateral trade and implicit auction can be done through
several options [85]:

* A priori allocation of transmission capacity—not market-based

e PX buy transmission capacity for use in the spot market—no level play field for
PX and its customers

 Bids for transmission capacity compete with bids/offers for energy in spot
markets—this is fair but requires harmonising of transmission tariffs among the
markets.

In implicit auctioning/market splitting, the possible congestion revenue is retained
by the TSOs as the profit made from its “brokering” activities. If the profits are not

limited, TSOs will have perverse incentives to cause congestions. However, part of the
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revenues can act as incentives for the TSO to make more capacities available, and to
make precise forecasts of available capacity, etc [95]. In Nordic system, a regulatory
cap is put on the income of TSO, so the revenue cannot become a real profit[105]
-However, as the re-dispatch incurs costs, TSOs tend to “move” internal congestions to
the tie-lines as they would otherwise have to pay for the congestion solution in their
own control areas [106].

2.2.5 Counter trade/re-dispatch and cross-border co-ordinated re-dispatch
(CCR)

Counter-trading is another market-based congestion management method. It can be
illustrated in Figure 2-5 [107].

The interconnection A->B is available to all the market participants wishing to use
it. However, if the total requested capacity (RC) exceeds the available capacity (AC)
and A-> B will get congested, the TSO is liable to conduct counter-flow transmissions
at the direction B> A. The counter flow contracts are available in the markets. The cost
of these counter flow energy transactions, however, will be recovered through charges
to those who requests A->B capacities [95].

Capacity Request

|
Area A Area B

Counter Flow

Figure 2-5 Counter Trading

The measures to relieve congestions based on changes of the generation or load
pattern are called re-dispatch [100]. In the re-dispatch, a TSO modifies its generation
schedule in its control area in case of congestions. Ideally the costs of dispatching the
expensive generators in demand areas should be recovered through the congestion
charges to those market participants responsible for the congestion. However in reality,

the costs are generally charged to all the network users. For example in Nordic system.



costs are paid firstly by the TSOs at the real-time, then the TSO recover the payment
through the transmission tariff to all the customers.

The co-ordinated re-dispatching (CCR) involves several TSOs to jointly act on the
generators on their respective areas.

Re-dispatch and CCR are similar to counter trading, and the difference lie on two
points: (1) there is a dedicated market for the re-dispatch instead of the ordinary energy
markets, or generators signs long-term reserve-type contracts with their TSOs for re-
dispatching. (2) The cost of re-dispatch is socialised to all the network users.

Compared with counter trading, re-dispatch and CCR are more flexible because of
the dedicated market or long-term re-dispatch contracts, and they can respond to
congestions in short notice [108].

Re-dispatch is specially suitable for real-time operation and require a completely
independent TSO[108]. It can facilitate optimal use of the network and doesn’t require
all the control areas have the same market mechanisms, thus it should be widely used
[109]. In reality, this method is currently only used as a preventive tool, mainly because
the cost allocation requires extensive power flow calculations and is a topic of
disagreement between the neighbouring TSOs [99].

2.2.6 Conclusions
The above cross-border congestion management methods were evaluated by ETSO
[83]. Here the brief summaries of these methods are given:
 Explicit auctioning: this method is efficient in allocating the scarce capacities to
those who value them the most, and is transparent in providing correct
information. However, it cannot ensure the full utilisation of the available
transmission capacities if the auctioning is not organised well. Close
coordination among the TSOs is essential in the calculation, simultaneous

auctioning and clearing of the capacity rights [108]. Market power may be
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aroused because of the location of those generators at the congested areas.
Therefore, market power monitoring must be applied. Besides, TSOs must be
unbundled from energy supplying so that non-discriminatory access can be
available [110]. In the mid-term, explicit auctioning is a more acceptable option
for capacity allocation.

Implicit auctioning and market splitting can send economic signals to all the
market participants through the different prices on the different ends of
interconnections. The technical difficulty is the definition of bid zones, because
there must not be any permanent congestions within the zones, and the
congestions occurring at the borders of the zones should have fixed positions.
Cross-border implicit auctioning also requires close coordination among the PXs
in a meshed network.

Counter-trading or re-dispatch are suitable in meshed networks with relatively
minor congestion problems, and are also appropriate for capacity allocation.
This method doesn’t require the interconnected systems have the same market
structures. However, it requires a high degree of independence of the TSO to
prevent discriminatory arrangements, and also require the congestion costs and
extensive power flow calculation. In the very short term and real-time, counter-
trading or re-dispatch are the most appropriate methods for congestion
management. Means should be taken to prevent the market power issues posed

by the few number of flexible generators [108].

e Curtailment is still necessary in the current situation to ensure system security.



2.3 Implementation of cross-border congestion methods in
the European Market

European electricity markets have great diversity [110]. The market is fully opened
in Germany, while the wholesale market is still absent in Belgium or France. In the
Netherlands, the system operator also owns the largest generation company [79].

Congestion management might be the most important issue in European market
[111]. Of the 24 interconnectors in the European Union, 12 are permanently or
frequently congested, 5 are occasionally congested [99].

It is stressed that the cross-border congestion management should ensure [147]:

* Non-discriminatory access to interconnections—effective competition
e TSOs must ensure the maximum capacity usage while maintaining the network
security based on a set of common criteria

 Different congestion management mechanisms in member TSOs should be

coordinated and harmonised
* Transparent and simple
 The pricing and revenue distribution must give the correct short and long-term
signals—economic efficiency
2.3.1 The situation of congestion management in the European electricity

system
The electricity markets in Europe are at different stages of liberalisation, and a

variety of transmission charging and congestion management methods are being
used[112]. Therefore, the cross-border congestion management should take into
consideration different market structures and the level of information exchanges. Due to
the highly meshed network structure, the cross-border transmission charges should be
harmonised, and the European Commission has proposed the inter TSO compensations

for cross-border power exchanges[113]. The compensation payments should be based
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on the long-run average incremental costs (LRAIC). Although market based congestion
management will give locational signals, at present the short term congestion charges
are usually not included in a harmonised tariff structure [37].

TSOs are expected to develop efficient congestion management procedures, giving
appropriate economic signals, both in short-term operation action, and in long-term
investment decisions. However, if a uniform cost-reflecting transmission tariff
throughout UCTE network is to be applied, the technical cost calculation requires a
European hub, and unified access rules as well congestion management mechanisms.
Considering the diversity in the current European markets, it seems unrealistic for a
single European transmission market in one step [37]. Therefore, the European
Commission proposed the focus on “regional integration” for a transaction period and
then convergence to an integrated pan-Europe market [101]. The co-ordination among
TSOs are strongly required to ensure proper and quick convergence of regional
electricity markets into a single European market (the [EM) [114].

The Day Ahead Congestion Forecast (DACF) has been adopted by members and
was put in operation in 2002. This daily load-flow forecast enables the members to react
in time for security of supply and a better use of system capacities. The temporary cross
border trade (CBT) mechanism has also been proposed [115], because of the dispute of
member TSOs on the CBT and the fact that no agreements have been achieved by all.
The final internal energy market package has been adopted by the European Council
and the European Parliament[114].

Currently, non-market-based capacity allocation mechanisms like first-come, first-
served or pro rata rationing are still working on the major borders. They are regarded to

be unfair and inefficient, but TSOs can easily manage the borders without violating the

security limits.
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Non-market-based congestion management methods are regarded as lacking
incentives and inefficient, therefore this category was strongly objected to by all the
member countries. It has been agreed that the congestion problems should be solved in a
non-discriminatory way and be based on market-based mechanisms[112]. The
allocation of capacity should be market-based and designed to give correct locational
signals to both producers and customers[116].

As for the capacity allocation, use-it-or-lose-it principle is widely applied in
member countries. Netting of opposite flows should be applied to an appropriate extent.
In order to suppress market power, there should be a limit of how much capacity a
market player can obtain. But currently no such limit is applied in the member
countries.

Re-dispatching is applied very little on the interconnectors, mostly just as a
preventive measure. The dispute is over who should pay for the re-dispatch cost. ETSO
gives the definition of counter measures for congestion management including topology
actions and re-dispatch [100], and also proposed several options to allocate the cost of
re-dispatch[109].

2.3.2 Example: The Nordic Market and Market Splitting

The Nordic market as the world’s first international spot market, is generally
thought to be su;:cessful [103]. The NordPool is able to accommodate both bilateral
trading and unilateral bids. In fact most of the energy trading are through bilateral
transactions. Several markets are organised including forward market; one-day-ahead
market and the last minute regulation market. Here only the congestion management

mechanism is discussed. The congestion management is divided into different time

stages as the following [117]:
1. Auctions, maintenance planning, etc

2. Capacity calculation by TSOs (36 hours ahead)
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3. Bidding procedure

4. Price and capacity announced by Nordpool—price is fixed for each hour
5. Day of dispatch

6. Real-time (counter-trading in case of congesiton)

The stages (1) to (4) is planning stage, while from (5) to (6) is “in operation” stage
[118].

In stage 2, the capacity calculation is based on the internal dispatches at both ends
of the border. If the bids from stage 3 will cause congestions, the bidding areas are
separated into different price areas. A system price will be used for all the bidding areas
if no congestion occurs. Due to the calculation procedure in stage 2, those internal
congestions can be “shifted” to the border by the TSO by setting a favourable internal
dispatch. The main incentive is that TSOs can retain the congestion revenue from
market-splitting while having to pay the congestion cost for internal re-dispatch.

Market-splitting requires at least one spot market operated in each bidding area and
no permanent constraints within bidding areas. Every bid and offer is related to one and
only one bidding area, and the entire system covered by bidding areas. ETSO has
summarised a number of obstacles to market splitting including [104]:

* In this highly meshed network neither the locations nor the capacities of
congestions are permanent
e The NTCs (Net Transmission Capacities) are interdependent.

e (Cross-border bilateral transactions should also be accommodated.

* The electricity markets of member countries need harmonising.
ETSO has proposed a new methodology that can extend market splitting to meshed
networks through PTDFs and BCs (bottleneck capacities). The extended method is
explicit auctioning, also called “partial market splitting” in comparison with the

“standard market splitting” where the limits between the bidding areas are transfer
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capacities calculated ex-ante [102]. Therefore market-splitting can be treated as an
implicit auctioning method. The following discussion will generally use “implicit

auctioning” instead of “market splitting”.

2.4 Congestion Management in the US

In the US, the standard market design (SMD) is issued by FERC [71] as guide to
healthier electricity markets and cross-border transactions. Unlike the situation in the
Europe where the member countries discuss on the future market rules for the internal
electricity market, and the market designs and structures vary from country to country,
the US FERC have the right to regulate markets in all the states and thus can give a
uniform framework while allowing for regional flexibilities.

The proposal of SMD is aimed at solving the inconsistent rules across the US.
SMD is expected to provide more standarisation iri regional markets, better market
pricing and better market safeguards. The harmonised markets can facilitate tradings
throughout the US, and lower transaction costs. However, regional flexibility is also
retained.

The SMD is trying to avoid the market design flaws revealed from past lessons.
During 2000-2001, the California market failed as the prices rose to a very high level,
and the crisis spread throughout the West. Investment in infrastructure was extremely
difficult. In 2002, Enron failed because of its market manipulation, and brought about
the doubt on market credibility. Under this circumstance, SMD is proposed in the hope
of bringing about efficient competitions and providing stable supply to the customers.

In this section, the past lessons of market designs are studied first, so that the

motivations of SMD are easily understood. Then several features of SMD are presented.

2.4.1 Past Lessons
At present, there are five ISOs (independent system operator) operating the

California, PJM, New York, New England and ERCOT markets [71]. The California
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market was known for the market failure in 2000-2001. It is worth taking a look at the
design flaws of these present markets and compare them with the SMD.
* The day-ahead market and real-time market

The day-ahead market in California was not security-constrained. That is, the day-
ahead schedules were not checked for their physical feasibility due to the constraints. In
the real time market, California ISO had to pay the congestion fee to market participants
for relieving congestion. Therefore, a market participant can declare a day-ahead
schedule to cause congestion at no cost, and then get paid for cancelling this schedule at
the real-time market.

* Seams problems

Seams are generally referred to as differences in market rules between regions,
pancaking tariffs for transferring of energy from one region to another (i.e. the trader
has to pay a transmission fee to each involved system operator), having to obtain
congestion rights in several regions for a transaction, etc. [119]. The slight differences
between markets can cause serious seams problems. The MW-laundering problem
happened in California and the trading barriers in the Northeast are two examples.

A price cap is exerted in California market to prevent extremely high energy prices.
However, this price worked only on the generations within this market. As a result, the
local generators export electricity to outside markets and then import back the energy to
evade the price cap. This is caused by the inconsistent rules in neighbouring markets.
The MW-laundering was stopped after west-wide mitigation measures were applied.

The rules on ramping rate are different in PIM neighbouring markets. PJM allows
ramping to accur every fifteen minutes, while in New York and New England, the
ramping is limited to occur on the hour, but not within the hour. As a consequence, the

seller in PJM is allowed by PJM rules to ramp up generation within the hour, while it is



rejected by the buyer in New York because it cannot ramp down the local generation at
that moment.
* Zonal pricing

FERC believes that the zonal congestion system is not as effective as nodal
congestion charges under LMP. The zonal method has been used in California, PJM
(changed to nodal pricing later), Texas (ERCOT) and New England, to avoid the price
complexity. However, market participants are more likely to game congestion in a zonal
system than in a nodal pricing system [77], because it is not easy to identify who caused
the congestion. For example, a customer wants to shop around for SOMW for a specific
peak hour. He knows that if he bids into the PX he might have to pay for the zonal
congestion fee because of the high demand in this zone. Instead, this customer managed
to find a generator within its zone who promises to supply the SOMW. This bilateral
transaction will not be charged for causing the inter-zonal congestion. In contrast, this
customer always pays for congestion if it occurs, despite whether he choose to purchase
energy from the pool or from a generator.

Another technical problem with zonal pricing is that it difficult to determine in
advance the zones as power flows have been constantly changing.

2.4.2 Standard Market Design (SMD)

SMD is mainly based on the successful PJM market. It specifies the same set of
rules for all the network users [120], and the system is expected to take effect by
September 30, 2004. The components of a standard transmission market are shown in
Figure 2-6 [2].

Thé major elements of SMD include the Independent Transmission Provider (ITP)
to prevent discrimination by transmission owners, tradable Congestion Revenue Rights

(CRRs) for flexible transmission service, transmission pricing reforms, open and
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transparent energy spot markets, congestion management based on LMPs, market power

mitigation and monitoring, and resource adequacy requirement.
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Figure 2-6 Components of Standard Transmission Market

Here several features of SMD are discussed:

* The day-ahead market and real-time market

The day-ahead market and real-time market under SMD are based on a nodal
congestion management mechanism and LMP. The day-ahead schedules must be
checked for transmission constraints in the day-ahead market, and be physically feasible
and financially binding. The introduction of the day-ahead market (some ISOs do not
organise the day-ahead market currently) is to hedge the real-time risks.

Compared with California arrangements, the congestion will be reflected in the
nodal energy prices under SMD, and there is no need for the separate congestion
relieving payment.

¢ Seams problems

The SMD rules will solve many seams problems caused by inconsistent market

rules in different markets. For example, a uniform bid price cap of $1000/MWh is used

to avoid the MW-laundering.

e Nodal pricing and LMP
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Under SMD, the nodal pricing is used based on LMPs. Nodal pricing can send
clear signals about congestion, and as the congestion rent is incorporated in the nodal
prices, there is no need for a separate congestion charge. Short-term efficiency can be
easily achieved under nodal pricing than under zonal pricing. The LMP is expected to
signal the congestion for customers and encourage transmission and generation
enhancement in the long term.

* Characteristics and functions of the RTO

The minimum characteristics and functions have been specified in the SMD
platform [121]. Firstly, the RTO should be independent of any market participants to
facilitate the non-discriminatory service to all. Secondly, the expansion of the RTO is
encouraged to improve reliability and effectiveness, thus there are requirement on the
scope and geographic structures. Finally, the RTO should have operational authority
over all the transmission owners and should ensure the short-term reliability. The
functions of a RTO include at least the following: (1) tariff administration and design
(2) congestion management (3) solve the problems incurred by the parallel flows (4)
provide ancillary services. (5) publish information on the OASIS (6) market monitoring
(7) planning and expansion (8) interregional coordination.

* System balancing service

Stoft [9]has pointed out that customers normally lack price responsiveness.
Besides, the system operational reserves are free-rider problem and participants have no
incentives to undertake this task. Resource adequacy requirement should be met for
system reliability. Under SMD, RTOs will carry out annual regional demand forecast
and they are expected to make such forecast well in advance (e.g. 3 years). A minimum
reserve margin of 12% is required. Penalties may be applied for overly purchase of

power from spot market during shortage conditions.

 Energy uplift and congestion uplift
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For the reason of energy reserves and transmission congestion, energy uplift and
congestion uplift are applied to compensate the cost for out-of-merit generation. Energy
uplift is used to cover part of start-up and no-load costs if the nodal price is not high
enough, and it is shared by all the customers. Congestion uplift is used for transmission
system security when congestion occurs, but the cost is solely borne by the congested
region under SMD.

* Congestion management systems and transmission rights

The SMD specifies a congestion management system based on LMP and financial
transmission rights. Market manipulation will be monitored and mitigated. The
allocation of congestion revenue rights (CRRs) to market participants will be divided
into two stages.

In stage I (the initial allocation), the allocation is based on the historical use,
because the existing long-term contractual transmission rights have been given the
priority to use the transmission network. Thus they can be converted into financial
rights in this stage. These CRRs are financial hedging instrument that entitles the holder
to compensation for costs associated with transmission congestion between two
locations.

In stage II (within four years of adoption of SMD), the allocation should be based
through auctioning. Therefore, any entity interested can acquire CRR through the
auction. At this stage, the access charge will be on the load-serving entities (LSE). This
seems like a price lift to the LSEs, but in fact, due to the decrease of generation costs as
the result of this cost shifting, the LSEs don’t necessary have to face a cost increase.
Any transitional power flows will not be charged for the access fee. For inter-regional
transactions, the LSEs on the net importing area will pay a load ratio share of the

embedded costs to the exporting RTO. This can avoid “pancaking” of cross-border

transactions across RTO borders.



Participant funding will be raised for system expansion.
* Transparency
The Internet based OASIS (open access same time information system) can publish
the available transmission capacities.
* Market monitoring and manipulation mitigation.
Market manipulation monitoring and mitigation methods are to be used under the
supervision of FERC Office of Market Oversight and Investigation (OMOI) and the
regional independent market monitoring unit (MMU). Each of the regional markets will

be evaluated, and load pockets as well as areas need reinforcements will be identified.

2.5 Conclusions

In this chapter, several cross-border congestion management methods are
reviewed, and examples are given. In one word, market-based congestion management
methods are favoured over non market-based ones although the latter are still necessary
in the current situation to ensure system security. System operators are expected to
coordinate with one another to achieve high efficiency while maintaining system
security.

In the next chapter, a new congestion management method is proposed to
address the merchandise surplus problem. It is illustrated in a single control area, but the

methodology can be extended into multiple control areas.



Chapter 3 A Congestion Management Method Using

Merchandise Surplus Allocation

3.1 Introduction

An ideal congestion management mechanism should give market participants the
correct incentives to relieve congestions. That is to say, under the mechanism, those
participants who caused congestions should not be encouraged, while those who helped
to relieve congestions should get their rewards.

Some congestion management methods have been proposed and used in different
markets, as discussed in 1.4. Due to the effect of loop flows, any transaction between
two‘ participants might in theory affect the transactions of all the other parties, and this
poses challenges for specifying payment for any individual transmission network user.
Hogan suggested a set of point-to-point financial contracts to hedge against price
fluctuations and system uncertainties [12]. These contracts are based on LMPs [33], and
the contract holders (right holders) are indifferent between using the capacity covered
by their rights and receiving financial compensations. Chao and Peck [45] suggested a
definition of flow-based transmission rights in the form of capacity reservations. It can
be easily proved that point-to-point and flow-based rights are mathematically equivalent
[46].

A new method of congestion management is proposed in this chapter. This method
gives a set of rules to refund Merchandise Surplus (MS) back to the market participants.
Firstly, the sources of MS are analysed, then the MS refund method is given, which is
designed to punish those users who cause congestions, and to protect other users from
being affected by the congestions. In this way, users who have caused congestion will

marginal congestion costs, while other users are compensated. This MS
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allocation can be viewed as a kind of financial transmission right allocation. Under this
mechanism, users have a form of financial rights-and-obligations to use the network.

In section 3.1, the philosophy of this method is illustrated on a simple 2-bus
system, and the MS refund method is described. In section 3.2, a 5-node example is

given to illustrate the method. Section 3.3 gives comments and conclusions.

3.2 Philosophy

The users who caused congestion should pay the marginal congestion costs,
whereas other users should not be affected by the congestion on their financial
payments. That’s the philosophy of the congestion management method proposed in
this chapter. In order to have a better understanding of the MS refund method, the

simple 2-bus lossless system shown in Figure 3-1 is presented:

| S
® ©
Gl Busi Bus2
— 122
Figure 3-1 A 2-bus System

The transmission capacity of the line between bus 1 and bus 2 is 100MW. For the
reason of simplicity, assume that both generators have constant marginal generation
costs and sufficient capacities. G1 is the cheaper generator whose marginal cost is
£5/MWh, and G2 is the expensive one whose marginal cost is £10/MWh.

3.2.1 Case 1: No congestion occurs
121 and 122 are both SOMW. Both of them buy energy from the cheaper generator

G1, so G1 produces 100MW. The transmission line is at the onset of congestion. G2 is

not running at this time.

The prices at node 1 and node 2 are pl=p2= £5/ MWh for this hour, and the
payments from 121 and L22 are both p2*50=£250. G1 gets its payment at p1*100=

£500. There is no merchandise surplus after the payments are made.



3.2.2 Case 2: Congestion occurs
Now L22 increases from 5S0MW to 100MW, and L.22 remains unchanged. Due to

the limited transmission capacity, G1 is only allowed to generate up to 100MW
although it has enough generation capacity. In order to meet the demands, the local
expensive generator G2 is running to produce SOMW of energy.

The price curve against total load at bus 2 is the thick line in Figure 3-2.

Price (£/MWh)

1
i L2 (MW)
5 i """" T1=L214122
i
100 150 >
Figure 3-2 Price curve against demand

Under the locational pricing, prices at node 1 and 2 are: p, =£5/MWh and
p,=£10/MWh. Thus the payments from loads at bus 2 are p,*L,, =£500 and p,*
L,,= £1000 respectively. The two generators get their payments at p, -G,=£500 and
p, -G, =£500.

System operator (SO) collects payments from loads and pays back to generators
(under pool model), or charge traders for the transmission service at the nodal price
difference (under bilateral model). Under either model the merchandise surplus is £500,
which comes from the price difference between bus 1 and bus 2, i.e. the marginal
congestion rent. The MS is shown as the shadow area in Figure 3-2.

3.2.3 How to allocate the MS

SO is not allowed to keep the MS, otherwise the MS will give incentives to the SO
to create congestions. Comparing the nodal prices in case 1 and case 2, it is easily seen
that the nodal price increase in bus 2 was caused solely by L22. However, L21 also had
to pay the congestion price, although it didn’t increase its usage of the line. In case 2,

.21 paid extra fee (500-250=£250) compared with its payment in case 1.
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Ideally, 1.22 should pay for the congestion costs, while L21 takes no responsibility
for the congestion since its demand didn’t change. Therefore, its extra payment should
be refunded from MS.

During the off-peak hour (case 1), both L21 and L.22 pay at the price of £5/MWh
for their demands, and the transmission network can accommodate the demands without
difficulties. It can be understood that the network has been structured in this way that
L21 and L22 are entitled to use their share of the transmission capacity [122]. When
congestion occurs, they should still have the right to use their allocated transmission
capacity at no additional cost, and the increase in nodal price due to congestion should
not affect their allocated share. Based on this principle, the MS allocation methodology
is given as following:

The MS of £500 is refunded to transactions G1->L21 and G1->L22 according to
their usage before congestion occurred (both are S0MW in this example). As L22 has
increased from SOMW to 100MW, the new transaction G2->122 should pay the
expensive local generation fee at £10/MWh for the 50MW increment, for this
transaction has caused congestion. After the MS refund, L21 is not affected by the
congestion, while L.22 pays at marginal congestion price for its increase in usage.

This MS refund method as described above was designed to discourage the
increase in demands at peak time. However, it also reduces the pressure on users who
maintain their demands at peak time, so that they don’t have to reduce their peak time
usage. Therefore, the MS refund method also reduces the incentive for efficiency.

3.2.4 How to allocate transmission rights

In order to use the MS allocation method, each trader’s ‘proper’ usage of lines
should be defined, so that no congestion fees will be charged for that set of usage. All
the ‘proper’ usages add up to 100% use of the congested lines. Therefore, users can be

seen as being given a form of transmission rights through the share calculation and MS
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refund. These financial transmission rights can ensure that traders’ ‘proper’ transactions
are not affected even when congestions occur. As there are only a few lines likely to be
congested in a system, the calculation of refund will not be too complicated.

The suggested method of allocating ‘proper’ usage must be compatible with pre-
existing point-to-point or flow-based transmission rights. It can be viewed as a method
of allocating left-over transmission capacity, i,e, the difference between the full capacity
of congested links and the capacity already allocated to different forms of transmission
rights. If the left-over capacity is not allocated, the MS associated with it is shared by all
the system users [85]. Under the proposal in this chapter, the left-over MS is associated
with the transactions affected by constraints, and is therefore more cost-reflective.
Sharing MS among all the users will lead to a form of windfall benefit, as the user who
did not contribute to congestion fees still benefit from the reallocation of use-of-system
charges.

The leftover transmission capacity can be allocated in a number of ways:

(1) Scale up all the existing transmission rights on the line proportionally to get
100% total usage. For example, if 121 has the right of 10MW, and L22 has 15SMW,
their allocated MS refund rights are 40MW and 60MW respectively. This is simple but
not necessarily fair.

(2) Allocate the leftover capacity proportionally to those whose actual usage is
above their transmission rights. Again suppose the capacity rights for L21 and L.22 are
10MW and 15MW, so the leftover capacity is 100-10-15=75 MW. When the real-time
actual usage of both users exceed their TCC rights, for example, real-time loads L.21
and 122 are 60MW and 60MW respectively, the two loads exceed their rights by (60-
10)=50MW and (60-15)=45MW respectively. Therefore, the allocation of left-over
capacity is 75*50/(50+45)=39.5MW to L21 and 75%45/(50+45)=35.5MW to L22. The

total right for L21 is then 10+39.5=49.5MW, and the right for L22 is

68



15+35.5=50.5MW. After MS refund, congestion payments from the loads for this hour
are:

L21: £10*60-49.5*(£10-£5)=£352.5

L22: £10*100-(15+47.2)*(£10-£5)=£347.5

and their total payment can exactly cover the total generation charge, which is
100*£5+20*£10=£700.

The downside of this approach is that the allocations of left-over rights are repeated
for every trading period, resulting in some sharing of congestion costs. Assume e.g. that
L.22 is increasing in the next trading period from 60MW to 100MW. The full marginal
cost of this increase is (100-60)*£10=£400. The allocation of left-over rights will give
75*(60-10)/[(60-10)+(100-60)]=27.8MW to L21 and 75*(100-15)/[(60-10)+(100-
60)]=47.2MW to L22. Note that the allocation to L21 has decreased while the allocation
to 1.22 has increased. Hence the payments by the loads are:

L.21: £10*60-(10427.8)*(£10-£5)=£411.1

L22: £10*100-(15+47.2)*(£10-£5)=£688.9

Compared with previous right allocation, the increase in fees for L22 is £688.9-
£347.5=£341.4, which is less than the full marginal cost of £400. Clearly some of the
cost of increased demand from .22 has been placed on L21 which did not increase its
demand. In this method, when actual usages cause congestion on this line, the exceeding
users are able to take advantage of such right allocation method, paying only a portion
of the increased cost.

(3) Cut-off point of filling up the line limit. This method suggests using historical
operation data to allocate the leftover transmission capacity. Those who actually filled
up the capacity gap get the rights. For example, again suppose the existing rights for
121 and 122 are 10MW and 15MW. Assume that the loads change from time to time,

and the full transmission capacity of the line (100MW) is reached at a cut-off point
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when L21=5MW and L22=70MW, and there is an additional new load [23=25MW,
which had not acquired any transmission rights. The entitled usages of the transmission
capacity are OMW for 121 (because its 10MW existing right is enough to cover its
usage), 75*(70-15)/[(70-15)+(25-0)]= 51.6MW for 122, and 75*(25-0)/[(70-15)+(25-
0)]=23.4 MW for L23. These allocations are fixed during the following peak-load
period when the line is congested.

The advantage of this approach is that it encourages the off-peak utilisation,
because the additional transmission right allocation is effectively based on off-peak
usage. The disadvantage is that it may cause a rush to get in just at the instant when the
line is getting congested. This problem can be solved by calculating the share based on
the average use of the congested line over the whole off-peak period, rather than just at
the instant when the line gets congested.

Option 3 has one additional advantage over option 2 in that the right allocations are
fixed. This means any increase in the load incurs a full marginal increase in its
congestion costs. Under option 2, the allocationsvare re-calculated for every trading
period, which means that sharing of costs is the potential consequence.

3.2.5 Extended to the Meshed Network

The simple example shown above is a radial network where loop flows don’t exist.
In reality, meshed networks are more general, and the proposed MS refund method
should be extended in the presence of loop flows. Additionally, there might be more

than one line congested in the network.

For each congested line, a set of usages are allocated to all the traders. Besides the
existing long-term transmission right, each user gets the additional allocation of left-
over rights using one of the options 1-3 introduced above. These are line-by-line rights

(like Chao-Peck’s rights), but Hogan’s point-to-point rights can also be accommodated
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through the application of PTDFs, which can reflect the power flow influence on a line
from a point-to-point trade. The allocation of MS follows the steps given below:

1. Allocate usages (%) of the first congested line to all the bilateral traders.

2. Repeat the same procedure for all the congested lines and thus get different sets
of usages for different congested lines.

3. When real-time congestion occurs, collect the MS.

4. Decompose the MS into individual congestion rents in relation with individual
congested lines. Refund each rent to all the loads based on their allocated usage of that

line.

3.3 Illustrative Example

In this section, a 5-node network shown in Figure 3-3 is used to illustrate our MS
allocation method. For the reason of simplicity we use DC power flow and consider

only real power. Losses are ignored here.

Bus 3 Bus 4

Bus 1

Bus ¢ Bus 5

=

Figure 3-3 A 5-node system
Use p to denote the price, and q to denote the quantity, then the generation bid

functions are: p, (ql) =q,+7.62, pz(qz) =0.28q, +7.62 and p, (q4) =0.4q,+7.74,

where the output levels of generators are given in MW.
3.3.1 Case One—only one line (5th line) is congested

The line flow limit of 5th line (bus2-> bus 5) is SOMW. Assume the rights are
allocated by scaling up all the long-term base load transactions (option 1). The

transactions and their impact on Sth and 6th line (bus 3-> bus 4) are given in Table 3-1:
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Trades PTDFs on line 5 PTDFs on line 6
MW) (PTDFs;) (PTDFs;)
Bus1-2>3: 40 0.11429 -0.34286
Bus 22>3: 60 0.14286 -0.42857
Bus 2-25: 40 0.72698 0.15238
Bus 4-25: 60 0.54603 -0.30476

Table 3-1 Base load transactions and their PTDFs

Allocate shares of usage on the congested line

The long-term base load transactions shown in the first column of Table 3-1 are
used to determine the allocated usage of the congested line (line 5) from each trader.
The total of their allocated usages should be 100% in order to make full use of
transmission network while keeping it not congested.

For the 5™ line, the overall influence of these long-term transactions is: Power

F10W=Z(T ransaction, xPTDFS,,.) = 74.98<80MW. Thus, under the long-term

contracts, the 5th line is not fully used. Under the option 1, all the bilateral transaction
quantities can be increased proportionally until the 100% overall usage is reached. This
is called ‘scaling up’ of the trades. The scaling-up factor is 80/74.98=1.07, and the
allocated usages of line 5 from the traders are 42.68MW, 64.01IMW, 42.68MW, and
64.01MW.
Real-time dispatch and locational prices

Given real-time loads L.3=110MW and L5=130 MW the Optimal Power Flows

(OPF) and nodal prices can be obtained. The nodal prices are shown in Table 3-2:

Bus 1 2 3 4 5
Prices 30.60 22.64 62.47 73.10 225.36
Table 3-2 Real-time Nodal Prices (£/MW)

According to economics theory, bilateral or multilateral trades can achieve the
same results as in the central dispatch, if each participant can compete freely [18]. Here
the bilateral model is chosen, and several short-run bilateral transactions are compatible
with the optimal dispatch. The SO calculate out their transmission payments based on

the differences in nodal prices. The results are given in Table 3-3.



Trader 123 223 225 45 4-33
Trade (MW) | 22.98 30.65 22.98 107.02 56.37
Pay (£) 732.46 1220.8 4659.2 16294 -598.8
Table 3-3 Short-term Transactions and Transmission Payments
(3) MS refund

System operator refunds the collected MS back to each trader according to its
allocated usage, as shown in Table 3-4.
Note that the fifth trader from generator 4 to load 3 has got no refund, because

there was no allocated transmission right for this trade.

Parties 123 223 225 4->5 43

Trade (MW) 42.68 64.01 42.68 64.01 0

Refund (£) 1360 2550 8651 9747 0
Table 3-4 Allocated Rights and MS Refunds

3.3.2 Case Two—two lines (5th and 6th lines) are congested under the real
time dispatch
In the above system, the flow limit of the 6th line is reduced from 120MW to

95MW, this line will also become congested under the same real-time loads. The long-
term transactions and their PTDFs stay unchanged as given in Table 1.

When both the 5th and the 6th lines are congested, the kth nodal price p, consists

of congestion rents for both 5th line and 6th line. The price difference between load k
and generator j is sum of congestion rents to be paid by k and j for both 5th and 6th
lines. Therefore the overall MS collected by SO is the total shadow congestion
payments for S5th and 6th line.

In this example, the MS consists of two components, and they need to be dealt with
separately, for they are caused by different transmission constraints. A trade has
different impacts on these two line flows, and thus it should get different refunds for the

two different congestions. Therefore, for each congested line, a set of allocated off-peak
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usage rights, and therefore a set of refunds of the related MS congestion component, are
given.
Allocated shares of usage on the congested lines

The power flows on line 5 and line 6 caused by long-term transactions are

I

Z(T ransaction; x PTDF ,.) and Z(T ransaction, xPTDFM) respectively. The values

are 74.98<80MW for the 5th line and |-51.62|]<95MW for the 6th line. Here the negative
sign in the power flow of 6th line indicates the opposite direction of actual power flow
from that specified.

As discussed before, the transactions need to be scaled up to get the 100% usage.
The scaling-up factors for these two lines are 80/74.98 and 95/51.62 respectively. Thus
the allocated usages from all the transactions on line 5 and line 6 can be obtained, and

they are shown in Table 3-5.

Trader 123 223 225 4->5 43
Use line 5 (MW) 42.68 64.01 42.68 64.01 0
Use line 6 (MW) 73.62 110.42 73.62 110.42 0

Table 3-5

Real-time dispatch and locational pricing

Allocated Bilateral Trades for Use of the 5™ and 6™ lines

Given real-time loads L.3=110MW and L5=130MW, the real-time nodal prices can

be calculated out, and the values are given in as shown in Table 3-6.

Bus 1 2 3 4 5
Nodal price 62.62 15.09 252.76 71.07 652.75
Price by 5th congestion 62.62 36.09 168.73 204.11 711.10
Price by 6th congestion 62.62 | 41.61 146.64 -70.41 4.27

Table 3-6

The price difference between two nodes consists of two components, i.e.

Real-time Prices in Case 2

congestion rents for Sth and 6th lines. In order to refund the overall MS back to
participants, the MS as well as spot prices should be decomposed according to the two
congestions, i.e. two sets of nodal prices can be calculated out, each of which is caused
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by one of the two congestions. Also MS is total of shadow congestion fees for 5th and
6th line.

If all participants can compete freely, their self-dispatch results will match the
optimal central dispatch [18]. For example, short-term transactions can be:

1-23: 55MW, 2-33: 26.67TMW, 2->5: OMW, 4->5: 130MW, 4->3: 28.33MW.

3.3.3 MS refund

SO refunds each congestion component in the MS back to all the traders according

to their allocated share of use.

123 223 225 4->5 4->3
5th rent 4528.5 8491 28806 32454 0
6th rent 6185.3 11597 -2749 8247 0
Table 3-7 MS Refund under Bilateral Model

3.4 Conclusions

When congestion occurs, all the nodal prices will change due to loop flows. The
power system operation changes frequently, causing significant fluctuations in spot
prices. Long-run transmission rights are proposed to provide hedge against transmission
price fluctuations. In the method proposed here, the SO uses the MS to refund
transmission right holders, paying back the congestion rents for the allocated amount of
capacities.

In this chapter, a new method of congestion management by using MS refund is
suggested. After the MS refund, those users who were responsible for congestions pay
at the expensive marginal generation prices, while the financial settlements of other
users are not affected. The philosophy of this method is illustrated on a simple 2-bus

system, and then the MS refund method is illustrated on a 5-node example.




Chapter 4 Decomposed Optimal Power Flow Problem

4.1 Introduction

In an interconnected transmission network, several control areas are synchronously
connected through the cross-border tie lines, and each TSO is in charge of its own
control area. Under power market environments, the information exchange between the
neighbouring control areas is limited so that no commercially sensitive parameters are
disclosed. This poses challenges to the system wide optimal power flow (OPF)
calculation, which is essential in the study of cross-border congestion management
methods. In order to achieve optimal use of the transmission network, the TSOs have to
exchange some of their information while still keeping commercially sensitive
information confidential.

The OPF calculation often involves thousands of buses and is a large-scale
nonlinear optimisation problem. Efforts have been made to decompose the global OPF
problem into several local OPF problems corresponding to the control areas, and to
minimise the volume of information exchange among the control areas. The control
areas need to coordinate with one another to start running the decomposed OPF at
certain times (for example every one hour), and exchange the intermediate results, then
update the OPF calculation. This loop is repeated until the results converge. Several
methods have been proposed to address the interconnected or coupled OPF problem.
[123] gave an approach to decompose the linear reactive power optimisation by way of
grouping the buses into local and frontier ones. [124] presented an augmented
Lagrangian relaxation method to decompose the generation scheduling problem. [125]
suggested a decomposed OPF method based on Lagrangian relaxation, {126] applied an
augmented Lagrangian relaxation method on the decomposed OPF calculation, and

[127] suggested a decomposed OPF method based on interior point method. In general,
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the key to a successful decomposed OPF method depends on the modelling of coupling
constraints among areas, the choice of optimisation algorithms, and computational
issues like the choice of starting point and upgrade of parameters.

In this chapter, a system variable decomposition method is proposed, and an
improved interior point method (IPM) to solve OPF problems is applied based on the
decomposition and sparse matrix technologies.

Firstly, the Lagrangian relaxation method, the penalty function method and the
barrier function method are analysed and compared. Then a barrier function method
which complements the existing barrier function method is proposed to address the
decomposed OPF problem.

For the reason of simplicity only real power flow calculations are studied here. One
can extend this decoupled DC OPF model to a full AC OPF model, but whether the DC
or AC model is applied doesn’t affect the basic description of the several approaches in
this chapter. The following three decomposition methods are illustrated using the DC
model for easy understanding. In the DC power flow model we assume, transmission

lines are pure reactance, and all the bus voltages are assumed as 1.0p.u.

4.2 Lagrangian relaxation method

[125] suggested a co-ordinated OPF across multiple regions. The Lagrangian
relaxation technique is used to remove those constraints involving variables in
neighbour areas. After the Lagrangian relaxation, the OPF problem is decomposed into
a family of regional OPF problems. Given an initial point, TSOs can upgrade the
quantities and prices (Lagrange multipliers) based on the local information and the
information exchanged with neighbouring areas. Both the primal variables (quantities)
and the dual variables (prices) are needed in the iteration. Once the primal-dual solution

converges the quantities and prices are obtained.
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[129] suggested a unit commitment problem solution using Lagrangian relaxation.
The step size is set to increase when the violation is large and decrease when the
violation is small.

[130] gives another Lagrange relaxation approach in DC OPF. In this method, the
regional OPF problem cares only for the regional cost function instead of the global cost
function, and the constraints involving the neighbouring areas (including the power
balance constraints and the transmission limit constraints) are converted to regional
separable constraints through the introduction of power flows on the tie-lines. The
iteration procedure starts from a flat base case where the power flows on the tie-lines as
well as the export prices are zero, or the operational values in the real world can serve as
the initial point to avoid solution oscillation. The stopping criteria is that the tie-line
flows obtained from the OPF results of the two neighbouring areas agree with each
other.

The Lagrangian relaxation here can be seen as ‘pricing out’ the cost of congestions
caused by external systems for the local OPF calculations. This cost is determined by
estimated shadow congestion prices and publicised PTDF factors. In this section, this
approach is investigated, and an example is given in chapter 5 to compare this method
with others.

The introduction of dual variables into regional decomposition is very attractive
because it makes full use of market information and makes the dualised optimisation

problem separable. However, this method is not perfect, as we will see in the following

sections.

4.2.1 Lagrangian relaxation and regional decomposition
For a TSO, the quantity and price bids of all the participants in other areas are not

available. The solution proposed by Cadwalader and Hogan is to dualise the related

constraints and make a Taylor expansion on the benefit functions of other areas. The
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dualised Lagrangian function then becomes separable by regions. If the starting point is
well chosen and if the Lagrangian function is convex, this method can give the correct

optimum without having to expose the bids to other TSOs.

A
Let max ZBi (¥;) be the total benefit of the entire network, where the Yi is the

i=1
vector of bus net extraction in area i. It is sum of all the regional welfare functions, each

is a quadratic function.

L(yl,...yn ) =0 is the power balance constraint (losses, generations and demands

can be modelled as the yi). This is an equality constraint.

Kl.(yl, ...... y, ) < 0 is the group of transmission constraints in ith sub-network. All

the possible limitations on the power flows, including thermal, voltage, stability, or
other limits, can be modelled. The net injections are explicit variables (decision
variables) in this function, while others (such as voltage magnitudes and angles) are
treated as intermediate variables (dependent variables). It consists of both inequality
constraints and equality constraints.

Suppose 4; is the Lagrange multiplier of jth transmission constraint (that is, the
shadow price of congestion on jth line), then A, is either zero when the constraint is not

binding or positive when the constraint is binding. According to Lagrangian relaxation,

this constraint can be removed by appending an item - 4,K; (yl, ...... yn) to the objective

function. Therefore, all the transmission constraints in the areas other than ith area can
be removed by way of Lagrangian relaxation. The resulting dual function provides an
upper bound of the primal function, and at the optimal point the primal and dual
function have the same value. Thus, once the dual problem is solved, the primal OPF
problem is solved as well, and the ‘duality gap’ (the difference between the dual
function value and the primal function value) shall be reduced to zero when the

optimum is obtained.
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In Cadwalader’s paper, the dualised function still contains the unknown bids of
other areas. The author then linearised the dual function at the starting point to obtain
the first rank Taylor expansion. By upgrading the point towards the optimum, the dual
function is solved. If the starting point is judiciously chosen, and if the dual function is
convex, this decomposed approach can give a good result.

4.2.2 Sub-gradient approach for the dualised optimisation problem

For the loads in region i, the shadow congestion price induced by the constraints in
region j can be expressed as: w; = 4, VK ;. 4.1

It reflects the externality of congestion in transmission systems. The Lagrange
multiplier A reflects the contribution of relaxing this constraint in the total social
welfare.

This price information is the key to regional decomposition because of the close
connection between a binding constraint and its shadow price [12].

The sensitivity factor VK ; reflects the influence of nodal injection in area i on the

constraint in area j. These group of sensitivity factors are normally called PTDFs
(Power Transmission Distribution Factors), and they can be published among all the
TSOs.

In the sub-gradient methods, one can adjust the Lagrange multipliers and primal

variables interactively. The model can be described as below:

Given the estimation of Lagrange multiplier A, and starting point x, , the optimal
solution of the Lagrangian function at A, can be expressed as Ax,,,, consequently the
Lagrange multiplier can be upgraded as:

A= max(O,/l" +a,Clx,,, )) (4.2)

Where the C (x,Hl) is the constraint function, and e, is the step size. The step size

k
should satisfy that when £ =0, a, — 0 and Zai > 0.

i=1
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The choice of «, is important for the performance of all sub-gradient methods, and
thus has attracted many researchers [129].

If proper initial point and step size are chosen, the dualised model can be expected
to converge at the optimal point [131], where the value of Lagrangian function equals to
the value of original objective function. However, there are some limitations in using

sub-gradient methods, and they will be discussed in the next section.

4.2.3 Computational problems
In order to use sub-gradient methods in solving the Lagrangian relaxed problem,

the dualised objective function must be convex and differentiable with the exception of
some points where the gradient method is modified. In paper [47], the author indicated
that the proposed method can only work when the dualised constraints are all expressed
as linear functions. If, for example, sinusoid functions of power angles are involved, the
Lagrangian function is not convex and thus the sub-gradient method will fail. The same
limitation applies to the method proposed in [130].

Another problem is incurred by the Taylor approximation. According to the author,
it may result in large and even unbounded adjustments. In order to address this problem
a set of sensitivity factors were introduced to reflect the influence of prices on net
extractions. In this way, the OPF problem has a sequential quadratic programming
(SQP) model because second order Taylor expansion is applied. This approach can help
to speed up the convergence provided proper estimation on the parameters was made.
Even if the initial starting points and sensitivity factors are carefully chosen, there still
exists the problem of how to choose the step size. In fact, sub-gradient methods have
been prdved slow in convergence performance, especially zig-zagging near the

optimum [132], or even don’t converge.

81



4.2.4 Application issues

According to this method, the estimated shadow congestion prices should be
exchanged during every iteration, and all the related PTDF factors need to be published.
As PTDFs change with the operation, they need to be updated from time to time.
Therefore large amount of information from other sub-systems are needed during each
iteration.

It has been noticed that the Lagrange Relaxation (LR) methods are likely to have
solution oscillation difficulties because of the piece-wise linearisation approach. If the
linearised sub-problem is sensitive to the multipliers, the solution will oscillate between

minimum and maximum values with a slight change in the Lagrange multipliers [133].
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4.3 Augmented Lagrangian function method

[134] gives another decomposed approach. According to this method, PTDF
factors are not needed for the system decomposition. Alternatively, a pair of ‘dummy’
buses are added in the middle of each tie line. Penalty functions are then used to bring
the ‘dummy’ variables together. Considering the fact that the number of tie lines in an
interconnected network should be far less than the number of PTDF factors, and that the
latter will change with the operation and thus require frequent update, Kim and
Baldick’s approach is more attractive in terms of information exchange. Moreover, the
objective functions are always convex and are irrelevant to how the transmission
constraint is modelled (i.e. the popular power angle and network admittance model can
be used). The augmented Lagrangian methods were used in unit commitment problems
[133] and generation scheduling problems [124], and were then introduced in OPF
through the design of system decomposition.

In this section, the system decomposition method suggested by Kim and Baldick is
illustrated, because this innovative idea was then widely used in many papers [135],
[136] and [137], etc. and finally led to the interior point method (IPM) tested in this

thesis. The problem with penalty function methods is also discussed later in this section.

4.3.1 System decomposition
In an interconnected transmission network, every TSO can only have the full

information (including network structure and buyer/user commitments) within its
control area. However, due to the interactions among the sub-systems in the
interconnected network, optimal usage of the entire system cannot be achieved only by
local information. The information about other areas has to be obtained from other
TSOs through information exchange.

In the market environment, the bids and bilateral transactions from market

participants are confidential information and shouldn’t be exposed to other parties
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except the TSO in this area. Therefore, the central OPF model as described above
cannot be used straightaway. Besides, such a large-scale OPF problem cannot be solved
easily and quickly.

Instead of calculating the large-scale central dispatch problem, we can solve the
OPF through decomposition approaches. By studying the OPF problem, we can see that
the variables in different areas are coupled only through the ‘frontier buses’ which are at
the ends of tie lines. In fact, if we can split up the interconnected network by the cross-
border tie lines, the variables can be grouped into local variables and border variables.

Take this two-system network shown in Figure 4-1 as an example:

XA, YA XB, B XA, YA XB, YB

Figure 4-1 System Decomposition

The x, and x5 are local variables while y, and y, are border variables.

If appropriate coupling variables are chosen, the two sub-systems as shown in
Figure 4-1 can make their local OPF and then be jointed together to achieve the global
OPF solution in the interconnected system. Interactive upgrading of the border variables
and local variables during the calculation is needed.

Cr——"C > )
Dummy bus pair

XA XB XA, YA VB, XB

Figure 4-2 System Decomposition by Dummy Buses

Because of the introduction of the ‘dummy’ buses and the ‘dummy’ variables
related with them, this approach is called augmented Lagrangian relaxation method. The

decision variables now consist of both the original decision variables and the new

‘dummy’ variables.
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Baldick and Kim [126] give a decomposition scheme based on ‘dummy bus’
couples at middle of the tie-lines, as shown in Figure 4-2. Each dummy bus couple must
have identical real and reactive power flow variables, voltage magnitudes and the power
angles. Each sub-system consists of the ‘core’ variables (local variables) and the
‘border’ variables (dummy variables) [134].

Conejo suggested another approach using two pairs of ‘dummy’ buses to separate
each tie-line into 3 segments [135]. This is similar to Kim’s method. Wang [136]
proposes another decomposition scheme as shown in Figure 4-3. In this method, the
dummy buses are removed, but all the coupling variables, including real and reactive
power flow variables, voltage magnitudes and the power angles, are retained. In other
words, the buses at both ends of the tie lines can play the same role as the ‘dummy
buses’ in [126].

‘—. a - SHEIE a
XA XB XA, YA YB, XB

Figure 4-3 System Decomposition

Compared with Baldick’s method, this method doesn’t require modification of the
line reactance values. However, for each tie line, the two terminal buses have to be both
compared separately, while in Baldick’s method, only the dummy bus pair in the middle

of the tie line are to be compared.

The choice of coupling variables determines the information needs to be exchanged
among the TSOs. Both the quantities and the prices of the coupling variables must be

exchanged to get a global OPF solution [138].

4.3.2 Penalty function and regional decomposition
Generally, the decomposed OPF problem for a two-area system can be described

as:
min C, (X,, )+ C, (xb) (4.3)
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a and b are the areas.

Subject to: all the local constraints discussed before, plus the coupling constraint:

Ya =Y (4.4)

The coupling constraint can be dualised to obtain the Lagrangian function:

L(X,5X,5Y 45556 )=C, (X, )+ C, (%, ) +6 (v, - ¥, ) (4.5)

where the o is the vector of Lagrange multipliers for coupling constraints.

Instead of using general sub-gradient algorithms, which typically exhibit poor
performance, this Lagrangian relaxed OPF can also be replaced with a sequence of
quadratic sub-problems and subsequently updating of the Lagrange multiplier vector ¢
[139]:

k+1 2

C (X§+1)+Cb(xlg+l)+GTk( k+1_y/;+1)+,8_ v _y/;

: : :
S PRt R VAR [P

k+1 k+1 k+1 k+1 .
(Xa ’Xb ’ya ’yb )=argm1n

(4.6)
and 6“"' =¢* +aly” - yt) 4.7)

where the B and c are scalar penalty constants, a is the step size during iterations, and "”

is the inner-product norm.
Noticing the fact that the series of sub-problems are regional decomposable, one

can easily deduce the optimisation problems for both areas:

k+1

yet -yl

(x';”,y’;” ) = argmin{Cu (x’”1 )+c Tyt s 14

. > relyt ) (v —YZ)} (4.8)

(i, y4) = arg min{cb (xt)-a™yi + g Iys - yi] - clys f vt -yt )} 4.9)

By introducing the second order penalty functions of the border variables into the
sub-problem at each iteration, the convergence of the overall algorithm is improved.
This method can also be understood in another way: the penalty terms (the second

through fourth terms in equation (4.8) and equation (4.9) are the cost function of the
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dummy variables. It is dependent on the values of the Lagrange multipliers and the
previous values of the iterations.

The choice of the penalty parameters is an important issue in penalty function
methods. If the value is too large, ill-conditioning of the Hessian is likely to happen,
causing difficulties for those optimisation algorithms relying on Hessian or a suitable
approximation. On the other hand, if the penalty parameters are too small, the solution
approach may not be able to converge to a solution that satisfies the coupling constraints
[131]. In the next section, the choice of parameters in the series of sub-problems

described in equation (4.6) will be discussed.

4.3.3 The choice of parameters
Two major approaches in decomposed OPF have been discussed in section 4.1 and

4.2 respectively, both of which are sub-gradient methods. Compared with the
Lagrangian relaxation method, the Augmented Lagrangian function method in this
section has better convergence performance. Moreover, it can be applied in various
power flow models, because the only constraint to be relaxed is a linear equality
constraint.

However, it is well known that in all kinds of sub-gradient methods, it is important
to choose the starting point of the Lagrange multipliers appropriately, otherwise the
convergence performance can be far worse [129].

The dummy variables are also bound in this way that at each iteration, there is no
large deviation from the old values obtained from the other side of the tie line.

The choice of penalty factors is problem-dependent. [134] gives an empirical

equation to help reliable convergence in the OPF problem, that is:
a=—fF=c (4.10)

For most sub-gradient problems, the step size a has to be chosen at each iteration.

In this constrained optimisation problem, a must be chosen to reduce the duality gap,
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while at the same time reduce the constraint violations. [129] studied extensively the

adjustment of the step size in sub-gradient methods.

4.3.4 Application issues
The method discussed in this section requires less information exchange than that

in section 4.1. The initial values of the Lagrange multipliers ¢ are obtained through co-
ordination among the TSOs. The quantity information of the dummy variables is also
exchanged to act as the parameters of the local sub-problems. Once these local sub-
problems are solved by the local TSOs in parallel, ¢ can be updated according to
equation (4.7). The tuning of stepsize also requires co-ordination, normally exchange of
certain aggregated information. Except some special cases, the step size needs to be
adjusted at each iteration [131]. The step size can be made proportional to the estimated
value of the duality gap [129], the duality gap and the maximum variable increments in
all the areas should be published during each iteration.

The augmented Lagrange method uses quadratic penalty terms to avoid the solution
oscillation difficulties. The non-separable quadratic penalty terms are then replaced by
the linear approximation around the solution obtained from the previous iteration. The
quadratic terms of decision variables are added to the cost function as auxiliary
functions to improve the convergence performance. In the test example presented in
Chapter 5, the augmented Lagrangian relaxation method demonstrated good

convergence.

4.4 A New System Decomposition Method

There have been a variety of methods of how to choose the coupling variables. One
may think of using the real and reactive power flows on the tie lines as the coupling
variables, which is similar to the ‘market splitting’ approach where the power flows on
the tie lines are determined jointly by the neighbouring TSOs to make full use of the tie

lines. However, a closer look at the market splitting [117] suggests that this method
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only works well in radial network structures [82]. This assumption doesn’t hold in a
meshed network, where transition power flows travel among the sub-systems through
the tie lines.

In fact, in the decomposed OPF calculation, the network structure is broken down
into individual control areas, and the local TSO cannot calculate out the interactions
with other control areas without the knowledge of network parameters in other control
areas. The power flows, voltage magnitudes and power angles of the frontier buses are
determined jointly by both of the neighbouring sub-systems, and an injection at the
frontier bus or the power flow on the tie line alone cannot represent the influence from
the external system. This will lead to the divergence of the decomposed OPF, or
converging to a feasible but not optimal result.

In the following analysis, the power flow equations are re-written to give a better
understanding of the choice of coupling variables.

The OPF problem in the interconnected system can be written as:
A
min » C,  (4.11)
a=1

subject to the equality and inequality constraints:
g(P,Q,V,5)=0 (4.12)
h(P,Q,V,5)=<0 (4.13)
for Va =1,---,A as the area number.
The C, is the total social cost in a control area, and it is normally expressed in a
quadratic form.
The set of equations (4.12) are power balance constraints and they form the normal

power flow calculation model.
The inequality constraints equation (4.13) are operating limits, including generation

limits, system reserve limits, transmission limits, voltage limits, stability limits, etc.
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This large-scale central dispatch problem can be decomposed into several problems
within individual control areas, so that the TSOs can solve these sub-problems in
parallel. In this thesis, the interconnected system is split up by the cross-border tie lines,
and the variables within each control area are grouped into local variables and border

variables. For example, let’s study the following two-system network in Figure 4-4:

(=) »

XA, YA XB, YB
Figure 4-4 System Topology Decomposition

The x, and x, are local variables while y, and y, are border variables. Figure
4-4 gives the topology decomposition, and the next step is to choose the appropriate
electrical variables to represent the neighbouring control areas.

Noticing the fact that equation (4.12) is the standard power flow equation, the

system coupling variables can be easily chosen. Consider the standard power flow

problem:
P, = Fg; ~Pp; =U,;3U |G cos 6, +By; sin 67 ) (4.14)
Q. =0 -0, - Uing(Gij sin 0; — By cos 85 | (4.15)

As each bus has four variables (P, Q, U and 9), given two of the variables, the other
two can be calculated from the power flow equations. In other words, any two of the
variables can determine the bus status through the power flow equations.

In 6ptimal power flow calculation, the real and reactive injections are decision
variables which will be determined directly in the solutions, while the voltage and
power angles are status variables dependent on the decision variables through the

constraints. The status variables of the frontier buses are determined jointly by both of
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the neighbouring sub-systems, and they also appear in the local OPF calculation.

Therefore, the voltage magnitudes and power angles of the frontier buses can be chosen

as the coupling variables, as shown in Figure 4-5 and Figure 4-6. The neighbouring
regions can always be ‘put together’ without affecting any power flows as long as the
coupling variables match with one another. In other words, if the coupling variables
agree with one another, and all the local constraints are met, a feasible solution of the

entire interconnected network is given.

P1,Q1,U1,01 U2,02
O )
\\ I’
Bus 1 Bus 2
Figure 4-5 Variables available for TSO A

Figure 4-5 shows the variables appear in the local OPF problem of area A. The x,

is the vector of the internal bus variables, or the so-called “core” variables in [126] and

[134], xA=[PA o, U, 5A]T . The vector [P1 Ql] is also part of x,, but as it is

closely connected with the frontier bus variables through the power flow equations, it is

listed separately from x, . The frontier variables are [U . 0, U, 52], i.e. the voltage

magnitudes and power angles at the frontier buses (bus 1 and bus 2). Similarly for TSO

B, the frontier variables are also [U ., 0, U, 52], as shown in Figure 4-6, and the

core variables are [xB P, QZ].

U1,01 P2,0Q2,U2,02
’,/ l\\= ] @
\\ ,I
Bus 1 Bus 2
Figure 4-6 Variables available for TSO B
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The aim of this decomposition approach is to separate the objective function as
well as constraints. From the OPF model we can see that the objective function is
regional separable. By studying the equality constraints for a “core” bus (equations
(4.14) and (4.15)), we can see that the power flow equations only consist of the
variables of buses directly connected to this bus. Therefore, the equality constraints in
each control area are regional separable.

The inequality constraints, including voltage limits, generation limits and
transmission limits are also separable.

The power flow equality constraints cannot be applied to the frontier bus on the
other side of the tie-line, because the parameters of the lines connected to it are not
known for the local TSO. However, a new set of equality constraints called coupling
constraints can be used to replace the unknown power flow equations. For the two-
system network, the coupling constraints can be expressed as:

Ur=UF, 6 =08, U} =U}, 8 =6; (4.16)
so that there is no mismatch between the two control areas.
For simplicity we can re-write the coupling constraints as:

YA =Yg (4.17)

The equality and inequality constraints can be expressed as:
gA(XA’yA)=07 gB(XB’yB)=0 (418)

and h )=0 (4.19)

AXA YA =OhgGgYy

These constraints apply for all the internal buses (core buses).

The method proposed in equation (4.16) doesn’t require any additional virtual
buses and thus avoid modification of the line reactance matrix. The neighbouring
regions can always be ‘put together” without affecting any power flows as long as the
coupling variables match with one another. In other words, if the coupling variables

agree with one another, and all the local constraints are met, a feasible solution of the
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entire interconnected network is given. Therefore, by maintaining the coupling
constraints, the optimal results from parallel local OPF are also the global optimum.

DC power flow calculation is widely used in network analysis. In DC power flow
methods, all the bus voltages are assumed to be 1.0p.u. Therefore, the coupling
variables are the power angles at the frontier buses.

This proposed system decomposition method explicitly requires the border
variables in both of the neighbouring systems, and uses equality constraints instead of
penalty functions to enforce the coupling relationship. It can be applied in barrier
function methods as described in section 4.5.3.

If the ‘dummy buses’ in the middle of the tie-lines are used instead of the ‘frontier
buses’ (as in Baldick’s approach [126]), the real and reactive power flows should also
be included in addition to voltages and power angles as the coupling variables. In this
thesis, Wang’s topology decomposition approach is used because there’s no need to

change the network admittance matrix.

4.5 Barrier function method (Interior Point Method)

An effective way of solving OPF problems is the interior point method (IPM). [PM
has attracted great interests because of its fast convergence characteristics and numeric
robustness. Past experiences have shown that the IPM is very effective in dealing with
large scale ill-conditioned networks, and is not sensitive to the size of the problems
[140]. For a constrained optimisation problem, the IPM can ensure that each step of
search for the optimum falls within the feasible region of the solution space.

Among all the IPM methods, barrier function methods have been widely used in
power system optimisation. Clements etc. [141] applied it in state estimation, [140] uses
a direct IPM to find the load shedding scheme. [142] applied a predictor-corrector IPM
in OPF using voltage rectangular coordinates. [143] gave a OPF method using barrier

function techniques to address the dynamic OPF problem by decomposing the inter-
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temporal coupling among variables. Aguado etc. applied the IPM in interconnected
networks [127] and [137]. [144] gives a multiobjective OPF to evaluate voltage security
costs using IPM.

A well-known figure to show the different approaches of IPM and simplex method

is shown in Figure 4-7:

X*

Figure 4-7 Search paths of IPM and Simplex Method

Figure 4-7 illustrates the two different approaches. The simplex method takes the
path from X, through X,,... X, until X", jumping from one border point to the next
one, therefore the search direction in the simplex method is along the borders of the

feasible region. On the contrary, the IPM starts from an interior point X, and searches

through X, and it can reach the optimum X * within fewer iterations.

Barrier function method is one of the most popular IPM method, and it is used in
this thesis. In this method, KKT necessary conditions are applied in conjunction with
barrier functions. The Newton iteration method is used to solve a set of linear equations
and approach the optimum. A group of logarithm functions are appended to the
objective function as the ‘barrier’ terms to enforce those inequality constraints. Then the
search direction is obtained with Newton search in a certain neighbourhood determined
by the barrier parameters and the ‘central path’[145]. The barrier parameters are forced
to decrease during each Newton iteration until approaching zero, and the KKT

necessary conditions are met. The IPM are used first in linear programming problems,
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then extended to nonlinear optimisation problems. These path-following interior point
methods have good convergence performance even in the worst case, because of the
robustness of the underlying algorithm.

For a large-scale nonlinear optimisation problem, the OPF problem for example,
the barrier function methods can be applied as long as the objective function and the
constraint functions are all twice differentiable. For the following power flow model,
this requirement is met, so the barrier function method can be applied.

As the path-following method is obtained by using Newton search, its performance
is also influenced by the choice of starting point, like the ordinary Newton method.
However, choosing an infeasible point as the starting point is allowed provided that the
slack variables are nonnegative.

In this section, an existing decomposed OPF approach based on barrier function
methods will be analysed, and then an improved method is proposed and compared with

the existing ones.

4.5.1 Mathematical model of barrier function methods
Consider this optimisation problem:

min  f(x) (4.20)
subject to: g(x)=0 (4.21)
and h(x) <D (4.22)

Use nonnegative slack variables to convert the inequality constraints into equality
constraints: h(x) +s =D, s>0 (4.23)

After the conversion, logarithmic barrier functions are used to avoid dealing with
the nonﬁegativeness of the slack variables s. This is done by appending the logarithm

barrier terms to the objective function:

f,(x) = f(x)—iuj Ins, (4.24)
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Where the positive u; are constant within an iteration but upgraded during the
procedure. If the inequality constraint corresponding to s; is binding, 5.0 and thus

the barrier item makes f,(x) >> f (x), therefore the new search direction will be

prevented from going nearer to the boundary. So, the logarithm terms act as the

‘parriers’ and change the search direction from pure Newton direction to a new one

dependent on the barrier parameters u; . During the iteration u; is forced to decrease,

so that 4; >0 at the end of iteration procedure, thus x — x if the iteration procedure

converges. Different values of the batrier parameters for different slack variable can be
seen as weight factors.
Apply Lagrangian relaxation to all these equality constraints and we can get the

Lagrange function:

L(u)=f—ng—zT(h+s)—zk:yjlnsj (4.25)

j=1

where the A and z are Lagrange multipliers associate with the constraints. During
the iteration procedure p—>0.

Kuhn-Tucker necessary conditions are used to obtain the optimal solution.
According to the KKT conditions, these Lagrange multipliers z must be nonnegative,
and satisfy the stationary conditions:

oL _

0 4.26
™ (4.26)
oL

=0 4.27
) (4.27)
L_o (429
as

oL _, (4.29)
0z
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These equations are linearised to get a symmetric positive definite Hessian matrix,
and then can be solved using Newton methods or predictor-corrector methods [132].
Instead of taking several Newton steps until converging to the optimal solution to the
sub-problem with fixed p, at every iteration the p is reduced, and the problem is re-
linearised. This is the main feature different from conventional Lagrangian relaxation or
augmented Lagrangian methods [132].

As the slack variables s are introduced to tackle the inequality constraints, there’s
no need to identify the binding inequality constraints in each iteration if the
nonnegativeness of s is met. The price for this advantage is the increase in the number
of variables, and the more complicated calculation of the linearised equations (4.26)

through (4.29).

4.5.2 Existing approach
Barrier function methods are widely used in a variety of OPF models, for example,

[142] and [146]. Aguado etc. applied the IPM in interconnected networks [127] and
[137]. This idea is very appealing because of the robustness and fast speed of IPM. The
decomposition is similar to Baldick’s method where coupling constraints are enforced
to achieve the final global optimum. [128] also gives a decomposed IPM to address the
dynamic OPF problem. Both of the methods are based on Newton search direction for
static point to meet the KKT conditions, and the linearisation of KKT conditions by first
rank Taylor expansion is the way to decomposition. As both Aguado’s and Xie’s
approaches finally lead to a border-blocked Newton equation set, only the former one is

discussed here.

Aguado’s method can be illustrated using the same two-area system as that in

section 4.2:
min C, (xa )+ Cb(xb) (4.30)

a and b are the areas.
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Subject to: all the local constraints discussed before, plus the coupling constraint:

Yo =Ys (4.31)

After converting all the local inequality constraints into equality constraints and
appending the barrier function terms to the objective function, the dualised Lagrangian
function can be written as:

Kot
L(-)=Ca +C, —yZlnsi +2'g+z" (h+s)+o’(y, -y,) (4.32)

i=1
Where the C, () and C, () are cost functions, g and h are equality and inequality
constraints respectively. k., is the number of inequality constraints in area a and b.

The p is a scalar whose value changes during the iterations, but keeps constant at each

iteration. A single value of u for all the s, means no weigh difference among the

inequality constraints.
By Applying KKT conditions on the Lagrangian function Aguado obtained a group
of equations [137]. They are then solved using Newton iteration. The step sizes are

chosen so that the s; in each iteration are always nonnegative, therefore the new points

obtained by the iterations always satisfy the inequality constraints. Furthermore, if the
equality constraints are also satisfied, the new points obtained through iterations are
always within the feasible region. Thus it is called an interior point method (IPM).
Note that the Lagrangian function is separable because of the introduction of
Lagrangian multipliers ¢ on the global coupling constraints. The resulting Newton

iteration can be expressed as the following border-blocked matrix:

k
U, 0TI [ [Au] | nle
0U, T | |Au, |=|rlu (4.33)
[T, 0| |Ac| |rlu*

Where the u is a vector consisting of decision variables, dependent variables, slack

variables and the Lagrange multipliers in this area, plus the coupling variables in this
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area. U is the Hessian matrix of the Lagrangian function in this area. r is residue of u or
o, and it is a function of barrier parameter p. I" is the incidence matrix between coupling
variables and the u vector. During the iterations, the Hessian matrices are upgraded, but
I" is a constant matrix only determined by the topology. According to Aguado [137], the

upgrade of ¢ is obtained by an elimination procedure, thus:
Ao = (CUDT + U T e, ~TU sy, -TUSY,) (434
Then the Au; and Au, can be obtained by back-substitution of Ao .

From the description we can see several disadvantages of this approach:

Due to the inclusion of slack vector s and its Lagrangian multipliers z, the
feasible conditions can be ensured, but the size of variables in the Newton
equations (4.33) is greatly increased in all the areas.

* This approach requires inverting of the augmented Hessian matrix U. U is not
always invertible, causing difficulties in obtaining the increments. Moreover, T’
are highly sparse matrices and thus the left item in equation (4.34) is often not
available.

4.5.3 A coordinated Barrier Method for Solving Nonlinear Programming—

an improved method
Based on the observation of the existing barrier method, here an improved method

is proposed. It has been tested in a 3-area 7-bus system with good perf