
Combined Pool/Bilateral Operation 

in Electricity Markets 

By Ivana Kockar 

M.Eng. (McGill University, Montreal, Canada) 

B.Eng. (University of Belgrade, SCG) 

A thesis submitted to the Department of Electrical and Computer Engineering in partial 

fulfiUment of the requirements for the degree of 

Doctor of Philosophy 

Department of Electrical and Computer Engineering 

McGill University 

Montréal, Québec, Canada 

© December 2003 



1+1 Library and 
Archives Canada 

Bibliothèque et 
Archives Canada 

Published Heritage 
Branch 

Direction du 
Patrimoine de l'édition 

395 Wellington Street 
Ottawa ON K1A ON4 
Canada 

395, rue Wellington 
Ottawa ON K1A ON4 
Canada 

NOTICE: 
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell th es es 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 

ln compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis. 

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis. 

• •• 
Canada 

AVIS: 

Your file Votre référence 
ISBN: 0-612-98293-9 
Our file Notre référence 
ISBN: 0-612-98293-9 

L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans 
le monde, à des fins commerciales ou autres, 
sur support microforme, papier, électronique 
et/ou autres formats. 

L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protège cette thèse. 
Ni la thèse ni des extraits substantiels de 
celle-ci ne doivent être imprimés ou autrement 
reproduits sans son autorisation. 

Conformément à la loi canadienne 
sur la protection de la vie privée, 
quelques formulaires secondaires 
ont été enlevés de cette thèse. 

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant. 



Abstract 

This thesis develops a general combined poollbilateral electricity market model that 

allows for the simultaneous dispatch of both pool and bilateral trades. The latter are usually 

negotiated privately among the generators and loads and result in long-term agreements of 

the order of days to months. The bilateral contracts can be firm or non-firm but in all cases 

they stand for physical rather than financial obligations to generate a certain amount of power 

at sorne bus and to consume it at sorne other specified point in the power network. The power 

consumed by the loads that does not come from bilateral contracts is supplied by the pool 

generation, and is traded in the so-called spot markets whose time horizons can range from a 

day to as close as one hour. 

In this combined market model, an ancillary services including transmission losses 

and congestion management are supplied by the pool. The market clearing process 

identifying the scheduled generation levels and the nodal electricity prices (also known as 

locational marginal prices) is defined by the solution of an optimal power flow which 

minimizes the total offered generation cost plus any curtailment or non-curtailment costs. 

This optimization, which is performed centrally by a system operator, simultaneously 

satisfies the power balance at an the network buses while respecting the power flow limits in 

all lines including transmission losses. In particular, the market clearing process takes into 

conisderation generation limits imposed by the bilateral contracts, a constraint whieh as this 

thesis demonstrates can have a profound impact on the market performance. 

The performance of the combined poollbilateral market is evaluated both technically 

and financially. The technical performance of a specifie market is measured in terms of the 

pool and bilateral generation levels, by the degree of transmission congestion and by the 

transmission losses. The financial performance of individual market participants is based on 

the nodal priees, power transfer rates, as well as on the revenues and expenditures of both 

generators and loads. 

Simulation results indicate that careful coordination of the pool and bilateral trades is 

essential as certain mixes can force out of merit generator operation, unnecessary 



transmission congestion, lower generation revenues, and higher consumer payments. This is 

particularly so if the bilateral contracts are finn. 

In order to les sen the consequences of inefficient poollbilateral mixes, a variation of 

the combined poollbilateral market is also examined under which the participants may submit 

curtailment offers for their finn contracts and non-curtailment bids for their non-finn 

contracts. The market clearing procedure in this case detennines the levels of generation, the 

nodal prices, as well as the levels of contract curtailment. 

Finally, the Aumann-Shapley unbundling procedure is applied to the combined 

poollbilateral model with finn con tracts. This enables the decomposition of the generation 

levels into three different service components, namely pool generation, bilateral generation, 

as weIl as a generation tenn supplying ancillary services attributed to the bilateral trades. The 

unbundling procedure also calculates the corresponding costs associated with these 

"unbundled" services and allocates them among the different market participants. This 

service and cost unbundling process is then implemented into a Pay-as-Bid pricing 

mechanism and compared with the conventional marginal pricing. 
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Résumé 

Cette dissertation propose une structure pour un marché d'énergie électrique 

permettant l'ordonnancement simultané de transactions bilatérales et de transactions 

anonymes à travers d'un pool centralisé. Les contrats bilatéraux sont normalement transigés 

directement entre les producteurs et les consommateurs, et résultent en des accords à long 

terme allant de quelques jours à quelques mois. Ces contrats peuvent être fermes ou non. 

Toutefois, ils sont des obligations physiques de produire ou de consommer une quantité 

donnée d'énergie à un point donné du réseau plutôt que de simples obligations financières. 

L'énergie consommée ne provenant pas des contrats bilatéraux préétablis est fournie par la 

production mise en commun par le pool. L'horizon du processus d'ordonnancement du pool 

centralisé varie d'un jour à une heure. 

À l'intérieur de ce modèle de marché mixte poollbilatéral, tous les services auxiliaires 

incluant les pertes et la gestion de la congestion du réseau de transport sont fournis par le 

pool. Le mécanisme de résolution du marché utilise un algorithme d'écoulement de 

puissance optimal qui minimise le coût total de la production ordonnancée par le pool en plus 

des charges reliées au contingentement ou non-contingentement des contrats bilatéraux. Cet 

algorithme identifie l'ordonnancement optimal de la production en plus des prix de l'énergie 

électrique à chacune des barres du réseau. L'algorithme d'optimisation, exécuté de manière 

centralisée, se doit de satisfaire simultanément l'équilibre entre la puissance consommée et 

injectée à chacune des barres du réseau tout en respectant les limites de transit de toutes les 

lignes de transport. En particulier, l'algorithme prend en considération les restrictions de 

production imposées par les contrats bilatéraux. On démontre que ces restrictions peuvent 

avoir un impact significatif sur la performance du marché. 

L'efficacité de ce modèle de marché mixte est évaluée sous un angle technique et 

financier. L'efficience technique d'un marché donné est mesurée selon les niveaux de 

production ordonnancés par le pool et par les contrats bilatéraux, par le degré de congestion 

du réseau et par le niveau des pertes sur le réseau. Le rendement financier des participants du 

marché se base sur les prix de l'énergie observés à chacune des barres du réseau, du taux 
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d'échanges de puissance, en plus des revenus et des dépenses des consommateurs et des 

producteurs. 

On démontre, à l'aide des résultats de simulations numériques, que la coordination du 

pool et des échanges bilatéraux est essentielle car certains ordonnancements entraînent 

l'opération non économique des unités de production, un degré de congestion du réseau très 

élevé, des revenus moindres pour les producteurs, et de plus grandes dépenses pour les 

consommateurs. Ces phénomènes sont particulièrement accrus lorsque les contrats bilatéraux 

sont fermes. 

Afin de diminuer les conséquences de l'inefficacité de certains ordonnancements, une 

variante du modèle de marché mixte bilatéral/pool est examinée. Cette variante permet aux 

participants de soumettre des offres de contingentement de leurs contrats fermes et des offres 

de non-contingentement pour leurs contrats non fermes. La procédure de résolution du 

marché dans ce cas détermine les niveaux de production, les prix à chacune des barres en 

plus des niveaux de contingentement des différents contrats. 

Finalement, la procédure de décomposition d'Aumann-Shapley est utilisée pour le 

modèle de marché mixte poollbilatéral avec des contrats fermes. Celle-ci permet la 

décomposition des niveaux de production en trois composantes de service différentes, c'est­

à-dire la production associée au pool, la production associée aux contrats bilatéraux et la 

production associée aux pertes et à la gestion de la congestion sur le réseau. Cette procédure 

calcule en plus les coûts correspondants à chacun des services et les attribue aux participants 

du marché. Ce processus de décomposition des coûts et des services est ensuite appliqué à un 

marché utilisant un mécanisme de compensation selon l'offre. Celui-ci est comparé avec la 

même procédure appliquée lorsque la compensation se fait selon le coût marginal. 
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Chapter 1@ 

Introduction 

1 .. 1 Background 

In the past, most electric utilities operated as vertically integrated systems, having 

complete control over power production, transmission and distribution in the geographic 

area they served, and were therefore considered as monopolies. A main goal of these 

utilities was to main tain reliable and economical operation of its network. AlI decisions 

and actions to support such operation were coordinated by the control centers. In addition, 

utilities were the sole owners of the transmission network, generation capacity and aU 

other resources necessary to meet their goal. Customers paid a single tariff that reflected 

an associated costs plus a reasonable rate of retum that was controlled by a govemment 

regulatory body. 

The move to restructure the electricity industry over the past decade or so 

however initiated a radically new philosophy in power system operation. Utilities were 

obliged to separate into independently operated generation, transmission and distribution 

companies, while introducing competition and separate pricing for various services, a 

process known as unbundling. In addition, power system restructuring brought in the 

notion of open and equal access to the network by aH competing agents. 

The shift towards the deregulated operation was successful in sorne countries and 

parts of the US however in other cases it resulted in market failures [l, 2]. This was due 

mainly to the unique characteristics of electricity compared to other types of 

commodities, primarily the need to satisfy Kirchhoff's and Ohm's laws and to match 
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suppl Y and demand instantaneously. This highlights the fact that finding appropriate 

electricity market models is not an easy task and requires doser cooperation between 

power system engineers and economists. 

For the supply of real power, two main market models have emerged: (1) pool 

trading which is carried out through a centrally operated entity that determines generation 

levels and prices based on submitted generation offers and load bids, and (2) bilateral 

trades defined by privately negotiated bilateral contracts that can be either physical or 

financial obligations. Both models require a central system operator who se task is in one 

case to calculate the pool dispatch based on the submitted offers and in the other to 

approve and adjust the bilaterai trades. In addition, the system operator ensures that line 

flows are within limits so as to maintain both reliable and economic system operation. 

Both electricity market models allow for the trading of separate services (ancillary 

services) needed to support power system operation. For instance, active power 

generation can be subdivided into components that coyer demand, network losses, as weIl 

as fast and slow reserve. The supply of reactive power and voltage support has also been 

considered by sorne as separately-priced tradable commodities. One difficult question 

here is how to price and cost the various services as well as how to coordinate them. 

Although open access to the transmission network allowed the various market 

participants (generators, Ioads and marketers) to freely choose their trading partners, this 

can also lead to congested system operation, a condition which may backfire by rendering 

a trade unprofitable after considering transmission costs. This drawback can occur in 

transmission networks that were built in the "regulated era" and were designed for certain 

patterns of power flows. Under the new trading rules the se flows can change, causing a 

network to operate under conditions for which it was not intended, and which can lead to 

network congestion. 

To correct this problem and improve system operation, different solutions are 

possible, both financial and technica1. Under the first approach a priee is plaeed on 

network line overuse to send adequate incentives and discourage market participants from 

causing congestion. The technical approach seeks to improve network capability by 

installing additionallines or equipment that can enhance the control of power flows. 
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1 .. 2 Motivating factors and topics of thesis 

Prior to this research, most of the published results dealt with either pool or 

bilateral electricity market models, with relatively little work reported on a general 

market model that allowed for combined simultaneous dispatch of both pool and bilateral 

trades. This thesis therefore investigates such a combined power system operation when 

all ancillary services as weIl as congestion management is mn by the pool. 

In such a combined market, generators may sen part of their power to the 

consumers through privately negotiated bilateral contracts, which can be firm or non­

firm. They may also sen the excess generation output to the pool by submitting offers in 

the form of curves of $/h versus MW produced. The pool then dispatches generation 

according to these offers to meet any remaining unserved load, to supply the necessary 

transmission losses, and to carry out congestion management if needed. 

Unless carefully coordinated, certain mixes of pool trades and bilateral contracts 

can interact so as to impair significantly the technical performance of the power system as 

weIl as the financial performance of individual generators and consumers. Particular 

attention must be paid to firm bilateral contracts which can not only force the pool to 

operate out of merit but which can also lead to unnecessary transmission congestion, to 

low generation revenues, and to high consumer payments. 

To analyze these effects, an electricity market model is developed for this thesis 

based on the optimal power flow. Various technical and financial performance measures 

(revenues and expenditures) are then defined from the perspectives of the system, as weIl 

as individual generators and loads. Through these measures, the combined pool-bilateral 

market model is then examined under two pricing schemes: 

);>- Locational Marginal Pricing (LMP) 

);>- "Pay-As-Bid" Pricing (PAB) 

In addition, the market model under LMP method is extended to include firm and non­

firm bilateral contracts with curtailment options. These are useful variations of the market 

mles which can avert overly congested operation due to poor planning of the bilateral 

trades. 
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1 .. 3 Claim of Originality 

To the best knowledge of the author, the following can be considered as original 

contributions to research: 

1. Application of the combined poollbilateral model with simultaneous 

trades, where bilateral contracts are considered physical. This is a one­

step procedure that dispatches the pool in combination with the 

privately negotiated bilateral contracts while minimizing cost and 

accounting for both los ses and congestion. 

2. Investigation of the influence on system operation of the relative levels 

of bilateral versus pool trades from the points of view of technical and 

financial performance. This is carried out from the perspective of 

individual generators and loads. 

3. Derivation and analysis of additional financial measures that allow 

market participants to evaluate the relative profitability of each 

component of its chosen poollbilateral mix. This information can be 

used by agents to plan their future participation mix in the combined 

market. 

4. Extension of the original combined poollbilateral model to inc1ude 

curtailment bidding of firm contracts, so as to allow for better 

coordination of bilateral trades, to enhance congestion management 

strategies, and to reduce congestion costs. These addition al features 

could also be used by bilateral parties to curtail contracts with non­

profitable pre-negotiated priees. 

5. Addition of non-firm contracts with non-curtailment bids to the 

combined poollbilateral mode!. This type of trades also improves 

poollbilateral coordination and congestion management. Here, traders 

with non-firm bilateral contracts may offer to pay in order to improve 

its chances of non-curtailment. 
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6. Application of the combined poollbilateral model in the algorithm that 

allows for service and cost unbundling of generation outputs. Namely, 

un der the combined model, it is possible to distinguish three services 

provided by the generators and received by the consumers and the 

bilateral parties. 

7. Unbundling of the generator outputs into three components: pool supply 

(induding required ancillary services), bilateral supply, and ancillary 

services aUocated to the bilateral contracts. A similar unbundling 1S also 

carried out for the generation cost and to the cost component allocated 

to the loads and the parties involved in bilateral trading. The 

unbundling algorithm is based on the Aumann-Shapley co st sharing 

pricing method [3,4]. 

8. Application of the previous algorithm to Pay-as-Bid pricing of the pool 

operation. So far, the Pay-as-Bid method was used only for bilateral 

contracts, however the possibility to unbundle services and costs and 

allocate these costs among the various market participant allows for its 

application to pool operation as well. 

1.4 Thesis outline 

The nature of different electricity market structures and mles are reviewed in 

Chapter 2. Some aspects of existing research on CUITent market models, both from the 

perspective of generation competition and transmission pricing, are examined. This 

chapter also summarizes various types of ancillary services and how these could be traded 

under different market models. Finally, a comparison of existing pool and bilateral 

electricity markets is presented. 

The combined poollbilateral model proposed in this thesis is presented in Chapter 

3. The market structure of this combined model is defined together with trading options 

and mIes for the different market participants. Then, the mathematical framework of the 

dispatching procedure is defined, together with various generation and load components. 
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Furthermore, the pricing of these components is explained and vanous financial 

performance measures are defined. These include a range of generator and load revenues 

and expenditures, as well as the merchandising surplus of the network. 

Application of the Locational Marginal Pricing approach for the mixed 

poolfbilateral operation is illustrated in Chapter 4. Numerical results under the assumption 

of firm bilateral contracts highlight the importance of good bilateral planning to avoid 

unnecessary congestion and out of merit operation. In order to add the necessary 

coordination between the pool and bilateral trades and ultimatel y enhance overall system 

operation, the original model is modified to include curtailment offers of firm contracts. 

The model is also extended to allow non-firm bilateral contracts with non-curtailment 

bids. This new framework is derived and tested numerically in Chapter 5. 

Finally, in Chapter 6, the combined pool/bilateral model is implemented to 

calculate the various generation and load services and associated costs. Then these 

unbundled variables are implemented to define financial performance measures under the 

Pay-As-Bid pricing scheme. The values of these measures are then compared with results 

obtained under Locational Marginal Pricing. 

Final remarks on the combined pool/bilateral electricity market model and its 

applications are given in Chapter 7, together with sorne proposed extensions of this 

research. 
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Models and Rules in Electricity Markets 

2.1 Restructuring of the Electricity Industry 

One of the aims behind the restructuring of the electricity industry was to allow 

market forces to play a greater role in the operation and planning of power systems. The 

basic expectations of such a change were that efficiency would increase and that 

electricity prices would decline without compromising reliability. This ideal vision 

assumed that the restructuring process would stimulate the development of new 

technology that would replace old inefficient equipment allowing investors to earn 

significant profits, notwithstanding the lower electricity rates. 

A first step in the restructuring process consisted of unbundling the traditional 

vertically integrated utilities into separate commercial units that operated independently 

of each other, although not necessarily separately owned. These units were generation, 

transmission and distribution. In addition, the security of the system operation was 

usually assigned to an independent entity here called the system operator (SO). The 

economic operation of a power system was managed by a market operator responsible for 

balancing supply and demand and for setting prices. Several different forms of electricity 

markets and operators have been developed, sorne of which will be discussed in greater 

detail below. 

In addition, the tradition al captive relation between customers and the integrated 

utilities was removed, allowing each load the option to choose a supplier willing to offer 
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better services or a better priee. Independent Power Producers (IPP's) were encouraged to 

enter the market and increase competition. In sorne cases, existing large generating 

companies were divested into smaller units through legislation [5]. Furthermore, aH 

market participants were given open access to the transmission network, so as to freely 

engage in electricity trades between any two points in the network, subject only to the 

laws of physics and to the capacity of the transmission Hnes. 

These structural changes completely transformed the electricity industry. 

Generation companies and load supplying companies became market participants looking 

to sen or buy electricity. Furthermore, attracted by business possibilities, various other 

market players started to appear, mainly traders who bought and sold power. One trend 

that stood out was to model electricity markets so that in structure they resembled 

traditional markets for other goods. The problem with this, however, was that electricity 

differs from other commodities in a number of significant ways: 

~ The need to instantaneously balance generation and demand; 

~ No means to effectively store large amounts of electricity; 

~ Transmission being a natural monopoly; 

~ Severe limitations in the ability to control the flow of electricity. 

These factors make electricity markets more complex to run and caU for tighter 

central coordination. The first feature requires real-time balancing between generation 

and demand at every bus, on a second to second basis, while maintaining system 

frequency and bus voltages within tight limits. The lack of storage means that prices are 

more volatile and sensitive to market powerl
. 

The natural monopoly of transmission and the inability to effectively control the 

flow of electricity dis torts perfect market competition. This behaviour does not occur in 

most other markets. There, the consequences are typically not as grave as in electricity 

markets where inadequate transmission flow-control can cause unreliable operation and 

system failure. 

1 Market power means that sorne participants are in a position to influence the market outcome, and thus 

benefit at the expense of others. 
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The above mentioned features caU for particular attention when defining market 

models and mles which should be transparent, easy to implement, and still lead to 

efficient electricity markets [6]. 

Figure 2-1 shows a schematic representation of the restructured electricity 

industry divided into its various components [7, 8]: 

);> Generation side: generating companies (G) and power marketers (PM); 

);> Demand side: retail (R) and distribution (D) service providers; 

);> Transmission and Trading Coordination sector: power exchanges (PX), 

transmission owners (TO), system operator (SO), ancillary service 

providers (AS), and scheduling coordinators (SC). 

Although each of these components has a specific and important role2 in the 

market, it is not necessary for aU of them to exist as separate entities. Depending on the 

market mode!, the tasks of one component can be assigned and performed by another. For 

instance, in a centralized market model the SO mns the market and therefore takes over 

the responsibilities of the Scheduling Coordinators and the Power Exchange. On the other 

hand, when the SO is not involved in trading, the SC and PX are of great importance for 

market functioning, and have to be in place. Figure 2-1 also indicates the central role of 

the sa, which is generally responsible for the tight coordination of aU other market 

entities. 

Figure 2-1. Structural components of electricity markets [8] 

2 An extensive review on the mies of each of theses segments is given in [8] 
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After a major debate regarding the role of the SO two major market concepts 

evolved: one with a strong SO and the other with a SO having fewer centralized 

responsibilities. In the first model the SO is directly involved in the trading process and 

runs the electricity market. This is the so-called MaxlSO model, generaUy referred to as 

the Pool (or Poolco) model. The second type of SO favors more decentralization such as 

bilateraI contracts among market participants and is known as the MinlSO or Bilateral 

model. Both market models have their merits and shortcomings, and their application has 

been extensively discussed and analyzed in the Iiterature [9-21]. Notwithstanding the poor 

experience in Califomia that favoured the decentralized model, it cannot be stated with 

certainty that either the pool or the bilateral model is the definite best market choice. 

2.2 Pricing Methods 

An important component of electricity market design is the pricing method which 

defines tariffs for electricity as weIl as for the various ancillary services [22]. Pricing 

plays a central role in the market, as it sends monetary signaIs on the value of the 

resources, signals that strongly influence future investments in the system infrastructure. 

In addition, from the perspective of the consumer, the price of electricity must be 

competitive. To meet these goals, a well-designed pricing mechanism has to address both 

the problem of short- and long-run efficient market operation. 

The difficulty with electricity is that its previously mentioned characteristics make 

electricity markets inherently imperfect, with the two most notable imperfections being 

the exercise of market power by generators, and the congestion of the transmission 

network. Market design, with its pricing schemes and ruIes, needs to tackle these 

problems, and discourage market participants from behavior that triggers such 

imperfections [6]. 

Generally, two main pricing mechanisms have been applied in electricity markets. 

The first approach is based on marginal pricing theory, where the price equals the short­

run marginal cost, one of the seveal general pricing polices recommended for a regulated 

natural monopoly [23], also suggested by Vickrey [24, 25]. 
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The second pricing mechanism is the non-uniform "Pay-as-Bid" pricing, where 

each participant is paid according to its submitted offer or bid. This payment is not 

affected by the offers of other market players, which contrasts with the marginal approach 

where the price is determined by the highest offer of a scheduled generator. 

The application of these two pricing methods for the various services traded in 

electricity markets is discussed next. 

2.2.1 Service unbundling and pridng 

The primary product traded between generators and loads is active power. 

However, to ensure secure system operation, one can define various unbundled services 

which in principle could be traded separately and would require separate pricing 

mechanisms. Ancillary services include generation of losses and real-time load following, 

reactive power generation and voltage regulation, as well as spinning reserve [7]. Under 

the MaxIS 0, the ancillary services are charged through prices that embed all services, 

however under the MinISO model, separate markets and priees can be set up for the each 

service. 

Generation trading and prÏcing 

Opening the generation side to competition was one of the foundations of the 

restructuring of the electricity industry. Generation pricing was therefore a significant 

factor in market design. The type of the pricing used is closely tied to whether centralized 

(spot or pool) or bilateral trading is employed. 

Centralized trades 

Spot trades are conducted through a centraUy fUn market, such as a pool managed 

by a SO. Trading in these markets is usually done on a short-term basis, e.g., day-ahead 

or hour-ahead. 
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Two Pricing Techniques: Marginal and Pay-as-Bid 

Typically, the pricing mechanism of centralized trading is founded on the 

marginal pricing method. Generators compete to supply demand by submitting offers in 

the form of curves of $/h versus MW output, as weB as start-up costs and their operating 

constraints and availability. Based on these offers, as weIl as the load purchase bids, the 

market operator de termines the generation dispatch that maximizes social welfare3
, 

subject to transmission and other system constraints. There are two main variations of 

marginal pricing in electricity markets: 

)P> system marginal pricing; 

)P> locational marginal pricing. 

Under system marginal pricing [26, 27], the generator offers are stacked in a 

merit order, and the clearing price is defined by the intersection of this curve with the 

cumulative load curve, as illustrated in Figure 2-2. The market clearing priee, or Spot 

Market Priee (SMP), normally calculated on an hourly or half-hourly basis, is then 

applied to aH generators uniformly, regardless of their offer or their location. 

As the SMP does not explicitly take into consideration transmission constraints, 

various mles have been developed to address the transmission congestion problem. For 

instance, the initial version of the England and Wales (E& W) pool market first calculated 

the merlt order dispatch without transmission constraints. This dispatch was then revised 

under congested operation using heuristics under which re-dispatched generators were 

compensated by extra payments charged to the consumers in a pro-rata form. In the 

Scandinavian countries, the NordPool market is, in the case of congestion, split into zones 

whose supply is provided by separate generator offers. In that case, NordPool switches to 

a simplified Locational Marginal Pricing scheme. 

Since the SMP method does not explicitly account for ancillary services, their 

pricing is usually in the form of uplifts, which are separate charges devised to cover the 

costs associated with the supply of such services. Again, these charges are passed on to 

the consumers usually as an extraordinary pro-rata charge. 

3Social welfare is defined as the difference between the total demand benefits and the total cost of 

generation. 
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Locational Marginal Pricing (LMP) is a more complex variation of marginal 

pricing. As in SMP, the market administrator collects generator offers and load bids, and 

calculates the optimal generation dispatch by maximizing social welfare. The difference 

here however is that the optimization is subject to various system constraints such as hne 

loadability and voltage limits. fi its most general form, this dispatch also includes the 

suppl Y of losses and other ancillary services necessary to support system operation. LMP 

is normally applied in MaxISO models, in which case the System Operator runs an 

Optimal Power Flow (OPF) procedure that defines a price at each bus of the network 

[13,28-30]. 

priee [$/MWh] 
demand 

, , , , __________ J 

: 
SMP I--------~, 4--.J 

i 
: 

g~-':l!.C~~i~!~-l-.... ----' 
_ ......... _ ... J 

P[MW] 

Figure 2-2. Spot Market Clearing Process 

This form of dispatch can be based on a full AC OPF, but to simplify the 

numerical complexity, it is also possible to use an optimization procedure based on a 

linearized OPF. If, in addition, the simplified network model is lossless, a price difference 

among the buses will appear only for congested operation, however if the model also 

accounts for losses, locational prices will vary for each bus, even in the absence of 

congestion. One needs to be cautious about the application of simplified OPF models as 

such formulations can result in inefficiencies and cross-subsidies among competing 

agents [31, 32]. 

Besides marginal pricing, the Pay-as-Bid method could also be used in centralized 

operation. Scheduled generators would then be paid according to their offers, rather than 

based on the system marginal price or marginal nodal prices. This thesis presents a 

procedure to unbundle various generation services and calculate their associated costs for 
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use in Pay-as-Bid pricing. Details of the proposed prieing mechanism are diseussed in 

Chapter 6. 

Di(ficulties Associated with Centralized Trading 

Two important issues affeeting the performance of pool trading are market power 

and priee volatility. 

fo- Mçrr.&~t..f.QWf}'[ 

Market power appears when, due to insuffieient competition, sorne generators 

recognize that they are in a position to affect the market price and exploit this advantage 

to increase priees and eam extra profit. To make matters worse, as electricity demand is 

less responsive to priees than other cornmodities, demand-side market forces that would 

normally reduce demand and diminish the effects of generating market power are weaker. 

Because of the nature of electricity in comparison with other cornmodities, 

generators have more opportunities to exercise market power than traders. As discussed 

in [33], generators can exploit market power not only by withholding their output (as with 

other more conventional cornmodities), but also by manipulating production so as to 

cause network congestion. Cardel et al. [33] have demonstrated these strategie 

interactions though examples, and showed the necessity of developing priee incentives 

and other measures that will discourage such behavior. Similar analysis of congestion 

caused by an increase in production was performed in [34] for various auction 

mechanisms. The analysis demonstrated that the operation with separate market-clearing 

procedures is more vulnerable to strategie behavior by well-located market players than 

integrated pool auctions in which market clearing is carried out while simultaneously 

accounting for transmission constraints. Results from [35] argue in favor of transmission 

expansion to reduce market power. 

One way to address the problem of market power is by designing adequate offer 

protocols. One example of how such protocols could be used in the England and Wales 

(E&W) pool market, the NordPool, and the Victoria Power Exchange in Australia is 

discussed in the survey on the design of pool market pricing auctions and mechanisms in 

[36]. Also, sorne argue that offers in discrirninatory price auctions, like in the Pay-as-Bid 

method, would reduce market power and price volatility [37, 38]. Interestingly, others 
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daim just the contrary, namely that Pay-as-Bid pricing can weaken competition and lead 

to inefficiency [39, 40]. This debate continues unresolved today. In any case, a change 

from marginal to Pay-as-Bid pricing or viee-versa would have a significant impact on 

generator of fer strategies [37-39]. 

Other possibilities to restrain market power are through adequate transmission 

pricing or via bilateral trading as discussed later on in this chapter. 

);> P.rj~~.y.QJ~m.ÜY 

Because a balance between supply and demand has to be continuously maintained, 

and there is no practical way to effectively store electricity, its priees are more volatile 

than those of other commodities. Sinee the priees of eentralized trades are known only 

after the calculation of the dispatch, this type of priee is called ex-post. This characteristic 

exposes market participants to a greater priee risk. To hedge against priee uncertainty, 

generators and loads may choose to enter into bilateral trades that typically have a known 

pre-negotiated price valid over a longer time horizon than the spot-priee. 

Bilateral trades 

Bilateral trades or contracts are directly negotiated agreements between market 

participants, for instanee between a generator and a load. Such agreements can also be 

traded at forwards and futures markets. Bilateral agreements are not sold at a marginal 

priee, but rather at a pre-negotiated rate, rendering this technique an ex-ante type of 

pricing. Each contract has its own priee that depends only on the arrangement between 

the interested parties, and not on other trades. Therefore, bilateral agreements faIl under 

the category of Pay-as-Bid (P AB) pricing scheme. In eontrast to marginal pricing, sinee 

this priee is pre-set, it is neither uneertain nor volatile. The drawback however is that a 

fixed bilateral priee could be lower than the spot priee, a condition whieh would be 

disadvantageous to the seller (generator) and advantageous to the buyer (load). 

Altematively, if the bilateral priee is higher than the spot priee, an opposite effect takes 

place. 
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Types ofbilateral contracts 

Two major types of bilateral contracts can be distinguished: 

(i) Physical; 

(ii) Financial. 

Physical contracts specify the parties that generate and consume the power agreed 

to in the contract, the buses of injection and consumption, as weIl as the amount of traded 

power. A selling generator has the obligation to produce power to supply at least aH of its 

physical bilateral contracts, while a load is expected to consume at least aIl of its physical 

bilateral contracts. 

Financial contracts, on the other hand, are agreements that specify only the 

amount and the price of the traded power, together with other trading conditions4
• The 

points of injection and consumption may or may not be defined. Even if known, these 

points are not binding. This means that a selling side of the contract is free to appoint any 

market participant willing to suppl y the energy, while a buyer can also resell the contract 

further, and find another party to consume the power. Financial contracts may be resold at 

the market several times before the expiration date. 

From the operational point of view, physical contracts directly affect generation 

dispatch since a generator has to produce at least the amount of its bilateral obligations. In 

addition, physical bilateral contracts may affect transmission congestion. Because of these 

influences on the overall system operation, the network usage resulting from each 

bilateral contract has to be approved by the System Operator before its actual scheduling. 

As defined by the North American Electric Reliability Council (NERC) [41] contracts 

could be non-recallable, also called firm or non-interruptible, and recallable, usually 

referred to as non-firm or interruptible. For a firrn contract, the system operator confirrns 

that the full amount of a approved power transfer could be scheduled, except in the case 

of an emergency. In order to withdraw from such a contract, or curtail it, parties may need 

not only each other's consent, but also the permission from the system operator. 

4 These conditions are of a financial nature allowing for a variety of contract arrangements, and do not 

pertain to system operation. 
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Alternatively, non-frrm contracts are not guaranteed, and would be scheduled only as the 

operation conditions allow. 

Financial contracts do not need to obtain any kind of advanced approval. A system 

operator does not even have to know about their existence. They are traded in the futures 

and forwards markets, without any power transfers actually being scheduled. To 

implement the trades arranged through financial con tracts it is, however, necessary to 

transform them into settlements that firmly define the points of consumption, and to 

specify whether these loads are supplied bilaterally or through the pool. 

If the financial agreement is to be fulfilled bilaterally, the parties involved 

transform their agreement into one or more physical contracts for which permission from 

the SO is required. 

Contraets for Differences (CfD) are special financial contracts between a 

generator and a load in which they reach an agreement regarding the price and the amount 

of power traded, however only the centralized pool dispatch determines those generators 

that in fact suppl Y the power. The trading partners essentially sen and buy their power 

through the pool, at the pool marginal price, and then in a separate financial transaction 

compensate each other for the difference between the pre-agreed and actual prices [22]. 

Financial Risk Management though Bilateral Contraets 

As previously pointed out, the price of centrally traded electric power is volatile. 

These price fluctuations introduce financial uncertainties that market participants did not 

have to face in the era when utilities were regulated monopolies. In financial the ory, a 

generally accepted strategy for a market player to hedge against spot price uncertainty is 

to engage in bilateral trades that offer more stable rates over time [42]. 

Hedging through futures contracts, as weIl as by production scheduling was 

investigated in [43] in the context of tradeoffs between profit and risk when evaluating 

bilateral trading. Application of interruptible forward contracts that allow supplier to 

disrupt a service is analyzed in [44] under integrated utility operation, while [45] further 

looks into the use of similar contracts that are interruptible from the demand side. The 

above mentioned research deals with hedging strategies for financial contracts for a single 

product (electricity). However, it is also possible to use an alternative cross hedging 
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strategy where future contracts are negotiated in different markets [46], like natural gas or 

oil. 

Besides a direct role in financial risk management, bilateral trading also affects 

the prices of centralized trades. Thus, producers may wish to use forward contracts to 

enhance their position in the spot market, ev en in the absence of uncertainty [47]. 

The original version of the England and Wales (E&W) pool and the current 

NordPool markets [48] show that there was indeed a link between bilateral and spot 

markets. Although theses two markets were quite different, it was observed that, as the 

number of bilateral contracts in E&W diminished, instances of spot price hikes became 

more frequent. On the other hand, increased bilateral trading in NoordPool market tended 

to reduce price volatility in the spot market. However, it was also observed that in the 

NordPool market, the average future prices were above spot prices at the time of delivery 

[49]. 

Transmission pricing and Congestion Management 

A vital element of the electricity industry restructuring is the notion of open 

access to the transmission network, and this regardless of the generation market structure. 

Transmission access rules have to ensure that all market participants have equal access to 

the transmission grid as denial of such services or unequal access will infringe on free 

market operation and distort competition. 

While opening the generation side to competition was possible, transmission and 

distribution networks are still considered natural monopolies. Thus, any tariff for the use 

of the network must be subject to regulation. 

Because of losses and line flow congestion, the ability to trade can however be 

very much affected by the transmission network. In particular, under congestion, sorne 

markets participants could be denied transmission access for certain trades, because they 

would need to use lines already "consumed" by others. In microeconomic the ory this is 

an externality problem, which arises when the property rights5 are not well defined. The 

overuse of transmission Hnes (congestion) is an example of the overuse of common 

5 A property right is a right to decide how certain resources should be used. 
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goods6 [50], which can occur when the network is inadequately managed and its access is 

inadequately priced. 

General methods to correct the influence of extemalities include: 

);> intemalization of extemality costs by those who are producing them; 

);> taxation and quota policies; 

);> setting up enforceable property rights and establishing additional markets 

for their trading. 

Which of the se techniques will give the best results depends on the particular 

market and commodity. 

The System Operator, therefore, needs to establish transmission access ruies and 

pricing which will support rational exploitation of the transmission grid, especially in the 

case of transmission scarcity. Furthermore, transmission charges have to properly 

compensate owners of existing lines and provide adequate signals for future investments. 

Sorne argue that polie y makers are more concerned with congestion management than 

with improving transmission capacity [51]. In practice this latter mission has been 

overlooked, as transmission expansion has not kept pace with the market growth. The 

problem is that transmission expansion is not only expensive, but aiso invoives 

environmental concems, as the public opposition to new transmission corridors is quite 

substantial. 

When designing a transmission pricing strategy the following principles should be 

respected [52]: 

);> recover the capital plus operation and maintenance costs and 

compensate the owners of existing transmission assets; 

);> encourage efficient network usage on a daily basis; 

);> signal the need for transmission and generation expansion to encourage 

efficient investments; 

);> be fair to aIl market players; 

6 Common goods are those goods that do not have a well-defined owner who can control their use and 

exclude others from overusing them. A power network can be regarded as a common good. Technically, 

different parties could own transmission Hnes, but the SO controls their operation. Due to various factors, 

overuse (i.e. congestion) of the network may occur, causing market inefficiency. 
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~ be transparent and understandable to users; 

~ be practically implementable. 

Sorne of these requirements, however, are difficult to meet simultaneously. Thus, 

practical applications involve compromises, one of the most discussed being a tradeoff 

between short-term efficiency and simplicity [53]. An extensive survey on different 

transmission management methods has been presented in [54]. 

Many agree that pricing in electricity markets should account for the network and 

in particular power flow limits, an issue that has been extensively examined [55, 56]. In 

practice, two major paradigms have emerged: 

~ locational marginal pricing approach - mainly advocated by proponents 

of the MaxISO and pool trading, 

~ Flowgate approach - favored by proponents of MinISO and 

decentralized trading. 

Major differences between these two approaches include how congestion IS 

managed, questions regarding network representation, types of permitted bilateral trades 

and transmission rights, and actual transmission pricing for transactions (nodal vs. zonal 

and uniform). Both models agree that transmission rights 7 that allow their owner to access 

a portion of the transmission capability are necessary for bilateral trading8
• 

One way to define a transmission right is to compute a so-called point-to-point 

transfer capability from point A to point B in the network, while another method is to 

de termine a transmission capability for each link of the network [58]. 

A distinction can be made between financial vs. physical rights. The first entitles 

its holders to a financial compensation from anyone actually using the capacity, while the 

second guarantees a capacity reservation or scheduling priority. 

Under locational marginal pricing [59, 60] the point-to-point transmission charge 

is equal to the location marginal priee difference between the node of injection and the 

sink node. This payment is calculated ex-post so there is a certain risk associated with its 

7 Transmission rights are property rights. 

8 Sorne analyses of transmission rights allocation, however, indicate that there could be instances where 

these rights would enhance the market power of sorne generators [57]. Recalling the analysis of strategie 

interactions [33, 35], this does not come as a surprise. 

20 



Models and Ru/es in electricity Markets 

value. Traders can hedge against these unknown transmission payments by purchasing 

Financial Transmission Rights (FTRs) that guarantee their holder rights on transmission 

charges for acquired point-to-point reservations. FTRs are purchased from the sa, and 

could be traded since they do not affect generation dispatching. Tradable financial rights 

shield the parties in bilateral contracts from potentially high congestion costs, while those 

who have not secured such insurance remain vulnerable, since their transmission 

expenses are based on nodal priee differences. 

In the Flowgate approach, market participants have to obtain transmission rights 

across the !ines they expect to use [58, 61] in order to gain full financial protection and 

scheduling priority. The rights are considered firm and can be initially acquired from a 

sa through auctions, however they can also be freely traded at a secondary markeë. An 

important component of this method is to allocate transmission usage for each bilateral 

transaction. Usually, }inear Power Transfer Distribution Factors (PTDFs) are used for this 

purpose however other methods are also proposed [62, 63]. 

Tradable flowgate link-based rights can be administrated in a separate market. The 

liquidity of the secondary transmission rights market is essential for efficient system 

operation. 

In the Califomia market, in the case of intra-zonal lO congestion, an additional 

improvement step to adjust the requested schedule is performed [64-66]. Bilateral parties 

can submit increase and/or decrease offers that help the system operator modify requested 

trades. For Hnes that still operate at a limit, a financial settlement is based on zonal priee 

differences. 

Contract curtailment is also proposed as part of pool congestion management 

schemes [67, 68], where market participants compete for scheduling by submitting 

transmission offers. The pool solves a coordination problem by minimizing deviations 

from the requested values. 

9 This secondary market is considered a significant factor for bilateral trades. 

JO A congestion zone is defined as a portion of the grid where SO does not expects frequent line congestion. 

These areas are defined by the SO, based on previous experience. Lines that connect these zone could, 

however, be prone to congestion. 
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Other instances of congestion management include interruptible contracts for 

energy [69], allocation of congestion to each transaction depending on its contribution to 

a physical-flow [70]. And other variations from five different markets as discussed in 

[71]. 

In essence, the main debate is the centralized vs. decentralized administration of 

transmission rights. One school of thought argues in favor of tight centralized 

coordination, since it grants the most efficient system operation, and does not depend on 

the liquidity of the secondary transmission rights market. On the other hand, proponents 

of the decentralized approach favor bilateral trading, and clam that "passive" transmission 

rightsll are not sufficiently market-oriented, and are prone to misuses by the SO and the 

transmission owners. 

2.3 Two Electricity Market Concepts 

AH previously described structural and pricing concepts are applied in different 

electricity market models. An extensive survey of various market models in [72-74] 

covers the numerous design and rule issue previously discussed. The following sections 

outline their main characteristics as well as major differences. 

Pirst, two idealized "pure pool" and "pure bilateral" models, operationally 

feasible, are described [12]. PracticaHy aH market models have one of these two models 

as the predominant structure, but often include sorne elements of the other model as weIl. 

Pure Pool Model 

In a pure Pool market aIl markets participants are obliged to buy and sell power 

through the centralized pool run by the System Operator. There is no direct interaction 

between buyers and sellers, that is, there is no opportunity for direct physical of financial 

bilateral trades among market participants. Furtherrnore, the marginal pricing methods 

described above are typically applied. 

Il Oren refers to financial rights as "passive" rights. 
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Proponents of centralized operation assert that this tight coordination ensures 

efficient and secure system operation, because the SO has aU the necessary information to 

de termine the most economical dispatch. This type of operation was first put into 

operation in ChUe and then in England and Wales. 

Pure Bilateral Model 

In contrast to mandatory pooling, the pure bilateral model is based solely on a set 

of physical and financial transactions, so that all transactions are negotiated between 

generators and consumers. Market clearing is defined by a set of balanced bilateral 

transactions. An independent System Operator is responsible for system operation, but 

manages only bilateral transaction already negotiated. Moreover, the SO will enter into 

bilateral contracts on its own, so as to secure the necessary ancillary services. 

Predominantly Pool Concept with Finandal Bilateral Contracts 

This mode!, lately also referred to as Integrated [72, 75] evolved from the pure 

pool model, when market participants felt a need to hedge against spot priee volatility and 

uncertainty, and started to enter into financial Contracts for Differences (CID). Because 

of the CID structure, the involved parties did not need approval from the SO or any other 

body, and it was a convenient way to reduce market risk. 

In addition, predominantly pool-based markets like PJM, New Zealand and 

Australia [76] have instigated these bilateral trades. The SO has still maintained its central 

role in the system operation and performes overall optimization subject to generation, 

transmission and other system constraints. 

Proponents of this mode! argue that the level of efficiency achieved through a 

centralized market can hardly be matched or exceeded by alternative decentralized 

models [18], even asserting that this is the model that "should fit aH" [77]. 

It is interesting to note, though, that in March 2001 a completely different mode! 

replaced one of the most renowned pool type markets, namely the market of England and 

Wales. The New Electricity Trading Agreements (NETA) is based on bilateral trading and 

a Pay-as-Bid pricing mechanism in the balancing market [39, 78]. The primary objective 
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of this change was to curb market power of generators and reduce priees. So far, prices 

have gone down, but it is still early to draw sorne definite conclusions regarding the 

operation of this new structure. 

Also, recently sorne markets, like PJM, have started to allow generating units to 

self-schedule their output, which when combined with the transmission rights become 

equivalent to physical bilateral contracts [79]. 

On the other hand, opponents of the centralized model argue that the SO becomes 

too powerful an entity, with a significant impact on the overall system operation, and then 

welfare of each market participant. This calls for a tight control of the SO by other 

regulatory and independent bodies. Sorne believe that this is a serious argument against 

such a centralized model. They also argue that the efficiency of a centrally determined 

dispatch is sensitive to the truthful disclosure of generator costs, as weIl as to 

approximations and assumptions adopted in the optimization procedures [21]. AIso, this 

type of a model requires very weIl formulated economic incentives [75]. 

Predominantly Bilateral Trading with Physical Bilatera~ Contracts 

This is a model where market participants are encouraged to enter into bilateral 

trades which, when approved by the SO, are actually realized. The SO is still responsible 

to maintain reliable system operation, but it has to honor the pre-approved contracts. Only 

in the case of congestion or out of merit operation may bilateral parties be asked to adjust 

their original schedules. Furthermore, aU market participants can trade through a Power 

Exchange (PX) that is essentially a centralized market. In contrast to pool markets, the PX 

is not integrated into the SO, but is just another market player that submits its trades for 

approval. 

Because trading and coordinating functions are completely separated, this model 

is also referred to as Decentralized or Unbundled. Its Proponents emphasize the "freedom 

of choice", and the absence of "invisible hand of the SO". Also, they argue that bilateral 

contracts help offset the market power of generators, and point out the weakness of 

optimization procedures, especially with the various approximations usual1y assumed. 
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Summary of Trading Models 

A summary and comparison of primarily pool (integrated) and primarily bilateral 

(unbundled) models is given in Table 2-1 [72]. 

Primarily Pool Primarily Bilateral 
(Integrated) (Unbundled) 

Type of System Operator Independent Independent 

Scheduling Based on generation offers Matched schedules 

Pricing Marginal 
According to bilateral 

agreements 

Balancing services 
Integrated with centralized 

Separate balancing market 
pool market 

Transmission rights Financial Physical or financial 

Congestion management 
Integrated with centralized Congestion market or 

pool market tradable transmission rights 

Reserve markets are Reserve markets, preferably 
Provision of reserves integrated with centralized integrated with balancing 

pool market market 

Table 2-1. Summary of trading models [72] 
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Combined PoolIBilateral Operation 

Markets that allow both pool and bilateral trading are currently cleared via a two­

step procedure that in a first pass assumes that the two markets are independent. This 

assumption implies that, in the first step, the bilateral contracts have little or no influence 

on system losses, transmission congestion, as well as pool priees [67, 80]. Only in a 

second step, does the SO examine whether security constraints are violated and, if 

necessary, readjusts the pool and, possibly, the bilateral levels [68]. A variation of this 

two-step approach is to send sensitivity signaIs to the bilateral parties to help them re­

negotiate bilateral contracts to new levels that will relieve congestion [17, 66]. 

The market model proposed in this the sis is based on a one-step optimal power 

flow that simultaneously takes into consideration pool trades and bilateral contracts while 

minimizing co st [81]. The optimization model also accounts for both transmission los ses 

and congestion. The solution of this optimization problem defines the market clearing 

process, and yields the optimum levels of "pool" generation together with the Lagrange 

multipliers associated with the power balance equations at each node. Under marginal 

pricing, these multipliers become the pool nodal priees (or locational marginal priees), 

which reflect the combined pool/bilateral operation with aIl its constraints. One advantage 

of this model is that heuristic ex -post corrections are not required to account for los ses or 
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transmission constraints, as is the case in two-step methods. Such heuristics generally 

introduce inefficiencies in the form of higher total cost and cross-subsidies among 

competing agents [82]. The disadvantage of the proposed model is that it is more 

complex, as it considers an the variables and constraints sîmultaneously, and requîres 

greater computational effort. 

An assumption that is made throughout this chapter is that the bilateral contracts 

have been pre-approved by the sa, which means that the generators have the right and 

the obligation to inject into the network the total amount of power defined by their 

contracts. Approval of the bilateral contracts by the SO also implies that each contract is 

guaranteed sufficient transmission capability from the sending (injection) to the receiving 

bus (consumption). Chapter 5 analyses a more general case where sorne of the bilateral 

contracts may not be pre-approved and are subject to curtailment. 

This chapter is organized as follows: First, the market structure of the proposed 

combined pool/bilateral market is outlined. Next, the generation and load levels are 

decomposed into pool and bilateral components. This is followed by the optimal power 

flow model characterizing the combined pool/bilateral operation. The pricing of the 

various pool and bilateral components is then discussed, from which technical and 

financial performance measures are defined for each competing entity. These 

performance measures allow each market participant to evaluate the profitability of a 

particular bilateral contract, as weIl as the overall performance of the chosen mix of pool 

and bilateral trades. The ultimate objective is for each participant to use these measures 

to plan its relative level of participation in the pool versus the bilateral market. 

3 .. 1 Proposed PoollBilateral Market Model Structure 

Figure 3-1 shows a schematic structure of the proposed combined pool/bilateral 

market, and illustrates the relationships between the various market participants. In this 

mode!, the SO simultaneously carries out three main functions: 

>- Auction; 

>- Network operation; 
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);;> Ancillary services. 

The network operation function collects an line data, including flow limits, and 

sets up the load flow equations at each bus and the power flow relations at each 

transmission hne. The auction function conects the voluntary generator offers to the pool 

as well as the generator operational limits together with the previously negotiated 

bilateral contracts. If the loads are elastic, a similar set of data defining the load bids to 

the pool is also collected; however in this thesis the assumption is that the loads are 

inelastic. The market clearing procedure based on a minimum cost optimization dispatch 

then yields the generator outputs and the priees of the pool-supplied energy at each bus. 

The ancillary services required by the bilateral contracts (such as the transmission losses 

and any generation congestion re-dispatch due to transmission congestion and maximum 

generation output limits), which are attributed to bilateral contracts, can also be found 

from the market clearing process. 

contracts 

Transmissioll 
Manarfement 

i&;. 
$rs", 

'lI~·"'4# ... o;l.l-' Bilateral 
., con tracts 

Figure 3·1. Proposed combined poollbilateral market structure 
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3.2 Combined PoollBilateral Dispatch: A Mathematical 

Model 

In the next two sub-sections first the generation and load variables are 

decomposed into pool and bilateral components. This is followed by a mathematical 

framework of the proposed combined poollbilateral market. 

The models that follow all assume that the loads are inelastic and specified and 

that the biIateral contracts are physicai rather than financial. In this chapter, in addition, 

the bilateral contracts are considered firm (non-curtailable). 

3.2.1 Load and Generation Pool and Bilateral Components 

In a mixed poollbilaterai market, the vector of the given real power demands at an 

the buses of an n-bus network is denoted by, 

This has two components, 

);- the "bilateral demand" component defined by the bilateral contracts, 

);- the "pool demand" component defined by the difference between the total 

and the bilateraI demand, PI = {Pd~ ; j = 1", " n}, so that, 

(3.1) 

In addition, the bilateralload components, Pd~' are decomposable into the sum of the 

specified firm bilateral contracts with the supplying generators, that is, 

n 

~~ = LGDij, (3.2) 
;=1 
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where GDij denotes a bilateral contract delivered at load at bus j from generator at bus i 

[83]. For the sake of simplicity, it is assumed that each bus has only one load and/or one 

generator. Defining now the vector e = {1,1, ... ,I}T of dimension n and using (3.2), the 

bilateral demand vector P; can be more compactly expressed as, 

(3.3) 

where GD = {GDij,i = l, ... ,n; j = l, ... ,n} is the matrix ofbilateral contracts. 

One of the tasks of the manager of a load-supplying entity is to establish a "best" 

mix of pool and bilaterallevels, in other words, the relative levels of P; and PI that will 

meet the load in the most economical manner to the consumer. As this thesis will show, 

the relative poollbilateral mix is critical in this respect. The same comment applies to the 

manager of a generating company. 

Similarly, the scheduled bilateral generations can also be described as, 

n 

P:' = LGDij' (3.4) 
j=l 

which, in vector form, becomes, 

Pb=GD g • e. (3.5) 

The total generation vector, Pg, is here defined as the sum of the scheduled 

bilateral contracts, P:, and the pool generation component, P:, that is, 

(3.6) 

Since the bilateral generation contracts do not include the supply of losses, this 

function becomes the sole responsibility of the pool. Therefore, the pool generation 

defined as P:, is that component of Pg supplying both the pool demand, PI, as weIl as 

any transmission los ses and generation re-dispatch due to the combined effect of the pool 

and the bilateral demands. There may be other ways of supplying the losses attributed to 
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the bilateral contracts, however these methods are much more complex than the pool­

supply method proposed here [67, 84]. 

Similarly, if transmission constraints become a factor, the generation must be 

adjusted to avoid line overloading. In general, this adjustrnent can be accomplished by 

varying the bilateral contracts, the pool generation component, or a combination of both. 

In this mode!, any re-dispatch to manage congestion due to either the pool or the bilateral 

demands is also the sole responsibility of the pool through the component P: . 

3.2.2 Formulation of a Combined PoolIBilateral Market 

Clearing Dispatch Procedure 

If generator i wishes to sell power to the pool market, it submits an offer, that 

inc1udes the suppl Y function, 8 gi (Pg ) , plus the upper and lower limits on the generation 

level, Pgi • In competitive markets, the offered supply function need not be equal to the 

true cost curve, Cgi(~)' which is generally known only to the generating company. 

As previously stated, such offers are used to supply not only the pool part of the 

demand, PI, but also the system los ses as weIl as any ancillary services required by both 

the pool and bilateral demands, respectively, PI and P; . 

The SO c1ears the combined poollbilateral market by minimizing the sum of the 

offered supply functions, known as the aggregate supply function, 

n 

8=8g(Pg)= L8gJ~) (3.7) 
i;! 
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while respecting aIl system constraints12
. 

Using the notation of (3.1) - (3.6), the combined poollbilateral market clearing 

strategy can, therefore, be expressed by the following OPF problem, 

(3.8) 

S.t. (Pg,Qg' V,B)E S 
b • 

Pg ~Pg =GD'e 

The set S above denotes the security region of the power system in the space of 

generation levels and bus voltages, (Pg,Qg' V,Ô). Such a region is defined by: 

);> the load flow equations, 

);> the range of real and reactive generation, 

and QllIin < Q < Qmax 
g - g- g , 

);> the voltage magnitude limits, 

);> and the transmission flow limits, 

12 In a more general approach, the objective function of (3.7) would be to maximize the total social welfare, 

W , defined as, 

W =Qd(Pd)-Elg(Pg) 

= :tQdj(~j) - :t El .,CPg,), 
}=1 1"'1 

where Qd/Pdj) is the bid submitted by loadj to the pool, which, in essence, is a demand curve that shows 

how much a load j is willing to consume at each priee. It also reflects the demand elasticity with regard to 

the pool priee. As loads are considered inelastic in this thesis, the demand curve is constant and can be 

omitted from the objective function. 
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The solution of (3.8) yields the optimum levels of all decision variables, including 

the generation vector, Pg' as well as the Lagrange multipliers associated with all 

constraints. The pool generation component can then be found by subtracting the 

scheduled bilateral generation, that is, 

(3.9) 

What distinguishes the combined poollbilateral formulation in (3.8) from the pure 

pool dispatch (with no bilateral transactions) is the additional vector inequality, Pg ;;:: P: ' 

that establishes the minimum generation levels dictated by the bilateral contract 

commitments. If active, this restriction indicates that sorne generators have over­

committed themselves to bilateral trades. A more detailed discussion of the characteristics 

of this combined market model is found in Chapter 4. 

3 .. 3 Pricing 

Markets 

Services in Combined PoolIBilateral 

As the bilateral contracts, GDij;i=l, ... ,n;j=l, ... ,n, are privately negotiated, it is 

assumed that each has its own pre-determined rate, Jri~' These contracts, however, are 

agreements for power only, excluding the associated ancillary services provided by the 

pool. The involved parties must pay the pool for the ancillary services separately. As 

mentioned before, in this market model, the se ancillary services are part of the pool 

generation component that also includes the supply of pool demand and its associated 

ancillary services. The pricing scheme of these services and of supplying the pool 

demand foUows two basic philosophies, namely marginal and Pay-as-Bid pricing, both of 

which are detailed in Chapters 4 and 6. However, irrespective of the pricing scheme 

chosen, the dispatching of the pool generation in the model proposed in this thesis is 

always based on the optimization problem (3.8). 
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In addition to the above mentioned ancillary services, as both pool and bilateral 

trades make use of the network infrastructure, an additional charge for network usage 

may be imposed to recover the network cost and to remunerate the transmission pro vider 

[85]. 

3.4 Financial Performance Measures 

As the main objective of each market participant is to increase ils financial 

welfare, il is important for each party to be able to evaluate its profit as a function of its 

pool/bilateral mix13
• Whereas a load can completely specify its pool/bilateral mix, a 

generator can only specify its level of bilateral generation, as the level of pool supply 

depends on its offer to the pool and on the outcome of the overall system optimization. 

To evaluate the economic benefit of a particular poollbilateral mix, this section 

develops two types of performance measures from the perspective of individual 

generators and loads. These measures, which are divided into revenues and expenditures, 

are first developed for the general case, irrespective of the pricing method, and are later 

expanded to the specifie cases of marginal and Pay-as-Bid pricing in Chapters 4 and 6 

respectively. 

3.4.1 Generator Revenues and Expenditures 

In this section, we begin with the assumption that the SO has cleared the market 

according to the optimization problem (3.8), and that it has determined a set of nodal 

prices for aIl pool quantities. Thus, al bus i, the price charged by a generator for pool 

services is 1l';i' while the priee paid by a load is 1l'~ . As will be seen in Chapter 6, under 

13 The pool/bilateral mix of a load or a generator is defined as the relative level of pool versus bilateral 

participation. 
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Pay-as-Bid pricing, these two priees may differ, but under marginal prieing they are equal 

to the nodal priee or loeational marginal priee, 

J'CP = J'CP" = Il, 
gl Ct l 

(3.10) 

When a nodal generation price, J'C;, is applied to the pool component Pi, the 

revenue of generator i from aH pool-related services (ineluding the suppl y of losses and 

congestion management attributed to bilateral contracts) becomes, 

RP - -rrP PP 
gi - ,. gi' gi' (3.11) 

The second source of revenue for generator i, as indicated in Figure 3-2, cornes 

from its bilateral trades, GDij;'ï:lj. Under the assumption that each bilateral contract with 

load j is charged by generator i at the privately negotiated bilateral rate, J'C~, this second 

revenue component is, 

n 

R;i = IJ'C~ . GDij . (3.12) 
j=J 

In addition, generator i has an expenditure for the aneillary services required by 

the power transfer of eaeh of its bilateral contracts GDij' This expenditure is denoted by 

E~cl, where the subseript "bel" stands for "bilateral constraint/loss". Since this 

expenditure depends on the point of injection of the bilateral contract, i , and the point of 

consumption, j , each contract has its own power transfer priee, J'Ci~cl. This priee is 

determined by the SO based on the optimization procedure of (3.8) and on the pricing 

mechanism used according to the procedures described in Chapters 4 and 6. The power 

transfer payment of contract GD ij is therefore, 

(3.13) 

As E~c/ is associated with a bilateral trade, rather than with the selling-generator i or with 

the buying load j, this payment can be split in arbitrary proportions between the se two 

entities. Under the assumption that generator i is responsible for the part k (where 
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parameter k E [0,1]) this generator will be assigned an expenditure of k E~cl for the 

power transfer of contract GD ij' while load j will be charged (1- k )Ei~cl. The total 

obligations of generator i for ancillary services required by all its contracts are therefore, 

Il 

Ehd = k ~ ~cl • GD . 
gl L.. 1] IJ (3.14) 

j=1 

Thus, due to these power transfer payments the net price that generator i sees for its 

bilateral trade GD il is not equivalent to the bilateral sale priee, Jri~' but rather reflects alI 

the revenues and expenditures associated with that contract. Therefore, from the point of 

view of generator i, its net bilateral price can be defined as, 

(3.15) 

Combining (3.11) - (3.14), the net revenue of generator i is finally, 

R Rp Rb Ebcl 
gi = gi + gi - gi 

n Il 

= Jr;. Pgi + IJrt . GDij - k IJrtcl . GDij 
(3.16) 

j=1 j=1 

while its profit equals the difference between this revenue and the true cost of generation, 

C gi (Pg) , that is, 

(3.17) 

Since the true cost function, Cgi(Pgi ), and therefore its true profit, is information 

known only to the generator, the analyses in this thesis are carried out only with respect to 

the generator revenue, Rg;, defined in (3.16). 
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3.4.2 Load Revenues and Expenditures 

Similarly to the generators, a load} has two expenditure terms. The first corresponds to 

the pool demand component, P: ' purchased at the pool nodal priee, Jr~, that is, 

E p -.,.,.P pp 
dj -'"dj dj' (3.18) 

The second tenn is the bilateral contract payment charged at the privately negotiated 

bilateral rates, Jr~: 

n 

E~ = Itri; GDij . (3.19) 
i=! 

In addition, for each contract, a load is responsible for the other part of the 

expenditure for ancillary serviees required by bilateral trades, defined in (3.l3), that is 

(1- k )E~cl . Thus the total expense of load) for these ancillary serviees is: 

n 

E~l = (l-k)IJr~lGDij' (3.20) 
i=! 

Similarly to the generators, the net bilateral priee that reflects the expenditures of load) 

associated with bilateral trade GD ij can be defined as, 

(3.21) 

This net priee gives a more complete picture about the cost of the bilateral trade 

from the point of the load than the bilateral priee, Jr~. 

The total expenditure of load} is then, 

n n 

= Jr~ . Pdj + l tri; GDij + (1- k) l Jri~cl GDij 
(3.22) 

i=! i=1 
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In addition, the benefit funetion, Bdj (pdj ) , measures the revenue of loadj in terms of the 

power eonsumed, ~j' The benefit function does not have to be the same as the bid 

function Qdj (Pdj ) that load j submits to the pool. The difference between the benefit 

function and the total expenditure of (3.22) defines the profit ofloadj, 

(3.23) 

Similarly to the generators, since benefit funetions are eonfidential, the analyses in 

this thesis are carried out with respect to load expenditures only, as defined in (3.22). 

above. 

Figure 3-2 illustrates the monetary flows of the revenues and expenditures defined 

Costs of generating 
power output, Pg 

Revenues from pool 

generation P;' 

Payments for ancillary 
services associated with 

bilateraJ generation P: 

Revenue from bilateral 

generation P; 

Benefits from 

consuming power Pd 

Payments for 

Payments for ancillary 
services associated with 

bilateral demand P: 

Payment for bilateral 

demandP: 

Figure 3-2. Monetary flows in the proposed combined poollbilateral market 
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3.4.3 Merchandising Surplus 

In addition to the financial performance measures defined from the perspective of 

the loads and the generators, a financial measure from the point of view of the SO can 

also be identified, typically referred to as the merchandising surplus (MS). This quantity 

denotes the difference between the money that the SO collects and what it pays. From, 

Figure 3-2 and using equations (3.11)-(3.23), 

(3.24) 

n n n 

= L>'~ PI; - LJr~ P: + L Jri~cl GDij 
i=1 j=1 i,j=1 

Since the total bilateral payments of all generators are equal to the total bilateral 

n n 

expenditures of aIl loads, LR;i = LE! ' the MS of (3.24) can also be expressed in 
i=1 j=1 

terms of the totalload expenditures and generator revenues as, 

n n 

MS = LEdj -LRgi' (3.25) 
j=1 i=1 

Under marginal pricing, the MS in non-negative but under Pay-as-Bid it is always zero. 

In the case when it is non-zero, the surplus is not a profit to the sa, which is an 

independent, profit-neutral entity. This money is used for other expenses, such as to cover 

the network use charge of the transmission provider. 

The chapter that follows analyzes the application of the proposed combined pool­

bilateral model and the associated financial performance measures to a market operating 

under Locational Marginal Pricing (LMP). 
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Combined Pool/Bilateral Operation with 

Locational Marginal Pricing 

The role of priees in an electricity market is to provide each participant with 

incentives that reflect the financial impact of its degree of participation in the market, 

while ensuring a balance between supply and demand. One way to set the priee of 

electricity is through the common Marginal Pricing method, with its variations of System 

Marginal Pricing (SMP) and Locational Marginal Pricing (LMP). In essence, the 

marginal priee measures the rate of change of the cost or social welfare if an output 

increases by one unit, thus showing how much it costs to produee the next MW of power. 

The model developed in the previous chapter is based on an optimal power flow 

(OPF) for given generator offers and levels of firm bilateral contracts. The OPF 

determines the optimum levels of pool generation together with the Lagrange multipliers 

associated with the power balance equations at the various network nodes. Under LMP, 

these Lagrange multipliers become the locational marginal or nodal prices for pool 

trading, which in this Chapter 4 are applied to the proposed poollbilateral market model. 

Nodal priees are applied to the pool generation components that include the supply of 

pool demand and hs associated losses plus any generation re-dispatch, as weB as the 

anciUary serviees attributed to bilateral contracts. In this chapter, the bilateral contracts 

are considered firm physical rights and obligations to deliver power from one specified 
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point of the network to another. It is also assumed that the bilateral agreements are pre­

approved by the sa. 
The outline of this chapter is the following. First, the pricing of pool and bilateral 

components in this combined model is discussed and compared to other models that also 

apply the marginal pricing mechanism. Then, the influence of the chosen pool/bilateral 

mix on system operation and on individual financial performances of the market 

participants is analyzed using the general financial measures developed in Chapter 3. 

Un der firm bilateral contracts, high bilateral load components can lead to out-of-merit 

operation, congestion, high nodal prices and high power transfer payments. These signaIs 

correctly reflect poor planning decisions on the part of the market participants and 

provide incentives to these participants to modify their trading behaviour in the future. 

However, because such planning is not easy in the presence of uncertain behaviour of the 

competing traders, an extended poollbilateral market model is suggested that indudes 

mechanisms that permit the system operator and the market participants to curtail the 

bilateral contracts if, by so doing, the system welfare improves. These suggestions are 

addressed in Chapter 5. 

4.1 Pool and Bilateral Locational Marginal Pricing 

In the proposed combined pool/bilateral model, under marginal pricing, the 

Lagrange multipliers, Ai; i = 1, ... , n, calculated from the OPF procedure defined by (3.8) 

become the locational marginal or nodal prices. The multiplier Ai is the price charged by 

the SO to the pool demand at this bus, Pl: ' as weU as the rate at which generator i collects 

for its pool generation component, P:. It is important to emphasize that since these 

nodal prices reflect both the transmission losses and any generation re-dispatch, no 

additional charges are required to coyer such services. 

As stated earlier, bilateral contracts are for power delivered and do not include the 

supply of the ancillary services necessary for these contracts to be executed in a real 

network. In the proposed model these services must be purchased from the pool, and, 
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under locational marginal pricing (LMP), they are prieed according to the nodal price 

difference between the sending and reeeiving buses of each specific bilateral trade GDij' 

that is, 

bel 1 1 
1[ij = Aj - ~ (4.1) 

The derivation of equation (4.1) is given in Appendix A. In practice, this 

marginal priee difference is often referred to as the point-to-point transmission service 

charge [79, 86], or the congestion rent, but in this thesis, it is called the power transfer 

priee. The power transfer charge imposed by the SO to the bilateral contract GDij is 

then (À'j - /Li) GDij' and as shown in Appendix A under marginal pricing this charge 

accounts for the losses and congestion and re-dispatch14 due to bilateral trades. 

The power transfer prices are calculated from the optimization scheduling 

proeedure of (3.8) and therefore depend on the system operating point and reflect the 

levels of participation of all market participants. For instanee, if the overall poollbilateral 

mix leads to an "out of merit" operation under which sorne lower generation limits due to 

the bilateral contracts (in Pg ~ P:) become active15
, the nodal priees go up thus driving 

up the cost of pool generation. In the worst case, high levels of lower bilateral limits can 

lead to transmission congestion, to high nodal priee differences, and to high power 

transfer charges. 

The nodal prices, the priee differenees, and the power transfer payments described 

above have a profound significance, as they send financial signaIs to aIl market 

participants. In this poollbilateral model, these signaIs help buyers and sellers evaluate 

whether a chosen set of bilateral partners and poollbilateral mix is profitable. 

One characteristic of the nodal priees and the power transfer charges defined 

above is that their amount is exactly known only after aU the participants submit their 

pool offers and their bilateral contracts, and after the SO clears the market by solving the 

corresponding OPF of (3.8). As this approach entails financial uneertainty, sorne markets 

14 Therefore, under the marginal pricing the "bel" stands for "bilateral congestionlloss". 

15 A lower generation Iimit due to bilateral contracts is referred to in this thesis as a "lower bilaterallimit". 
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have introduced the notion of Financial Transmission Right (FTR) which is pre­

purchased periodically through auctions, and is an instrument to hedge against high 

power transfer charges [58, 60, 87]. 

The problem with this approach is that an FTR does not directly send the bilateral 

contract parties adequate pnce incentives to reduce the level of congestion and 

unnecessarily high social costs. fustead, these methods assume that the trading of 

transmission rights in a market would yield efficient congestion management, as the cost 

of acquiring an FTR for frequently congested hnes is expected to rise. However, gaming 

in FTR markets [33], as weIl as scarcity of transmission rights [54], could introduce 

inefficiencies and lead to difficulties in clearing the market. Furthermore, holders of FTR 

are entitled to collect the revenue from the congestion charges, even though such holders 

may not actually be transferring power. Therefore, FTR are vulnerable to gaming, as 

sorne strategically positioned holders may use them to manipulate the system and 

increase their profits. 

The model presented here applies the power transfer charges of (4.1) to ail 

bilateral trades. Similarly to [88] these congestion rents are considered essential signaIs 

for adequate congestion management because market players then face the true cost of 

their actions. As the results of this chapter show, true congestion rents or, as this thesis 

caBs them, power transfer charges, can dissuade participants from causing congestion, 

unintentional or otherwise, through better planning of their bilateral agreements. 

Since this type of long-term planning is hindered by uncertainty about how the 

competition will behave, this thesis aiso examines in the next chapter sorne mechanisms 

through which the trading partners may aUow the SO to modify their requested 

transactions at the time of scheduling in order to avoid congestion and to maximize social 

welfare. 
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4 .. 2 Financial Performance Measures under Locational 

Marginal Pricing 

4.2.1 Generator Revenues and Expenditures 

Vnder LMP, pool sales at bus i are charged at the Locational Marginal Priee, that 

is, 1[,~ = Ai . Then, the part of the revenue of generator i that cornes from its pool sales is, 

(4.2) 

The generator revenue from hs bilateral sales, P~, calculated at the privately set bilateral 

rates, 1[;, is not affected by the pool dispatch, and remains as defined by (3.12), 

n 

R;i = Ln-;; . GDij . (4.3) 
j=1 

In what coneems the generator expenditures, they are associated with its bilateral trades, 

and are defined by the combined power transfer payments for loss supply and congestion 

management. Here it is assumed that generators are responsible for half of this charge 

while the loads are assigned the remaining half, so that the parame ter k in (3.14) is 

defined as k = 0.5. Thus, following equation (3.14), the power transfer obligation of 

generator i under LMP pricing is, 

(4.4) 

Note that if a power transfer payment is negative, then the pool reimburses the parties 

coneemed, a situation that could occur if a particular contract tends to reduee congestion 

or losses. 

Taking into consideration the previous power transfer payments, the net rate of 

bilateral trade GDi} seen by the selling generator i and defined by (3.15) now becomes, 
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b b 
À -Â. 

ft = lt. _ J t 
gij Il 2 (4.5) 

Finally, the net revenue of generator i is, 

R - RP Rb E bcl 
gi - gi + gi - gi 

(4.6) 

while its profit equals, 

(4.7) 

4.2.2 Load Revenues and Expenditures 

Un der LMP, loadj pays for its pool purchases, P:, at the nodal priee, Âj' so that 

the corresponding expenditure is, 

(4.8) 

The second expense is the bilateral contract payment charged at the privately negotiated 

bilateral rates, ltg, which remains as defined by (3.19), 

n 

E~ = Lltg ·GDij' (4.9) 
i=1 

For each of its bilateral contracts, the load is also responsible for haif of the power 

transfer expenditure, Ei~cl /2, so that its total power transfer expense is, 

(4.10) 

Similarly to generators, the net rate ofbilateral trade GDij seen by load) is, 
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(4.11) 

The revenue of loadj is its benefit function, Bd/Pdj ) , generally of a confidential 

nature and unknown to the SO. The total expenditure ofloadj is therefore, 

(4.12) 

with the profit being, 

(4.13) 

Figure 4-1 shows the rnonetary flows of revenues and expenditures under LMP. 

R:i = r,ffi~ ·GDü E~ = r,fft ·GDij 

j~l --........ f>2.:<;B~fttJe:i,".i~;'~>:>Ci./:<Ji+"'-- i~l 

Figure 4-1. Monetary flows in the combined pool/bilateral market under LMP. 
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4.2.3 Merchandising Surplus 

Substituting the expressions for load expenses and generator revenues of (4.6) and 

(4.12), respectively, into (3.25), yields the value of the merchandising surplus, MS, 

collected by the sa, 

n n 

MS= LEdj - LRgi 
j=l i=! 

(4.14) 
n n 

= LÀ/Pl: - P:) + L (Àj - ÀJ GDij 
i,j=! 

4.2.4 Total Revenues and Expenditures - Other Perspectives 

The main objective of the previous financial performance measures is to assist 

market participants in evaluating the benefits of a chosen pool/bilateral mix by 

decomposing the total generator revenues and load expenditures into components that 

correspond to the pool and bilateral trades. However, equations (4.6) and (4.12) can also 

be expressed respectively as, 

(4.15) 

and, 

(4.16) 

The total generation revenue is now defined as the sum of two different terms, 

(4.17) 
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and 

(4.18) 

Sirnilarly, the tota110ad expenditures consist of two terms, 

(4.19) 

and 

(4.20) 

In comparison with (4.6) and (4.12), equations (4.15) and (4.16) convey more 

distinctly whether the chosen pooIlbilateral rnix and the bilateral tariffs Jrg are 

econornically advantageous. For instanee, in the case of a generator, the first term, R~, in 

(4.15) indicates the revenue that would have been collected had aIl generation output 

been sold at the CUITent pool nodal priee, il;. The second term, R;;, which can be positive 

or negative, measures how weIl the pre-negotiated bilateral tariffs, Jr~, compare with the 

"average" nodal priee, (il; + il) / 2. A negative value of R;i is a signal to generator i that 

its bilateral agreements in terms of priees and amounts were not profitable, so that in the 

future it should re-evaluate its bilateral selling price or the amounts contracted. 

Similarly, in equation (4.16) that depicts the total load expenses, the term Ê~ 

indicates the amount paid by load j had aU the power demand been bought from the pool 

at the CUITent nodal priee, il). The second term, Ê~, is analogous to R~ of (4.15) , but, in 

contrast with the generators, the loads seek to minirnize this term and, if possible, to make 

it negative. Large positive values of Ê~ indicate to a load j that its bilateral contracts are 

not beneficial and should be re-evaluated in future trades. 

In addition, equations (4.6) and (4.12) could be expressed in yet another form as, 
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(4.21) 

and 

(4.22) 

The first terms in (4.21) and (4.22) are equivalent to R~ and Ê~ in (4.15) and 

(4.16) respectively. The second terms allow for a direct comparison between the pre­

agreed bilateral priee and the nodal priee at which power would be sold or bought if 

purchased through the pool. The third terms are the original power transfer payments. 

4.3 Simulation Studies: Combined Pool/Bilateral 

Operation with Firm Bilateral Contracts 

The system operation under the proposed combined poollbilateral model of (3.8) 

is illustrated on the 5-bus network described in Appendix C. These studies reveal that 

firm bilateral trades can have a significant impact on the overall system operation, on 

nodal prices, on power transfer payments, and on the financial performance of the market 

participants. The results bring out the need for strict coordination between bilateral and 

pool trades. 

Simulation Assumptions 

To simplify the studies and their analysis, the bus voltage magnitudes of the 

transmission network are assumed fixed at one per unit by sufficient V Ar sources. The 

pool demand and the bilateral contracts are considered inelastic and known to the SO. In 

addition, the bilateral contracts are physical instead of financial instruments, which means 

that generator i must inject GDij megawatts into bus i while the consumers at bus j must 

absorb the same level of power. According to the already discussed rules of this 
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combined poollbilateral model, the suppl y of losses and any congestion re-dispatch is 

solely provided by the poo1. 

Sinee the bilateral contract rates are private and confidential, for the purpose of 

these simulations, reasonable estimates are presumed for these quantities, namely that 

each generator charges the same amount to aU its contracts and that this amount is equal 

to its marginal generation cost offer evaluated at its total bilateral output, that is, 

b deJP~) 
Jr = . '\I}'. 

!i dP.' 
gl 

(4.23) 

Another way to estimate the bilateral tariffs is through the expected value of the 

nodal priee, or as the marginal priee at its expected total output. 

Simulation Results with Varions Proportions of PoolIBilateral Trading 

To examine the effect of varying the relative levels of pool and bilateral trading 

(the poollbilateral mix) on system operation and on the financial performance of the 

various market participants, four cases are simulated. The results also bring out sorne 

shortcomings of the proposed market model caused primarily by the firmness of the 

bilateral contracts. 

The four studied simulated cases are with: 

~ no bilateral trades (Base case); 

~ bilateral contracts that do not affect the generation schedule (Case A); 

~ high level of bilateral trades that activate lower generation bilateral 

limits and cause "out of merit" operation but without transmission 

congestion (Case B); 

~ bilateral contracts that cause transmission congestion (Case C). 

AH four cases assume the same inelastic bus demand vector given by, 

Pd = [34 85 119 323 527t MW, (4.24) 

with the matrix of bilateral trades defined as, 
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34 51 34 153 170 

0 34 34 119 255 

GD=p 0 0 51 51 102 MW. (4.25) 

0 0 0 0 0 

0 0 0 0 0 

The proportion of bilateral demand relative to the total demand is controlled 

through the parameter p E [0,1] . For p = 0 an the demand defined in (4.24) is supplied 

though the pool, while at the opposite extreme, when p = 1 , the loads are being supplied 

only through bilateral contracts. The pool part of the demand, PI, Îs equal to the 

difference between the vectors of total bus demands and the bilateral bus demands 

(defined in (3.1) and (3.3)), 

P p - P pb 
d - d d 

34 34 

85 85 MW. (4.26) 
= 119 -p 119 

323 323 

527 527 

The total system demand in aU cases is 1088 MW. 

Base case: No bilateral con tracts 

This case where aH demands are supplied uniquely through the pool is given as a 

reference against which aH other cases can be compared. In this case p = 0 and the 

vector of pool demand is thus equal to the vector of total demand, 

(4.27) 

with the matrix of bilateral contracts being zero, GD = 0 . 

The optimum dispatch solution given in Table 4-1 shows that no generation or 

transmission constraints are activated, and that the more expensive generators 4 and 5 are 

dispatched at their lower bounds of 0 MW. 
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The values of the power flows, as well as the levels of generation and nodal priees 

are also given in Figure 4-2. 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 r- .. __ 1 
vu, 

P" [MW] 34 85 119 323 527 1,088 

Pl [MW] 34 85 119 323 527 1,088 

p'~ [MW] 0 0 0 0 0 0 

Pg [MW] 383 485 268 0 0 1,136 

P: [MW] 383 485 268 0 0 1,136 

P: [MW] 0 0 0 0 0 0 

10 [$IMWh] 35.3 35.5 37.1 56.0 57.0 -
Â, [$IMWh] 35.3 35.5 37.1 38.1 41.3 -
1fb [$IMWh] 30.4 28.8 30.4 - - -g 

c~ ",e I.$/hl 10,987 14,208 8.928 400 400- 84,923 

R: [$1 h] 13,520 17,217 9,943 0 0 40,680 

R: [$1 h] 0 0 0 0 0 0 

E Ix' 12 [$/ h] 0 0 0 0 0 0 

0 40,680 

EX [$1 h] 1,200 3,017 4,415 12,306 21,765 42,703 

E! [$1 h] 0 0 0 0 0 0 

E lxl 12 [$/ h] 0 0 0 0 0 0 

Bd (SI h] 1,~O() S,017 4,415 12,306 21,765 42,103 

Table 4-1. Case with no bilateral contracts 
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~ = 35.3 $/MWh 
17.2 MW 

,1,2 = 35.5 $/MWh 

34 MW 331.6 MW 

117 MW 

OMW 

323 MW 

....... 1-+- 1.00 p.u. 

527 MW 
,1,5 = 41.3 $/MWh 

OMW 

Figure 4-2. Base case: Line flows and nodal prices 

Case A: Bilateral con tracts (hat do not affect the generation dispatch 

Here, 41.2 % of the demand is supplied from the pool, while the remaining load is 

supplied by the bilateral contracts, 

20 30 20 90 100 

0 20 20 70 150 

GD= 0 0 30 30 60 MW. (4.28) 

0 0 0 0 0 

0 0 0 0 0 

At this level of poollbilateral mix, the lower bound bilateral generation limits 

(Pgi ~ P;) are inactive and have no effect on the optimal power flow solution. The 

generation outputs are therefore equivalent to those of the Base case of Table 4-1. 

Accordingly, the line flows for this case A shown in Figure 4-3 are identical with the 

flows of the Base case (Figure 4-2). Additional simulations show that, for this bilateral 
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matrix structure, the optimal dispatch is unaffected for any level of bilateral demand less 

than 950 MW, or 87% of the total dernand. 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

[>,1 [MW] 34 85 119 323 527 1,088 

Pl [MW] 14 35 49 133 217 448 

P; [MW] 20 50 70 190 310 640 

P, [MW] 383 485 268 0 0 1,136 

P;' [MW] 123 225 148 0 0 496 

P;' [MW] 260 260 120 0 0 640 

le [$IMWh] 35.3 35.5 37.1 56.0 57.0 -
Â [$1 MWh] 35.3 35.5 37.1 38.1 41.3 -
trh [$IMWh] 30.4 28.8 30.4 - - -g 

CI =6 [$fh} 10,9$7 14,ZQ8 a,928 400 400 34,923 

R; [$1 h] 4,337 7,992 5,499 0 0 17,828 

R; [$1 hl 7,904 7,488 3,648 0 0 19,040 

E bd 12 [$1 hl 449 539 143 0 0 1,132 

Re [$Ihl 11,192 14,940 9,004 0 0 35,736 

R;r$1 h] 13,518 17,234 9,948 0 0 40,700 

R; [$1 h] -1,726 -2,293 -944 0 0 -4,964 

E: [$1 hl 494 1,244 1,817 5,073 8,967 17,595 

E! [$1 h] 608 1,488 2,096 5,664 9,184 19,040 

E Ix/12 [$Ih] 0 3 33 234 861 1,132 

k~ l$/hl 1,102 2,736 3,946 10,971 ~311766 
Ê: [$1 hl 1,201 3,021 4,412 12,319 21,777 42,730 

Ê,~ [$1 hl -98 -286 -466 -1,349 -2,765 -4,964 

Table 4-2. Case A: P: = 58.8%; PI = 41.2% ; No active bilateral generation or transmission limits 
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li, = 35.3 $/MWh 
17.2 MW 

..1,2 = 35.5 $/MWh 

34 MW 331.6 MW 

OMW 

323 MW 

_ ............. _ 1.00 p.u. 

527 MW i--~~--i 
: ................................................................... .... 

..1,5 = 41.3 $/MWh 

OMW 

Figure 4-3. Case A: Line flows and nodal priees 

As aB system los ses are supplied by the pool, the total bilateral generation and the 

total bilateral demand are equal. The total losses can be easily evaluated as the difference 

between the total generation output (1136 MW) and the total demand (1088 MW). 

Although the generation dispatch is the same, from the financial perspective Case 

A differs from the Base case. First, the presence of bilateral contracts in case A results in 

non-zero power transfer payments, Ei~cl, with the power transfer rates being, 

0 0.2 1.8 2.8 6 

-0.2 0 1.6 2.6 5.8 

{Àj -ÀJ= -1.8 -1.6 0 l 4.2 $/MWh. (4.29) 

-2.8 -2.6 -1 0 3.2 

-6 -5.8 -4.2 -3.2 0 

Recalling that the negative values of power transfer tariffs indicate counter-flows, the 

negative values in (4.29) identify the points of the network between which bilateral trades 
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may be beneficial for the trading partners, as weIl as for the overall system operation. For 

ex ample , a contract between a generator at bus 5 and a load at bus 2 would induce such a 

counter-flow, as the corresponding value of the power transfer tariff is (~- Às) = -5.8 

$/MWh. The scheduling of bilateral contract GD52 , however, would create an increase in 

this value, but as long as the scheduled amount of GDS2 is sufficiently small as not to 

reverse the direction of network power flows, the value of (~- Às) will remain negative. 

Also, note that local bilateral contracts do not have to pay anything for the power 

transfer, as they are not contributing to system losses or congestion. For example the 

power transfer payments of load 1 are zero, E;~l = 0, as it has bilateral contracts only 

with the local generator. 

As expected, the total generation bilateral revenues (19,040 $/h) are equal to the 

total bilateral load payments. On the other hand, the total generation revenues collected 

n 

from the pool components are IR; = 17,828 $/h, while the total pool load payments, 
i~l 

n l E~ , are slightly lower at 17,595 $/h. This difference (233 $/h) can be explained by the 
j~l 

fact that the pool load payments do not include charges for the losses created by the 

bilateral contracts. These charges are covered by the power transfer payments to the pool, 

E~l /2, in this case, 1,132 $/h, for both loads and generators. Therefore, out of the 2,264 

$/h, paid to the pool for power transfers by an contracts, 233 $/h are used to pay the 

generators for their ancillary service support of the bilateral trades, while the rest (2,031 

$/h) remains with the SO as merchandising surplus. This surplus is used to reduce the 

network use payments. 

Furthermore, by comparing the various performance measures in case A, given in 

Table 4-2, with those of the Base case (Table 4-1), one can conclude that, overall, 

generators 1, 2 and 3 are now economicaUy worse off. In comparison, the loads at the 

same buses are better off because their total payments have decreased. Note that the same 

conclusion is reached when comparing the values of total generator revenues, Rgi' with 

the revenue R,~, that reveals what generator i would collect had its entire output been 
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sold to the pool, as defined by (4.17). The differenee between these two values, as defined 

by (4.15), gives R:i , which is in this case negative for an the generators. This is a signal 

to the generators that they would be better off selling to the pool and that they should re­

evaluate their bilateral agreements. The same conclusion regarding the tariffs stems from 

the second term of equation (4.21) that compares nodal and bilateral priees. As Table 4-1 

indicates, for aU three generators the nodal priees, Â., are higher than the biJateral tariffs, 

Jrg, which also means that the bilateral trades chosen are beneficial for the loads, as they 

are paying less than if an of the demand had been purchased through the pool. This is also 

reflected in the values of Ê~ and Ê!, which are the corresponding measures for the loads 

defined by equation (4.16). In contrast to the generators whose aim is to maximize the 

value of R:i , the loads wish to minimize Ê!. In this case A, all the loads were clearly 

Ab 
sueeessful, as the values of Edj are negative. 

Finally, the net bilateral rates of individual bilateral eontraets seen by generators, 

JÎ';ij' and loads, JÎ'~ij' are ealculated from (4.5) and (4.11) respeetively, and given in Table 

4-3. Comparison between these priees and the corresponding nodal priees, Â., of Table 

4-2 show that in this case the net bilateral rates of both generators and load are below 

nodal priees, and thus bilateral trades are beneficial for the loads but not for the 

generators. 

bus # of buying load 

1 2 3 4 5 

Ab 
?tgi} ~lj 

Ab 
1Cgij ff~J 

Ab 
7rgij ff!v Ab 

7rgij 
Ab 

7îdij 
Ab 

7îgij 
Ab 

1tdij 

1 30.4 3004 30.3 30.5 29.5 31.3 29 31.8 27.4 33.4 
bus #of 
selling 2 - - 28.8 28.8 28 29.6 27.5 30.1 25.9 31.7 

generator 

1
32.5 3 - - - - 30.4 30.4 29.9 30.9 28.3 

Table 4-3. Case A: Net bilateral rates seen by generators and loads 
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Case B: "Out ofMerit" operation due to active lowa bilateral generation limits 

Here in case B, the proportion of bilateral demand has been gradually increased, 

with a corresponding decrease in the pool demand so as to maintain the total demand at 

each bus constant. The total bilateral demand in this case is 992 MW, which is 91.2% of 

the total, with the bilateral contract matrix defined as, 

31 46.5 31 l39.5 155 

0 31 31 108.5 232.5 

GD= 0 0 46.5 46.5 93 MW. (4.30) 

0 0 0 0 0 

0 0 0 0 0 

The remaining load (96 MW) is supplied thorough pool purchases, 

PI = [3 7.5 10.5 28.5 46.5y (4.31) 

The results of the optimum dispatch in Table 4-4 indicate that generator 1 is "out 

of merit" and is forced to operate at the lower bound of Pg1 = P;l = 403 MW as defined 

by its bilateral contracts. This condition does not, however, result in transmission 

congestion, as shown in Figure 4-4. Moreover, the nodal priee differenees, 

0 0.3 1.9 2.9 6.1 

-0.3 0 1.5 2.5 5.7 

{Âj -ÂJ= -1.9 -1.5 0 1 4.2 $/MWh (4.32) 

-2.9 -2.5 -1 0 3.2 

-6.1 -5.7 -4.2 -3.2 0 

are relatively low and similar to those in case A. In both cases A and B, the nodal priee 

differences are due solely to transmission losses. As for the power transfer payments, 

E~cl, they have gone up in case B, even though this increase is due mainly to the higher 

levels of bilateral demand (as the power transfer rates, Âj - "li' remain practically 

unchanged). 

It can also be observed in case B that the total generation cost is slightly higher 

(34,936 $/h) than in case A (34,923 $/h). This is expected since the active bilateral limit 
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creates an "out of merit" generation dispatch that is necessarily more costly. AIso, the 

incremental cost of generator 1 (IC=36.1 $/MWh) is just above the nodal priee at bus 1 

(Ât =34.8 $/MWh), which is consistent with the fact that this generator operates at a lower 

limit. 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

Pa [MW] 34 85 119 323 527 1,088 

P'j [MW] 3 7.5 10.5 28.5 46.5 96 

P: [MW] 31 77.5 108.5 294.5 480.5 992 

Pg [MW] 403 473 261 0 0 1,136 

P: [MW] 403 403 186 0 0 992 

le [$/MWh] 36.1 35.2 36.7 56.0 57.0 -
Â [$/MWh] 34.8 35.2 36.7 37.7 40.9 -
n:b [$/MWh] 36.1 33.1 33.4 - - -g 

C, =e C$/hl 11,708 13,179 8,649 400 400 34,936 

R%[$/h] 0 2,453 2,746 0 0 5,199 

R; [$/ h] 14,556 13,335 6,207 0 0 34,098 

ë d /2[$/h] 708 825 216 0 0 1,748 

~7371o 0 37,549 

k; [$/h] 14,038 16,631 9,579 0 0 40,248 

k;[$/h] -189 -1,668 -842 0 0 -2,698 

ES [$/ h] 105 264 386 1,075 1,901 3,730 

E~ [$/ h] 1,120 2,705 3,697 10,181 16,395 34,098 

E bcl /2 [$/h] 0 8 54 361 1,325 1,748 

l~. 1$lhJ 1,224 2,917 4,136 11,617 19,622 $,577 

Ê% [$/ h] 1,184 2,990 4,371 12,182 21,546 42,275 

Ê;[$/h] 40 -13 -235 -565 -1,925 -2,698 

Table 4·4. Case B: P: = 91.2%; PJ = 8.8% ; Generator l is at bilateral contract lower limit, 

Pg~n = 403 MW ; No transmission congestion. 
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The level of generation 1 in case B increases while the remaining generators 

decrease their output when compared to case A. The same comparison shows that the 

nodal prices are slightly lower in case B. This result is interesting and consistent with the 

economics of the problem since lower nodal prices are an incentive for increased pool 

consumption. This signal would tend to reduce bilateral contracts and retum the system to 

"in-merit" operation. 

À, =35.3 
27.9 MW 

,1,2 = 35.2 $/MWh 

34 MW 341 MW 

323 MW 

- ............ - 1.00 p.U. 

527 MW 
,1,5 = 40.9 $/MWh 

OMW 

Figure 4-4. Case B: Line flows and nodal priees 

Which market participants benefit the most from the higher relative bilateral 

demand and correspondingly higher bilateral tariffs of case B? 

It is clear from Table 4-4 that the generators collect higher revenues (a total of 

37,549 $/h for case B versus 35,736 $/h for case A). Moreover, since the generation costs 

are nearly the same in the two cases, the generator profits aiso increase. From the point of 

view of the loads, in case B they are worse off than in case A, their total payments 

increasing from 37,766 $/h to 39,577 $/h. Nevertheless, since the performance measures, 
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R; and Ê:, are mainly negative, these indicate that the loads are still better off in case B 

than if they had been supplied entirely by the pool. 

Considering the differenees between the nodal priees, Âj' of Table 4-4 and the net 

bilateral rates seen by generators, fè;ij' given in Table 4-5, only generator 1 has secured 

better bilateral rates for contracts GDn and GD12 • As for the loads, Table 4-5 indicates 

that for most trades their net bilateral rates are below the nodal priees. The exeeption are 

the bilateral agreements which loads 1, 2 and 3 have with generator l, which are more 

expensive then if they had purchased this power from the pool. 

bus # of buying load 

Case C: Congested Operation 

As the bilateral demand increases (while the pool demand declines), not only can 

sorne generators be forced to operate at their lower bilateral contract levels, but 

transmission congestion may also appear. Table 4-6 presents the optimization results of 

case C where the totalload (1088 MW) is supplied by bilateral contracts only, with the 

matrix of bilateral contracts defined as, 

34 51 34 153 170 

0 34 34 119 255 

GD= 0 0 51 51 102 MW. (4.33) 

0 0 0 0 0 

0 0 0 0 0 
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With 100% bilateral demand, the sole responsibility of the pool is to generate 

transmission los ses as well as to manage transmission congestion, if any. 

Bus 

[>" [MW] 34 85 119 323 527 1,088 

[>,f' [MW] ° ° ° ° ° ° 
P: [MW] 34 85 119 323 527 1,088 

Pg [MW] 442 442 224 28 ° 1,137 

P: [MW] 442 442 204 ° ° 1,088 

10 [$IMWh] 37.7 34.3 35.1 57.1 57.0 -
À. [$/ MWh] -65.3 9.1 35.1 57.1 54.6 -
:rrb [$IMWh] 37.7 34.3 34.2 - - -g 

CF ""a [$lhJ 13,147 12,112 7,343 2,004 400 35,606 

R; [$Ih] ° ° 716 1,620 ° 2,335 

R; [$/ h] 16,655 15,143 6,973 ° ° 38,770 

Ebd 12 [$/ h] 23,168 9,098 1,558 ° ° 33,824 

R, 1.$111.1 -6,$14 6,045 6,131 1,620 °Je R; [$1 h] -28,872 4,035 7,875 1,620 ° -15,342 

k: [$/ h] 22,358 2,010 -1,745 ° 0 22,624 

EX [$1 h] 0 0 0 0 0 ° 
E~ [$Ih] 1,281 3,087 4,189 11,585 18,628 38,770 

ë d /2 [$Ih] ° 1,898 2,149 12,786 16,991 33,824 

E. 1$lh) 1,281 4.985 6,338 24,371 35,619 72,$94 

Ê: [$1 h] -2,221 776 4,177 18,454 28,784 49,970 

Ê,~ [$/ h] 3,502 4,209 2,161 5,917 6,834 22,624 

Table 4-6. Case C: P: = 100%; PI = 0% ; Generators 1 and 2 are at their lower bilaterallimit, and line 1-4 

is congested. 

In this particular case, at the optimum dispatch, the scheduled bilateral contracts 

congest line 1-2 at its limit of 355 MW (Figure 4-5), while generators 1 and 2 are 

required to operate at their bilateral contract lower bound of P~ = P:2 = 442 MW . 
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Because of congestion, the pool is obliged to buy power from one of the expensive 

generators (Pg4 = 28 MW), which increases the total generation cost by about 0.2%. As 

shown in Figure 4-5, this change is not as significant as that observed in the nodal priees 

and their differenees, with the latter now being, 

0 74.4 100.4 122.4 119.9 

-74.4 0 26 48 45.5 

{Àj -Ài } = -100.4 -26 0 22 19.5 MW. (4.34) 

-122.4 -42 -16 0 3.5 

-119.9 -45.5 -19.5 -3.5 0 

53 MW 1.00 p.u. 

442 MW 

34 MW 355 MW 

1 130 MW 
,1,4 =: 57.1 $/MWh ! 

1.00 p.u.! 

27 MW 

323 MW 119 MW 

~-....... 1.00 p.u. 

527 MW 

[~] ,1,5 =: 54.6 $/MWh 

OMW 

Figure 4-5. Case C: Line flows and nodal priees 
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It is interesting that the nodal priee at bus 1 as seen in Table 4-6 is negative (-65.3 

$/MWh), which means that a load at that bus would get paid if it purchased power from 

the pool. This is a very strong ineentive for the consumer at that bus to decrease its 

bilateral contracts and buy more from the pool. Such a change in the pool/bilateral mix 

will cause the priee at bus 1 to increase, thus reducing the gap between this priee and the 

priees at other network locations. 

As this case C shows, the effect of 100% bilateralload supply on the revenues and 

payments is considerable. For example, an generators have revenues below their costs 

and operate at a loss. In the case of generator 1, its revenue is negative (that is it has to 

pay the pool for power transfer more than it eams from its bilateral sales). For example, 

the marginal rate to transfer power from bus 1 to bus 2 increased from 0.3 $/MWh for 

case B, to 74.4$/MWh in case C. For sorne bilateral trades, the power transfer priees from 

equation (4.34) are far above the bilateral tariffs from Table 4-6, indicating that such 

trades are unreasonable. As for the loads, they also suffer in case C by paying extremely 

high power transfer fees on top of the bilateral payments. 

The main reason for the poor financial results is a substantial change in the power 

transfer rates (Âj - Â;). As bilateral trades are not allowed to buy financial transmission 

rights, they are faced with the full impact of high congestion costs. The view of this the sis 

is that a bad poollbilateral mix should not be concealed behind hedging instruments like 

financial transmission rights that do not encourage efficient planning of the poollbilateral 

mix. On the other hand, high power transfer rates encourage efficient planning of the 

poollbilateral mix to account for network limits. 

Although generators 1 and 2 have beneficial bilateral tariffs, 1l;, the very high 

power transfer payments have wiped out that profitability. The differenees between the 

net bilateral rates of generators, lÎ';ij' and loads, lÎ';ij' given in Table 4-7 and the nodal 

priees, of Table 4-6 also illustrate that heavy congestion has created an unbalaneed and 

unbeneficial situation for most bilateral parties. Considering the generators, in most of 

their trades the net bilateral rate is significantly lower than the corresponding nodal priee. 

Even worse, for generator 1, the net bilateral rates of its bilateral agreements GD
13

, GD
14 

and GD15 become negative, with the respective values of lÎ';13 = -12.5, ~14 = -23.5 and 
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ft;15 = -22.3 $/MWh. As for the loads, most of net bilateral rates are considerably above 

the nodal priees, with the exception of bilateral contract GD33 which is local and is thus 

unaffected by transmission congestion. Also, all the contracts of generator 3 are 

beneficial for the loads as their net bilateral rates are less that the corresponding nodal 

priees. The unprofitable net rates encourage market participants to reduee the level of 

sorne bilateral trades and thus move the system towards a more balanced and efficient 

operation. 

Finally, in this case C the merchandising surplus that remains after the SO pays 

the generators is very high of 65,312 $/h. 

bus # of buying Joad 

1 2 3 4 5 

Ab 
7rgij ft~j n-;ij it!ij Ab 

1[gij if;;} 
Ab 

fCgij 
-b 

1rdij 

Ab 
1{gij ft;', 

1 37.7 37.7 0.5 74.9 -12.5 87.9 -23.5 99 -22.3 97.6 
bus lof -" 
selling 2 - - 34.3 34.3 21.3 47,3 10.3 58.3 11.5 57 

generator 
3 - - - - 34.2 34.2 23.2 45.2 24.4 43.9 

Table 4-7. Case C: Net bilateral rates seen by generators and loads 

4.4 Difficulties Associated with Combined PooIIBilateral 

Trading with Form Bilateral Contracts 

The four cases presented demonstrate that the combined poollbilateral model 

could be beneficial for market participants, as it offers them the freedom to participate 

simultaneously in two types of trading. Simulation results indicate that the financial 

performance measures proposed provide adequate signaIs to the bilateral parties to incite 

them to enter into bilateral agreements only after careful planning so as to avoid poor 

market outcomes, such as "out of merit" operation and transmission congestion. Although 

good bilateral contract planning is essential, this is not a trivial task, as it is difficult to 
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predict a mix of pool/bilateral commitments at the time when bilateral contracts are being 

individually negotiated. 

In order to les sen the consequences of inefficient pool/bilateral mixes, two 

variations of the proposed market are examined in the next chapter. One establishes a 

curtailment procedure that permits the SO to modify the requested firm bilateral contracts 

at the time of the optimum dispatch. Another allows both curtailable firm and non-firm 

contracts to co-exist. 
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Curtailment of Firm and 

Non ... Curtailment of Non ... Firm Contracts 

under Locational Marginal Pricing 

The analysis of the combined poollbilateral electricity market with firm bilateral 

contracts proposed in the previous chapter revealed that improperly planned high levels of 

bilateral trades may lead to poor economic performance for most participants. This is due 

to the resulting "out of merit" operation and Une congestion that bring about high nodal 

price differences and associated high power transfer payments. 

The full scope of the mutual influences between the pool and bilateral trades is 

however revealed only ex-post, after running the combined optimal power flow market 

clearing procedure. Since the planning and coordination of future pool and bilateral trades 

is a difficult task due to uncertainty in predicting the behaviour of other market 

participants, this chapter proposes an extension of the original combined poollbilateral 

model [90]. This extended model provides a hedging mechanism to protect the market 

participants against unexpected market conditions that would otherwise result in high 

nodal prices and power transfer costs. In essence, this hedging device allows traders to 

coordinate their poollbilateral mix ahead of time (or ex-ante), without the need to predict 
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competing trades, while still maintaining a degree of independence in the negotiation of 

bilateral agreements. 

The extended market model contains two forms of ex-ante pool/bilateral mix 

coordination. In one form, the owners of the firrn bilateral trades may relinquish their firm 

rights to trade bilaterally, allowing the sa to modify their bilateral contracts downwards, 

if needed, for a curtailment price submitted by the owners of the firrn contracts. Such firrn 

biIateral contract curtailment is implemented by the sa only at the time of market 

clearing and only if this action reduces congestion and is economically advantageous in a 

system-wide sense. Any bilateral contract curtailment must be replaced by an equivalent 

amount supplied by the pool generation and charged at the pool nodal prices. 

The second forrn of ex-ante pool/bilateral mix coordination to les sen the incidence 

and impact of transmission congestion is to allow both firrn as well as non-firrn bilateral 

contracts to co-exist. In contrast with the firrn contracts that are pre-approved and possess 

a firrn right to transfer a given amount of power, non-firrn contracts are not assured the 

right to transfer power and are subject to curtailment by the SO without compensation. 

Non-firrn contracts may enhance their chances to be scheduled with partial or no 

curtailment by submitting non-curtailment bids, that is, by promising to pay for the right 

to transfer power at a specified rate. 

The market clearing process III the extended combined pool/bilateral model 

proposed here is again based on a one-step optimization procedure that concurrently 

dispatches generation, satisfies all operation al constraints, and implements bilateral 

con tracts curtailments if necessary. This differs from other proposaIs that use a two-step 

procedure [65-67], where the first step establishes a preferred generation schedule, and 

the second conducts 10ss allocation and congestion management while keeping close to 

the preferred bilateral schedule. Two-step methods claim to be more transparent, but they 

are less economically efficient and may even lead to infeasibility wh en implemented in a 

real system. 

In [68] and [67], market participants that wish to avoid curtailment accept to pay 

extra by submitting "willingness to pay" bids. The pool then coordinates the level of 

curtailment and generation that minirnizes the deviation from the approved transactions. 

This objective function also differs from the one proposed here where the goal is always 

70 



Curtailment ofFirm and Non-Curtailment ofNon-Firm Comraets 

to minimize cost or maximize social welfare. It is argued here that a SO should not 

dispatch power so as to match a set of privately negotiated bilateral contracts as closely as 

possible, since this objective may not be in the best interests of society as a whole, 

indu ding the bilateral parties themselves. 

In the zonal congestion management of California's original market [65, 66], 

voluntary incremental and decremental adjustments bids from generators and loads are 

used in the second optimization step to adjust the schedule so as to meet the load, while 

minimizing the total cost of these adjustments. Two-step procedures like this have been 

shown to be less efficient and lead to cross-subsidies [82J. 

This chapter is organized in the following manner. First, firm and non-firm 

contracts and their corresponding curtailment offers and non-curtailment bids are defined. 

These are then used to modify the original combined poollbilateral model and to 

formulate the extended optimal power flow procedure. Then, the financial performance 

measures defined in Chapter 3 are applied to evaluate the system behaviour as well as the 

technical and financial performance of aU traders under this new market model. A number 

of simulations are carried out to illustrate how the additional bilateral contract flexibility 

in the extended model allows the SO to reduce or eliminate congestion and "out of merit" 

operation while maximizing social welfare to the benefit of all the trading partners. 

S.l Extended Combined Pool/Bilateral Operation 

5.1.1 Firm and Non-Firm Bilateral Contracts 

In this extended model, in addition to the pool demand, two types of bilateral 

contracts are aUowed to co-exist. The first are firm contracts that have obtained ahead of 

time the right to be scheduled and to transfer a specified amount of power. The second 

type are non-firm bilateral contracts whose dispatch is not guaranteed and are subject to 

curtailment if required by the SO to meet aU system constraints and to minimize 
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generation cost. These two types of contracts can be regarded as "non-recallable" and 

"recallable", as defined by NERe [41]. 

As originally defined, a firm contract can be reduced only in emergency 

situations, but not to improve system economic performance. Under CUITent practices, in 

an emergency, bilateral parties with firm contracts do not receive any compensation for 

unfulfilled transmission obligations. Since emergency conditions occur very rarely, they 

are not analyzed in this thesis whose principal concem is the normal operation mode. The 

curtailment proposed in this chapter for firm bilateral contracts is implemented solely for 

the purpose of improving economic performance while respecting system security, and is 

a normal, non-emergency operation. 

5.1.2 Offering Strategies of Firm and Bidding Strategies of 

Non-Firm Bilateral Agreements 

To reconcile on the one hand the need for centralized coordination of the system 

operation, and at the same time to allow bilateral parties more influence over the financial 

outcomes of the market clearing procedure, it is proposed here that each firm and non­

firm bilateral contract be allowed to submit a respective curtailment offer and non­

curtailment bid. Moreover, as the strategy of each partner in a bilateral contract may be 

different, the selling generation and the purchasing load can submit a curtailment offer 

and a non-curtailment bid that are not necessarily equal. 

For a firm contract, the curtailment offers from each party can be interpreted as 

requests for compensation in case of curtailment. In the case of non-firm agreements, 

non-curtailment bids reveal how much a contract is prepared to pay for non-curtailment. 

If one or both partners in a firm contract do not wish to be curtailed, at least one 

partner must offer a high curtailment price. However, as high offers may prevent the SO 

from carrying out the necessary contract adjustments to reduce congestion, such offers 

must be used with care. As for non-curtailment bids, they are beneficial to non-firm 

bilateral contract parties only if the corresponding payments do not eut into their net 

bilateral revenue significantly. 
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It is interesting to note that bilateral parties could also use the proposed 

curtailment mechanisms to lessen the impact of unprofitable bilateral trades by cutting 

back the levels of bilateral trading actually scheduled. This situation may occur because 

bilateral agreements are usually long-term and the parties may not have predicted the pool 

price of power accurately. Thus, if the pre-agreed bilateral priees happen to deviate 

significantly from the pool priee, one bilateral partner will be unsatisfied while the other 

partner will be satisfied. The unsatisfied partner may try to reduee the bilateral agreement 

by offering to curtail at a low or even at a negative priee, in other words, this agent may 

even be willing to pay to be freed from the bilateral agreement. In comparison, the 

satisfied partner may counteract the former strategy by offering to curtail only at a very 

high price. 

5.1.3 Acquiring Rights for Firm Agreements 

The rights associated with a firm bilateral agreement can be acquired in two ways, 

Purchased Finn Status (PFBS) and First-come-first-serve Firm Status (FFBS). The first 

is through an auction where the highest bidder wins and essentially buys a firm bilateral 

status. As shown in Appendix B, the PFBS auction is defined systematically though an 

optimization proeedure similar to that of (3.8) that accounts for aIl system constraints 

including losses and transmission congestion. The auction gives firm status to aU bidders 

if there is enough capacity, and if no t, it gives firm status to the sub-set of bidders who 

place the highest combined worth on their requested bilateral contracts. The contracts that 

are assigned firm rights by the auction then pay to the SO an amount equal to the worth 

that they quoted. 

Similarly to Financial Transmission Rights, the PFBS could be traded in a 

secondary market, however the owners of firm bilateral contracts always retain 

responsibility for the power transfer and associated power transfer payments. This differs 

significantly from FTR's whose owners are not necessarily responsible for the transfer of 

power and its cost. Unlike FTR' s, under PFBS if the predicted power transfer payments 
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are large, the PFBS can be traded back to the SO through curtailment offers as detaHed 

later on in this chapter. 

In the First-Come-First-Serve Firm Bilateral Status approach, the SO assigns firm 

bilateral status periodically and relatively frequently. This is done based on the 

transmission capacity available at the moment that the allocation procedure is performed, 

as discussed in Appendix B. AU the bilateral contracts that have been previously awarded 

firm status remain intact, while the SO seeks to accommodate as much of the newly 

requested bilateral transactions sum as the CUITent transmission capacity allows. In 

contrast to PFBS, under the FFBS all contracts are considered equal and typically do not 

pay anything for obtaining firm bilateral status. 

5.1.4 Payments for Curtailed Firm Agreements 

Contracts with Purchased Firm Bilateral Status are entitled to collect curtailment 

revenue from the SO if the scheduled contract is less than the approved contract. These 

rights to collect curtailment payments are called Financial Curtailment Rights (FCR). 

In addition, if a firm contract is curtailed, the missing power must be matched by 

the pool and not by another contract. Furthermore, any curtailed power replaced by the 

pool is valued at the nodal priee. 

As the financial resources of the SOl8 may not be sufficient to cover the 

curtailment revenue owed to the firm bilateral parties, additional funds wou Id have to be 

collected by the SO from an market participants. One way to collect such funds is in a 

pro-rata manner. 

18 The sources of income of the sa are the payments for acquiring firm bilateral status plus any 

merchandising surplus due to transmission losses and congestion. 
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Contracts that acquire firm bilateral status on a First-Come-First-Served basis gain 

what is called Free-oi-Charge Curtailment Rights (FCCR). Since, under this mIe, firm 

bilateral contracts do not pay to gain firm status, they are not entitled to collect any 

money from the SO if they are curtailed. Nevertheless, firm contracts with FCCR can still 

subrnit curtailment offers as a rnechanisrn to hedge against high congestion power transfer 

costs. In this case, the curtailment offers reflect the value that the bilateral parties place on 

arnount of power curtailed. Note also that with FCCR' s, the SO is released from the 

responsibility to collect sufficient funds to pay for curtailment obligations as is the case 

with FCR's. AIso, participants are less likely to engage in gaming when there is no 

possibility to profit from curtailment. 

The market clearing optimization problem has the same structure under both 

FCR's and FCCR's, and therefore the same solution scheme. In practice however the 

levels of the approved contracts and the curtailment offers, as weIl as the financial 

performances may differ. Numerical analyses of both rnethods are presented later in this 

chapter. 

As for non-firm contracts, since they do not buy or acquire firm bilateral status, 

they do not collect any curtailment income, and thus the notions of FCR and FCCR 

discussed above are not applicable. In fact, non-firm contracts nearly always bid and pay 

sorne amount to the SO in order not to be curtailed. 

5.2 A Mathematical Framework for Combined 

PoolIBilateral Dispatch with Bilateral Curtailment 

and NonœCurtailment 

The mathematical framework for the extended combined poollbilateral operation 

requires new notation to distinguish between firm and non-firm contracts as weU as to 

characterize the curtailment offers and the non-curtailment bids. 
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5.2.1 Notation and Definitions 

Firm and Non-Firm Contraets 

The finn contracts approved by the SO, and non-finn contracts requested by the 

bilateral parties are denoted by the matrices GDFapp and GDNFreq respectively, while 

their real scheduled values after curtailment are denoted by GDF and GDNF . Thus, the 

total scheduled bilateral contract matrix is, 

GD = GDF+GDNF. (5.1) 

Curtailment Offers and Non-Curtailment Bids 

Under the extended model, generator i has the option to submit a curtailment offer 

priee in $/MWh, bfgij , for the amount curtailed from each finn contract, 

GDF;;pp - GDF;j' and a non-curtailment bid priee, bnfgij' for the scheduled amount of 

each non-finn contract, GDNF;j' Similarly, load j may submit two analogous offer and 

bid priees, bfdij and bnfdij' 

Thus, if a finn contract is curtailed by the sa from GDF;PP to GDF;), the 

generating party is requesting a payment of bfg;) ( GDF;tP - GDFij ), while the consuming 

party is requesting a payment of bfdij ( GDFijapp - GDF;) ) , for a total of 

bfij ( GDF;tP - GD~i ) , where, 

(5.2) 

On the other hand, the generating party of a non-finn contract that wishes to avoid 

or reduee the curtailment of its requested value, GDNF;;eq, offers a payment of 

bnfgij GDNF;j to the sa for the scheduled trade, GDNF;j' The consuming party may aiso 

offer a similar payment of bnfdij GDNF;j' so that the total non-curtailment payment 

offered by a non-firm bilateral trade to the sa becomes bnJ;j GDNF;j , with, 
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bnfij = bnfgij + bnfdij . (5.3) 

In this thesis, the curtailment offer priees and the non-curtailment bid priees are 

modeled as constants, however more general non-linear priees can also be considered. 

5.2.2 Scheduling or Market Clearing Procedure 

The general formulation of the extended combined pool/bilateral dispatch with 

curtailment and non-curtailment options is, 

n 11 n 

Min 
Pg ,Qg ,V,5,GDF,GDNF 

Ieg;C~)+ Ibfij(GDF;;'PP -GDFij)- Ibnf;j ·GDNFij (5.4) 
i=1 i,j=! i,jd 

0< GDF.min 
::; GDF < GDF.app 

- 1J !J - !J 

o < GDNF. < GDNFreq 
- 1J - 'l 

Pg ??: P; = (GDF + GDNF)· e 

Recall that, following the above market clearing procedure, the owners of the combined 

scheduled contracts, GD = GDF + GDNF , have acquired a right as well as an obligation 

to transfer these amounts. 

As defined in Chapter 3, the set S denotes the power system security region. The 

extended formulation in (5.4) differs from the basic one in (3.8) in two ways. First, the 

objective function has two additional terms, one to account for the total curtailment cose9 

n 

of the firm contracts, l bJ;j(GDF;;pp -GDF;j) ' and the other for the total non-curtailment 
i,j=1 

19 In the case of Purchased Firm Bilateral Status this term represents a real cost since it has to be paid to the 

owners of the firm contracts. In the case of First-Come-First-Serve Bilateral Status, this term represents 

the value that the owners of the firm contracts attach to the curtailments. 
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n 

revenue of the non-firm contracts, ~ bnfij , GDNFij . This term appears in the objective 
i,}=l 

function with a negative sign since it is a payment by the non-firm contracts who wish to 

reduce their level of curtailment. 

The extended model is also characterized by the addition of specified upper and 

lower limits on the scheduled firm and non-firm bilateral contracts, namely, 

Os GDF;tn S GDF;j S GDF;pp and 0 s GDNF;j s GDNF;;eq, respectively. These reflect 

the increased flexibility of the actual scheduled bilateral commitments, both non-firm and 

firm. 

As indicated in (5.4), the lower bounds on the generation outputs, P;, are as 

before dictated by the scheduled bilateral commitments, however these bounds are no 

longer fixed, but rather are variable limits that depend on the firm and non-firm scheduled 

contracts. 

The solution of the optimization problem (5.4) (market clearing procedure) yields 

the scheduled generation output, Pg , and the levels of the scheduled firm, GDF, and non-

firm, GNDF, bilateral contracts. These, in tum, define the total firm and non-firm 

bilateral generation, P: = GD . e , and the pool generation, P: = Pg - P: ' as weIl as the 

total bilateral and pool demands, respectively, P; = GDT 
• e , and PI = Pd - P; . Since in 

this market model, the bilateral contracts cannot increase above their approved values and 

the total demand is inelastic, any curtailed bilateral demand must be substituted by an 

exact amount of pool demand. Thus, both pool and bilateral demands, PI and P; are no 

longer known in advance, but fluctuate according to the scheduled contracts, GDF and 

GDNF. 

5.3 Financial Performance Measures 

The pricing of the pool components and of the bilateral trades remains the same as 

the case without curtailment described in Chapter 4. AIso, the ancillary services (los ses 
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and congestion re-dispatch) in support of an the bilateral trades are still priced at the 

nodal priee differences between the nodes of injection and consumption. However, as 

shown next, the curtailment options may introduce additional sources of revenue and 

expenses. 

5.3.1 Generator Revenues and Expenditures 

Performance measures similar to those defined in Chapters 3 and 4 are now 

applied to the market equilibrium defined by (5.4). These measures are necessary to 

compare the economic merits of alternative trading strategies as defined by the 

curtailment offers and non-curtailment bids, which through (5.4) indirectly set the 

scheduled pool/bilateral mix. 

The types of financial measures are divided first according to whether or not they 

depend on how the firm bilateral status is acquired (by purchasing it ahead of time or on a 

first-come-first-serve basis). 

Those measures that are independent of how the firm status was acquired are, for 

generator i, 

~ Revenue from pool generation priced at J'Ct = Âi ' 

(5.5) 

~ Revenue from the bilateral contracts, 

n n 

R:i = LJ'C;/GDFij + L1Cf;1if GDNFij' (5.6) 
j=l j=l 

Here, J'Cit and J'Ci~nf are privately negotiated rates between the bilateral trading partners for 

the firm and non-firm contracts. Typically, non-firm contracts will have a lower rate than 

firm contracts. 

The financial measures that depend on the type of firm bilateral status acquired 

are defined next. As indicated above there are two possibilities, 
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(1 ) Purchased Finn Bilateral Status with Financial Curtailment Rights 

Under this type of firm status, the expenditures assoeiated with the bilateral 

contraets are, 

);> Firm status payment, 

E-fapp = h-fapPGDF~pp , 
:J l} 'J iJ IJ 

(5.7) 

where b/;;PP is the rate paid to the SO by the eontract to aequire a purehased firm status 

);> Power transfer payment for the seheduled firm eontraet GDFij' 

(5.8) 

);> Power transfer payment for the seheduled non-firm contraet GDNFij' 

(5.9) 

U sing the 50/50 split, the combined expenditure alloeated to generator i for aU of 

its eontracts is, 

Ebcl =.!.. ~(E-fapp +E-fbcl + En-f.bcl) 
gI 2L....J:Il} :Il} 'JI]' 

j~l 

(5.10) 

The curtailment offers and the non-eurtailment bids have an additional financial 

impact on the bilateral participants. When a contract curtailment occurs, this can bec orne 

a source of revenue or an additional expense to the bidding parties depending on the sign 

of the bid, a negative bid by one of the parties in any contract implying that it wishes to 

be curtailed (because they would rather trade in the pool market). Thus, for generator i 

two additional financial measures are defined according to its eurtailment offers and non­

curtailrnent bids, hf gij and bnfgij , 

);> Revenue from the SO for the eurtailment of firm eontraets, 

n 

R~ = Lbfgij(GDF/PP -GDFij)' (5.11) 
j~l 
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~ Payment to the SO for the scheduled non-firm contracts, 

n E; = Lbnfgij . GDNFij . (5.12) 
j~l 

The profitability of each bilateral trade can also be examined from the perspective 

of the net contract price seen by each generator. In the case of firm bilateral eontracts, this 

price is under Purchased Firm Bilateral Status defined as, 

(Â-j -Â,) + 1 bfu (GDF;;eq -GDF;)-bJ;;PPGDF;tP 

2 2 GDF;j 
(5.13) 

while for the non-firm contracts it is, 

(5.14) 

Finally, the total net revenue of generator i is, 

R - RP Rb Ebc/ RI Eni 
gi - gi + gi - gi + gi - gi' (5.15) 

The generator profit is the difference between this revenue and the generation cost 

(keeping in mind that the true cost is known only to the generator), 

(5.16) 

(2) First-Come-First-Serve Firm Bilateral Status 

Since under this rule there are no payments for obtaining firm bilateral status, the 

trading partners do not colleet any revenue if curtailed. Recan that the firm contract 

curtailment offers bfgij are used only for hedging purposes against high power transfer 

payments, the higher the offer the lower the likelihood that the firm contract will be 

curtailed. 

The expenditures associated with bilateral contracts are therefore only for power 

transfer payments, which for both firm and non-firm contracts are, 

);> Power transfer payment for scheduled firm contract GDF;j' 
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(5.17) 

~ Power transfer payment for scheduled non-firm contract GDNFij' 

(5.18) 

sa that the combined expenditure allocated ta generator i for all of its con tracts is, 

E bcl =.!. ~ (EI'.bc/ + Enl'.bcl) . 
g' 2 L...J J l} ':J Ij 

j=l 

(5.19) 

As for the financial impact of the curtailment and non-curtailment bids, we have, 

~ Revenue from the SO for the curtailment of firm contracts, which as discussed 

ab ove must be equal to zero, 

R~=O. (5.20) 

~ Payment to the SO for the scheduled non-firm contracts, 

n 

E;{ = Ibnfgij . GDNP;j . (5.21) 
j=l 

The net bilateral rate of firm contracts se en by generator is in this case same as defined by 

(4.5), that is, 

(5.22) 

while for the non-firm contracts it is the same as the net bilateral rate defined in (5.14) for 

the case with Purchased Firm Bilateral Status, 

(Âj -Âi ) _ bn/;j 

2 2 
(5.23) 

The total net revenue of generator i in this case of free firm status is, 

R - R P Rb Ebcl En! 
gi - gi + gi - gi - gi' (5.24) 

while the profit remains defined as, 
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(5.25) 

5.3.2 Load Revenues and Expenditures 

Using the same reasoning applied to the generators, analogous load perfonnance 

measures can be defined for load j . The measures that reflect payments for energy are 

also independent of the manner in which finn bilateral status is acquired and include, 

~ Payments for the pool demand, 

(5.26) 

~ Payments for the privately negotiated bilateral contracts, 

n n 

E~ =:: LJry GDFij + LJr~tif GDNFij . (5.27) 
È=l È=l 

Again, two sets of additional measures are defined, depending on the way in 

which finn bilateral status is obtained. 

(1) Purchased Firm Bilateral Status with Financial Curtailment Rights 

The obligations of load j to the SO due to the transmission of scheduled contracts 

include payments for acquiring firm status as weIl as power transfer payments for 

scheduled firm and non-finn contracts. Since these payments are equally split between 

the contract parties, the expenditure of load j for an its contracts is, 

Ebcl =::.!. ~ (Epapp + EPbcl + E .l'.bcl ) 
gz 2 L.... :J ij :J lJ nJ lJ ' 

j=l 

(5.28) 

where Efijapp
, Ef:cl and Enhr are defined by equations (5.7), (5.8), and (5.9). 

Similarly to the generator, for the load the addition al impact of the curtailment 

offer, bfdij' and the non-curtailment bid, bnfdij, is reflected in the following financial 

measures, 

)- Revenue from the SO for the curtailment of finn contracts, 
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11 

R~ = Lbfdij(GDF/PP -GDFij)' (5.29) 
;=1 

)p> Payment to the SO for the scheduled non-firm contracts, 

n 

E;f = Lbnfdij . GDNFiJ . (5.30) 
i=1 

The net bilateral rate of firm contract seen by load} is for the now defined as, 

(5.31) 

while for the non-firm contracts it is, 

~bnf _ bnf (Àj - Â) bnJ;j 
Jrd·· - Jr. + +--

IJ IJ 2 2 (5.32) 

Finally, the total payments of the load} are, 

E - EP E b E bcl E nf Rf dj- dj+ dj+ dj + dj - dj' (5.33) 

with the profit being the difference between the benefit function and the total payments of 

(5.33), 

(5.34) 

(2) First-Come-First-Serve Firm Bilateral Status 

As with the generators, in this case there are no expenditures for acquiring firm 

bilateral status nor are there any revenues from curtailment of firm contracts. 

In this case the total expenditure of load } associated with the power transfer 

payments for firm and non-firm contracts is defined as, 

(5.35) 

As for the financial impact of curtailment and non-curtailment bids, we have, 

> The revenue from the SO for the curtailment of firm contracts is zero, 
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R~ =0. (5.36) 

;;.. Payment to the SO for the scheduled non-firm contracts, 

n 

Edf = Lbnfdij . GDNF;j . (5.37) 
i=1 

In this case, the net bilateral rates of firm contracts seen by loadj are, 

An} _ nI (Âj - Â) bnJ;j 
lfd·· - lf·· + +--

IJ U 2 2 (5.38) 

while the net bilateral rates of non-firm contracts remain the same as defined by (5.32). 

Hence, the total payment of load j, in the case when there are no financial 

curtailment rights, is, 

(5.39) 

and the profit is, 

(5.40) 

5.3.3 Merchandising Surplus 

According to the way in which firm bilateral status is obtained, two different 

expressions for the merchandising surplus arise. 

(1 ) MS with Purchased Firm Bilateral Status with Financial Curtailment Rights 

From equations (3.20) and (5.5) - (5.39), the merchandising surplus is, 
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n 11 

MS = ~Edj - LRg; 
j~l 

n 11 

= ~ ( E~ + E! + E~;l - R~ + Et ) -L ( R;; + R~i - E;:l + R~ - E;) 
j~l i~1 

n 

= ~Ài(PJ: -P:) 
i~l 

n n n 

+ ~(Àj -ÀJGDr(;+ L bfijapPGDF;7P - Lb!;j (GDF;ja
pp 

-GDF;) 
i.j~1 i.j~1 i.j~l 

n n 

+ ~ ( Àj - Ài ) . GDNF;j + L bn!;j GDNF;j 
;.j~1 

(5.41) 

This expreSSIOn differs from that of equation (4.14) when only firm trades 

(without curtailment bids) are present. Even without non-firm contracts, the MS contains 

n n 

the addition al terms, Lb!;japp GDFijupp and ~b!;j CGDF;japp -GDF;j)' The first denotes 
i,j~1 i.j=1 

the SO income from the sales of firm bilateral status, while the latter is an expense 

defined by the SO payments to the firm bilateral contracts that are curtailed. 

It is possible in this model, under unusual conditions of high congestion and 

correspondingly high curtailment of firm contracts to have a negative MS. However, the 

MS is normally greater than zero so in the long-term the SO would not go into debt. In 

the worse case, the SO would have to seek an extraordinary payment from an users to 

avoid a loss. 

(2) MS with First-Come-First-Serve Finn Bilateral Status 

In this case, the merchandising surplus is defined as, 
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n n 

MS = ~Edj - ~Rgj 
j=! 1=1 

11 

= ~2;(PJ: -p:) (5.42) 
1=1 

n 

+ ~ (Âj - 2;). GDF;j 
I,j=! 

n n 

+ ~ ( Âj - 2; ) . GDNF;j + ~ bnfu GDNF;j 
j,}=1 l,j=1 

Except for the revenue from power transfers of non-firm contracts and from the 

non-curtailment of non-firm contracts, the MS expression (5.42) would reduce to that of 

(4.14), which is always positive. 

5.4 The Flow of Revenues and Payments 

The flow of revenues and payments for generators and loads is illustrated in 

Figure 5-1 for the operation under Purchased Firm Bilateral Status with Financial 

Curtailment Rights, and in Figure 5-2 for the approach with First-Come-First-Serve Firm 

Free-of-Charge Curtailment Rights. The bilateral payments by the loads to the generators 

are shown as dotted lines to emphasize that they are privately negotiated and are not 

handled by the SO. The SO sees all other payments and revenues, such as the pool 

demand payments, the power transfer payments, the firm status fees (if applicable), as 

weB as the non-curtailment payments of non-firm contracts as revenues. From these 

revenues, the SO has to disburse payments for the pool generation revenues and in the 

case of operation with Financial Curtailment Rights payments for the curtailment of firm 

bilateral agreements. 
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Figure 5-1. Financial transaction for operation with Financial Curtailment Rights 
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5 .. 5 Simulation Studies 

The effect of curtailment offers and non-curtailment bids on the system operation 

IS analyzed using the same network as in Chapter 4 (who se data are given in 

Appendix C). To facilitate the comparison between the original and the extended model, 

only Case C of Chapter 4, with the entire load supplied through bilateral trades, is 

examined here2o
. In this case, the pool does not supply any load as an the load is supplied 

by bilateral contracts. The pool does provide al] transmission los ses as well as some 

power re-dispatch in order to manage congestion. 

where 

As in Chapter 4, the following assumptions apply here: 

);> the bus voltage magnitudes of the transmission network are assumed fixed 

at one per unit by sufficient VAr sources; 

);> the total value of bus demands (combined pool and bilateral) are 

considered inelastic; 

);> the scheduled firm, GDFij , and non-firm, GDNF;j , contracts are physical 

obligations, which means that generator i must inject the scheduled value 

into bus i while the consumers at bus j must absorb the same level of 

power; 

);> the bilateral contract rates charged by each generator are the same for aIl 

its contracts, and are equal to its marginal generation cost evaluated at its 

total approved firm and requested non-firm bilateral output, that is, 

(5.43) 

(5.44) 

20 In the rest of the text, when referring to "Case C", it will be understood that it is Case C from Chapter 4. 
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The results of Chapter 4, when the firm contracts were not subject to curtailment, 

revealed that this case led to heavy congested operation that became unprofitable for both 

generators and loads due to high power transmission payments and volatile nodal priees. 

The intention of this chapter 1S to demonstrate how the extra flexibility introduced by firm 

contract curtailment offers and non-firm contracts can be used to reduce congestion and 

hedge against such unprofitable conditions. 

The simulations are performed for two cases: 

»> case 1: only firm bilateral agreements with curtailment offers; 

»> case II : both firm and non-firm contracts, with respective curtailment 

offers and non-curtailment bids. 

Both of these two cases are tested for two different values of curtailment offers: 

»> i) when aU participants subrnit low curtailment offers, indieating a 

willingness to be curtailed if necessary to avoid high congestion 

payments; 

»> ii) when sorne contracts submit very high curtailment offers, indicating 

either strong satisfaction with their bilateral agreements or an 

attempt to eam extra revenue from curtailment (guessing that they 

have market power). 

In addition Case 1 is examined for, 

»> iii) the effects of negative curtailment offers, which would be 

submitted when the trading partners wish to have their bilateral 

agreements completely curtailed, irrespective of the degree of 

congestion. 

Moreover, for Cases 1 and II with both low and high curtailment offers, two ways 

of acquiring firm bilateral status are considered: 

»> a) Purchased Firm Bilateral Status with Financial Curtailment Rights; 

»> b) First-Come-First-Serve Firm Bilateral Status with Free-of-Charge 

Curtailment Rights. 

For aU of the above cases, the market clearing solution (generation levels, 

poollbilateral mix, and power flows, as well as the nodal priees and the nodal price 

differences) depend on the values of curtailment offers, but not on the way in which firm 
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bilateral status is acquired. On the other hand, the financial perfonnance measures 

(generator and load revenues and expenditures) do depend on how firm status is acquired. 

Thus, in next two subsections which examine Cases 1 and II, the analysis of the 

market clearing solutions is carried out first, followed by a calculation and analysis of the 

financial performance measures for each of the two possible firm status acquisition 

methods. 

Figure 5-3 shows a block diagram of all the cases simulated and analyzed in this 

chapter. 

5.5.1 Case 1: Firm Bilateral Contracts with Curtailment Offers 

Market Clearing Solution Charaderistics 

The vector ofbus loads, Pd' is here given by, 

Pd =[34 85 119 323 527y MW. (5.45) 

Under the assumption of Case C, there is no pool demand so that Pd = [GDFappf e, where 

the approved firm bilaterai contracts are here given as, 

34 51 34 153 170 

0 34 34 119 255 
GDFapp = 0 0 51 51 102 MW. (5.46) 

0 0 0 0 0 

0 0 0 0 0 

To facilitate the comparison between case C and the various cases analyzed in this 

chapter, the results of the market clearing procedure for Case C are now repeated21
• 

Table 5-4 shows the optimum dispatch while the financial performance measures appear 

in Table 5-8. Finally, the line flows are shown in Figure 5-4. 

21 AU tables numbered Table 5-4 - Table 5-26, as weB as figures numbered Figure 5-4 - Figure 5-8 appear at 

the end of this chapter. 
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CI] Analysis of Market Clearing Solutions 

~ Analysis of Financial Performance Measures 

Figure 5-3. Diagram of tested cases 

The solutions of the market clearing procedure are summarized in Table 5-1 for 

each of three cases, low, high and negative curtailment offers. In addition, Table 5-1 also 

summarizes case C for easy comparison. AIl of these cases are now described in greater 

detail. 
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Ci) Low Curtailment Offers 

This illustrates a situation where the bilateral traders are moderately satisfied with 

their agreements and show a willingness to be curtailed if necessary to avoid high power 

transfer payments. The curtailment offers are defined by, 

bf= 

1.7 2.4 0.6 0.8 1 

0.5 0.7 1.7 1.6 

1.3 2 2.2 $/MWh. (5.47) 

The unfilled positions in the matrix indicate that there are no corresponding bilateral 

contracts and thus no offers. In the optimization procedure, of course, these positions are 

filled with zeroes. However, it is also possible for an existing firm contract to submit a 

zero curtailment offer if the partners are completely indifferent to curtailment. 

As defined by equation (5.2), bf.j' the net curtailment offer of the bilateral 

contract GDFij, is the sum of the two terms, bfgij and bfdij' submitted by generator i and 

load} respectively. In the simulations carried out in this chapter it is assumed that these 

two terms are equal, so that bfgij = bfdij = bfij /2 . 

For the curtailment offers of (5.47) the results of the clearing procedure of (5.4) 

are given in Table 5-5. The corresponding scheduled values of the bilateral contracts are 

now, 

34 51 
170 1 0 34 34 119 255 

GDF = 0 0 51 51 102 MW. (5.48) 

0 0 0 0 

~ J 0 0 0 0 

It can be noticed from (5.48) that contract 1-3 is completely curtailed, while contract 1-4 

is partially curtailed. The values of the line flows given in Figure 5-5 indicate that these 
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contract curtailments have eliminated congestion, as line 1- 4 no longer operates at the 

limit. The absence of transmission congestion also leads to less volatile nodal priee 

differences, 

0 0.3 1.8 2.9 6.0 

-0.3 0 1.5 2.6 5.7 

{Âj -Âi } = -1.8 -1.5 0 1.0 4.2 $/MWh (5.49) 

-2.9 -2.6 -1 0 3.5 

-6 -5.7 -4.2 -3.5 0 

This case is further discussed and compared to cases with high and negative 

curtailment offers later in this section. 

(ii) High Curtailment Offers 

High curtailment offers may occur if either the trading partners show strong 

satisfaction with their bilateral agreements or as an attempt to garne and eam extra 

revenue from curtailment. This situation is simulated here by the curtailment offer 

matrix, 

170 240 60 

25 70 

bf = 1.3 

The market clearing results 

contracts is now, 

80 79 

140 160 

2 2.2 $/MWh. 

are given in Table 5-6. 

Curtailed by 18.3 % 

34 51 27.7 170 

0 34 34 119 255 

GDF = 0 0 51 51 102 MW. 

0 0 0 0 0 

0 0 0 0 0 

(5.50) 

The matrix of scheduled 

(5.51) 
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As (5.51) indicates, only the bilateral contract 1-3 has been curtailed by 18.3 % from the 

requested value defined by (5.46), an amount that is not sufficient to eliminate 

congestion. As Figure 5-6 indicates, line 1-4 is congested and this leads to high nodal 

priee differences, 

0 43.6 59.2 72.8 72.7 

-43.6 0 15.6 29.2 29.1 

{Âj -~}= -59.2 -15.6 0 13.6 13.5 $/MWh. (5.52) 

-72.8 -29.2 -13.6 0 0.1 

-72.7 -29.1 -13.5 -0.1 0 

These nodal priee differences result in poor financial performance measures as discussed 

in more detaillater in this chapter. 

mi) Negative Curtailment Offers 

An example is now given that il1ustrates how negative curtailrnent offers can be 

used by the trading partners to force the curtailment of sorne firm bilateral trades. This 

offer strategy may be used if the partners feel that they cau get a better deal by trading at 

the pool priees. To simulate this case, the contract curtailment offer matrix, bf, of 

equation (5.47) is modified by setting bf35 = - 0.5 $/MWh, so that, 

1.7 

bf= 

2.4 

0.5 

0.6 

0.7 

1.3 

0.8 

1.7 

2 

The matrix of scheduled firm contracts now bec ornes, 

(5.53) 
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34 51 

0 34 34 119 

GDF = 0 0 51 51 MW. (5.54) 

0 0 0 0 0 

0 0 0 0 0 

This matrix shows that the negative curtailment offer of contract 3-5 does indeed result in 

a complete curtailment of this bilateral contract. In addition, the low curtailment offers of 

other bilateral parties allowed the SO to curtail contracts 1-3 and 1-4, thus eliminating 

congestion on line 1-4 as shown in Figure 5-7. 

The results of the clearing procedure for this case are given in Table 5-7, with the 

values of nodal priees differences becoming, 

0 0.3 1.8 2.9 6.0 

-0.3 0 1.5 2.6 5.7 

{Àj -ÀJ= -1.8 -1.5 0 1.0 4.2 $/MWh. (5.55) 

-2.9 -2.6 -1 0 3.5 

-6 -5.7 -4.2 -3.5 0 

Comparative Analysis of Market Clearing Solutions 

To facilitate the comparison of Case C, Case I-i with low curtailment offers, Case 

I-ii with high curtailment offers, and Case I-iii with negative offers, the main 

characteristics of their market clearing solutions are summarized in Table 5-1. Bach of 

these three cases is now discussed and compared with the other cases from the 

perspectives of: 

~ system operation; 

~ contract curtailments; and 

~ cost and nodal priees. 
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Case C Case l-i Case l-ii Case l-iii 

Finn bilateral trades with Film bilateral trades with low Firm bilateral trades with high Firm bilateral trades with 

no curtailment curtailment offers curtailment offers negati ve curtailment offers 

J.7 2.4 0.6 0.8 1 170 240 60 80 79 1.7 2.4 0.6 0.8 l 

- 0.5 0.7 1.7 1.6 - 25 70 140 160 - 0.5 0.7 1.7 1.6 

1 No curtailment option bf= - - 1.3 2 2.2 bf= - - 1.3 2 2.2 bf= - - 1.3 2 -0.5 

- - - - - - - - - - - - - - -
- - - - - - - - - - - - - - -

2 Congestion on line 1-4 No congestion Congestion on line 1-4 No congestion 

3 Generator 2 at the lower bilaterallimit Generator 2 is free Generator 2 at the lower bilaterallimit Generator 2 is free 

4 
Expensive generator 4 Expensive generator 4 Expensive generator 4 Expensive generator 4 produces 

produces Pg4 = 28 MW produces Pg4 = 0 MW produces Pg4 = 0 MW Pg4 =OMW 

P: =[442 442 204 0 Or P; =[395.4 442 204 o 0]" P: =[435.6 442 204 0 or P; =[395.4 442 102 0 0]" 
5 

P: =[0 0 20 28 or P: =[0 35.9 59.6 o 0]" P: =[0 0 55.2 0 or P: =[0 35.3 161.6 0 or 

P; =[34 85 119 323 527]" P; =[34 85 85 310.4 527f P: =[34 85 112.8 323 527f P; =[34 85 85 310.4 425r 
6 

PI =[0 0 0 0 or PI =[0 0 34 12.6 or PI =[0 0 6.2 o or PJ' =[0 0 34 12.6 102r 

34 51 34 153 170 34 51 0 140.4 170 34 51 27.7 153 170 34 51 0 140.4 170 

0 34 34 119 255 0 34 34 119 255 0 34 34 119 255 0 34 34 119 255 

7 GDapp = 0 0 51 51 102 GDF = 0 0 51 51 102 GDF = 0 0 51 51 102 GDF = 0 0 51 51 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

8 À. = [-65.3 9.1 35.1 57.1 54.6r À. =[35 35.3 36.9 37.9 41r À. =[-22.6 21 36.7 50.2 50.1y À. = [35 35.3 36.9 37.9 41y 

0 74.4 100.4 122.4 120 0 0.3 1.8 2.9 6.0 0 43.6 59.2 72.8 72.7 0 0.3 1.8 2.9 6.0 

-74.4 0 26 48 45.5 -{J.3 0 1.5 2.6 5.7 --43.6 0 15.6 29.2 29.1 -{J.3 0 1.5 2.6 5.7 

9 {Aj-A,}= -100.4 -26 0 22 19.5 {Al -A,} = -1.8 -1.5 0 1.0 4.2 {Al -A,} = -59.2 -15.6 0 13.6 13.5 {Âl-iL,}= -1.8 -1.5 0 1.0 4.2 

-122.4 --42 -16 0 3.5 -2.9 -2.6 -1 0 3.5 -72.8 -29.2 -13.6 0 0.1 -2.9 -2.6 -1 0 3.5 

-120 --46.5 -19.5 -3.5 0 -6 -5.7 --4.2 -3.5 0 -72.7 -29.1 -13.5 -0.1 0 --6 -5.7 --4.2 -3.5 0 

Table 5-1. Summary oftechnical characteristics for aH Case 1 examples 
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System Operation 

In Case C, solved for the original poollbilateral model without curtailment 

options, high levels of bilateral trades caused congestion on line 1-4, and also forced 

generators 1 and 2 to operate at their lower bilateral limits. Moreover, due to congestion 

re-dispatch, the expensive generator 4 was also scheduled to produce 28 MW. 

When the bilaterai parties of firm contracts submit Iow curtailment offers as in 

Case I-i, the SO is able to curtail sorne of the approved firm bilateral contracts by an 

amount sufficient to eliminate congestion. In comparison with Case C, generator 1 is still 

operating at its lower bilateral limit, however generator 2 is now free and none of the 

lines are congested. This is a less constrained case which therefore gives a more efficient 

operation. 

However, the high curtailment offers submitted in Case I-ii preclude the SO from 

sufficiently modifying the approved firm contracts to eliminate congestion. As Table 5-1 

indicates, the system operation in Case I-ii is closer to Case C than to Case I-i, as line 1-4 

remains congested and both generators 1 and 2 operate at their lower bilaterai limits. 

However, since the expensive generator 4 produces zero output, the operation now is a bit 

cheaper than in Case C, aithough more expensive than in Case I-i. 

In Case I-iii with negative curtailment offers, there are no differences in what 

concerns generation and line limits in comparison with Case I-i as the two curtailment 

offer matrices are very similar except for element 3-5 which in Case I-iii is negative. 

The above results show that low values of curtailment offers can have a 

significant impact on system operation by reducing or eliminating transmission 

congestion as well as out of merit operation (generators that operate at their lower 

bilateral bound). On the other hand, high values of curtailment offers rnay be counter­

productive since they do not provide the SO with the curtailrnent flexibility to aUeviate or 

eliminate congestion. 

Contract curtailments 

Rows 5, 6 and 7 of Table 5-1 show that although the approved contracts called for 

the entire dernand to be supplied through bilaterai contracts (as in Case C), in cases I-i, I­

ii, and I-iii, sorne contract curtailrnent is scheduled by the market clearing procedure, 

98 



Curtailment ofFirm and Non-Curtailment ofNon-Firm Contracts 

replacing the curtailed amounts with pool-supplied components. The level of curtailment 

however depends strongly on the curtailment offers submitted by bilateral parties. 

In Case I-i for ex ample, the firm bilateral contract 1-3 is 100% curtailed while 

contract 1-4 is reduced by 8.3% from their approved values. The firm contracts of the 

other generators however are entirely honored. 

On the other hand, because of the high curtailment offers in Case I-ii, with the 

exception of GD~3 none of the firm contracts are curtailed. Thus, whereas in Case I-i, 

contract 1-4 had been reduced by 8.3%, it is now full y honored, while contract 1-3 that 

had been totally cancelled in Case I-i, is now reduced by only 18.3 %. 

As Cases I-iii and I-i have nearly the same curtailment offer matrices, the same 

contract curtailment occurs, with the exception of contract 3-5 that is now completely 

curtailed because of its negative curtailment offer. 

What is common for aIl of these cases is that for positive offers there is a tendency 

to curtail only the contracts of generator 1. This is not a surprising result considering that 

in Case C the nodal priee at bus 1 was negative (see row 8) which was an economic signal 

to decrease the net power injection into that bus by either increasing demand or by 

decreasing generation. 

The results also demonstrate that the level of contract curtailment depends on the 

values of curtailment offers. For instance, modifications of the scheduled contracts in 

Case-I are consistent with the curtailment offers in (5.47) (see also row 1), as higher 

offers result in higher scheduled values (or equivalently in smaller modifications from the 

approved values). Thus, of the bilateral contracts originating at generator l, bilateral 

contract GD~3 with the lowest curtailment offer (bl13 = 0.6 $/MWh) has been 

completely curtailed. As for the other generator 1 contracts, only the agreement GD~4 

was partly curtailed, as this contract has the second lowest curtailment offer, 

bh4 = 0.8 $/MWh. Furthermore, note that ev en though the contracts of generator 2, 

GDF22 and GDF23 submitted lower curtailment offers than contract GD~4 of generator l 

(b122 = 0.5 and bl23 = 0.7 $/MWh, respectively), they were not curtailed because such 

measures would not remove congestion. This result shows that even for relatively low 
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curtailment offers, the tendency is to fully honor the approved transactions unless they 

cause congestion. 

On the other hand, for Case I-ii with high curtailment offers only one contract, 

GDF13 , with the lowest curtailment offer was reduced. This curtailment is attributed to 

the strong influence that the output of generator 1 has on transmission congestion. 

In Case I-iii, the negative curtailment offer of contract GDF;5 resulted in its 

complete curtailment, thus demonstrating that negative off ers lead to contract curtailment 

even when there is no advantage in eliminating or relieving congestion. 

For all the above cases, the transmission los ses and congestion re-dispatch are 

supplied by the pool. In addition, the amount of power curtailed from the finn bilateral 

contracts is replaced by equivalent pool components, thereby defining a new 

pool/bilateral mix. Thus, for the lower curtailment offers of Case I-i, the proportion of 

pool generation increases with respect to its bilateral counterpart, when compared to Case 

I-iÏ. Moreover, as generator 2 is free in Cases I-i and I-iii, hs pool generation component 

has increased from 0 MW (in Case C) to 35.3 MW. In addition, in Case I-iii, the 

generation and load pool components are even higher because of the total curtailment of 

bilateral contract GDF35 who se 102 MW now become part of the pool trades. 

Cost and nodal priees 

As Table 5-4,Table 5-5, Table 5-6 and Table 5-7 show, although the total 

generation cost22 in Case I-ii with high curtailment offers (35,017 $/h) has decreased from 

that of Case C (35,606 $/h), it is still higher that the total costs in Cases I-i and I-iii 

(34,928 $/h) with no congestion. 

The values of nodal price differences in row 9 of Table 5-1 reveal to what extent 

the selective curtailments of the market clearing process were successful in lowering the 

nodal price differences and in securing trades with low power transfer payments. In Cases 

I-i and I-iii, the low curtailment offers result in operation without transmission congestion 

22 Recall that this generation co st is calculated based on submitted generator offers, 0 ,; (~,). As the true 

cost C,;(P,,) is private information known only to the generator, aH analyses are carried out under the 
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for which the nodal price differences are significantly lower than for the heavily 

congested Case C. As for Case I-H, whereas the operation rernains congested, even the 

slight curtailrnent of contract GDF;3 reduces the values of nodal price differences by as 

rnuch as 40%. 

These results show that it is in the interest of the bilateral trading parties to subrnit 

low curtailrnent offers in order to provide the sa with the necessarily flexibility to curtail 

the bilateral contracts and thereby reduce nodal price differences. As the analyses of 

financial performance rneasures of the next section show, the bilateral parties are unlikely 

to bene fit frorn bilateral contracts that cause high nodal price differences because they are 

then faced with high power transfer payrnents. 

Financial Pe:rfo:rmance Measu:res 

As financial performance rneasures depend on the way in which the firrn bilateral 

status is acquired, the cases discussed above are now anal yzed under the following two 

conditions: 

>- Purchased Firm Bilateral Status 

.:. Case I-i-a with low curtailrnent offers (detailed in Table 5-10 

andTable 5-11); 

.:. Case I-ii-a with high curtailrnent offers (detailed in Table 5-12 and 

Table 5-13); 

.:. Case I-iii-a with negative curtailrnent offers (detailed in Table 5-14 

and Table 5-15). 

>- First-Corne-First-Serve Firm Bilateral Status 

.:. Case I-i-b with low curtailrnent offers (detailed in Table 5-16 and 

Table 5-17); 

.:. Case I-iÎ-b with high curtailrnent offers (detailed in Table 5-18 and 

Table 5-19). 

Recall that the Purchased Firm Bilateral Status is acquired by the bilateral parties 

by buying it frorn the sa. In return, they are awarded not only a firm right and obligation 

to transfer the agreed to power, but they also obtain a Financial Curtailrnent Right that 
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entitles them to colleet a curtailment revenue if the contract is curtailed. On the other 

hand, as the First-Come-First-Serve firm status 1S obtained for free, under this scheme the 

bilateral partners are not entitled to curtailment revenue even though they still submit 

curtailment offers. Such offers now merely reflect the partners' willingness to be curtailed 

for economic reasons, but they do not entitle the partners to any eurtailment revenue. 

To facilitate the comparison of the various cases simulated, a sub-set of financial 

performance measures are summarized in Table 5-2, the details of which are found in 

Table 5-8 -Table 5-15. 

Thus, row 1 of Table 5-2 shows the individual generator payments used to 

purchase firm bilateral status, E!gTP
, while the corresponding payments by the loads, 

E!dt, are given in row 8. It is assumed that the rate offered by the bilateral parties for the 

firm status, bh;PP, is equally split between a generator and a load, and that its value 1S 

10% of the bilateral priee defined by equation (4.23). For the local bilateral contracts that 

are agreed on between a generator and a load at the same bus, the value of b!il'PP is zero. 

The generator revenues (in $/h) and the corresponding rates of revenue (in $IMWh) , are 

given in rows 2-7 of Table 5-2 as follows: 

~ the net generator revenues, Rgi' are glven in row 2, while the 

corresponding rates of revenue, Rgi 1 Pgi , are in row 3. 

~ the net revenue associated with bilateral trades, R;i' is shown in row 4. 

This includes aIl revenues and payments associated with bilateral trading, 

that is, 

R- b - Rb E'Fbcl Rf 
gi - gi - '.J gi + gi' (5.56) 

~ The associated rates of revenue, R;i 1 P;, are in row 5. The term R;i and 

in (5.56) is defined by equations (5.6), while E!;cl and R~, depends on 

the way the firm bilateral status is obtained and are defined by (5.10) or 

(5.19) and (5.11) or (5.20). 
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)- the net revenues associated with sales to the pool, R;, defined by , is 

given in row 6, while row 7 shows the corresponding rates of revenue, 

R; / P~ . Note that if P: > 0 these rates are equal to the nodal priees, A,. 

Similarly, the net load expenditures (in $/h) and the corresponding rates of 

expenditure (in $/MWh) are given in rows 9-14, in the subsequent order: 

)- the net load expenditures, Edj , are given in row 9, with the associated rates 

of expenditure, Edj / ~j' being defined in row 10. 

)- the net bilateralload expenditures, Ë~, defined by, 

E- b - Eb E:'-F bcl Rf 
dj- dj+ '.ldj - dj' (5.57) 

are given in row 11, with the associated rates of expenditure, Ëdj 1 P: ' in 

row 12. The variable E~, in equation is defined by (5.27) , while Ef:cl 

and R~ depend on the way in which firm bilateral status is obtained and 

are defined by (5.28) or (5.35) and (5.29) or (5.36). 

)- the net pool load expenditures, E$, are shown In row 13, with the 

associated rates, E$ / Pl, given in row 14; 

In addition, the merchandising surplus is given in row 15. 

The cases defined in Table 5-2 are now discussed and mutually compared from 

the perspectives of: 

)- generator revenue components and corresponding rates; 

)- load expenditure components and corresponding rates; 

)- merchandising surplus; 

)- net prices of bilateral trades. 

For each of these perspectives, comparisons are carried out first among 

Cases I-i-a, I-ii-a and I-iii-a with Purchased Firm Bilateral Status. This is followed by an 

evaluation of how Purchased vs. First-Come-First-Serve firm status affects the financial 

performance measures of individual generators and loads. 
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Case C Case l-iii 
Firm bilateral trades Case l-i Case 1-;; Firm bilateral trades 

with Firm bilateral trades with low curtailment offers Firm bilateral trades with high curtailment offers with negative 
no curtailment curtailment offers 

First-Come-First- Case l-i-a Case l-i-b Case l-ii-a Case I-i-b Case J-iii 
Serve firm bilateral Purchased firm bilateral First -Come-First -Serve Purchased firm bilateral First-Come-First -Serve Purchased flfm bilateral 

status status firm bilateral status status firm bilateral status status 

768.7 768.7 768.7 

699 699 699 

1 Ef"PP =0 Efapp = g 261.5 Efapp =0 Efapp = g 261.5 Efapp =0 Ef;PP = 261.5 

0 0 0 

0 0 0 

-6,514 13,422 14,176 2,154 2,736 13,422 

6,045 14,782 15,481 8,729 9,428 14,782 

2 R = g 6,131 R = g 8,669 R = g 8,931 R = g 7,701 R = g 7,963 R = g 9,131 

1,620 0 0 0 0 0 

0 0 0 0 0 0 

-14.7 33.9 35.8 5 6.3 33.9 

13.7 31 32.4 19.7 21.3 31 

3 Rg .IPg = 27.7 Rg IPg = 32.9 Rg.lPg = 33.9 Rg.lPg = 29.7 Rg.lPg = 30.7 Rg .lPg = 34.6 

57.6 0 0 0 0 0 

0 0 0 0 0 0 

'-----'--~~ ---------- --- ---- - ----- -----

Table 5-2. Summary of financial performance characteristics for al! Case l examples 
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r---, 
Case C Case 1-;-a Case-l-i-b Case l-ü-a Case l-ii-b Case l-iii 

-6,513 13,422 14,176 2,154 2,736 13,422 

6,045 13,535 14,234 8,729 9,428 13,535 

41 R; = 1 5,415 Rb = 6,472 Rb = 6,733 Rb = 5,678 Rb = 5,939 Rb = 3,174 g g g g g 

0 0 0 0 0 0 
0 0 0 0 0 0 

-14.7 33.9 35.8 5 6.3 33.9 
13.7 30.6 32.3 19.7 21.3 30.6 

5 1 R~.!P: =1 26.5 
- b b 31.7 Rb Ipp = 33 Rb Ipp = 27.8 -b 

29.1 Rb ./pp = 31.1 Rg./Pg = g' g g' g Rg./P: = g g 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 
0 1,247 1,247 0 0 1,247 

6 1 R: =1 716 RP= 
g 2,198 RP= 

g 2,198 R P = g 2,024 RP= 
g 2,024 RP= 

g 5,958 

1,620 0 0 0 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 35.3 35.3 0 0 35.3 

7 1 R;./P: =135.1 R:.iP: = 36.9 R;./P; = 36.9 R;./P; = 36.7 R;.iP: = 36.7 R:.lP; = 36.9 

57.1 0 0 0 0 0 
0 0 0 0 0 0 

Table 5-2. Summary of financial performance characteristics for aIl Case 1 examples (cont.) 

105 



106 

8 

9 

10 

11 

CaseC 

Efapp = 0 

1,128 

4,985 

Ed = 1 6,338 

24,371 

35,619 

37.7 

58.6 

Ed.lPd = 153.3 

75.4 

67.6 

1,281 

4,985 
-b 1 Er! = 6,338 

24,371 

35,619 

Case l-i-a 

o 
96.1 

Ef;PP = 1122.3 

579.3 

931.4 

1,281 

3,190 

Eg =14,300 
12,541 

21,017 

37.7 

37.5 

Ed.lPd = 136.1 

38.8 

39.9 

1,281 

3,190 

Ë~ = 1 3,046 

12,062 

21,017 

Case-l-i-b 

EfOPP = 0 

1,281 

3,094 

Ed =1 4,188 

Il,967 

20,056 

37.7 

36.4 

Er/Pd = 135.2 

37 

38.1 

1,281 

3,094 

Ë! =1 2,934 

11,488 

20,086 

Case l-ii-a 

o 
96.1 

Ef;PP = 1122.3 

579.3 

931.4 

1,281 

4,294 

Ed = 1 5,207 

19,816 

30,140 

37.5 

50.5 

Ed.lPd =1 43.7 

61.3 

57.2 

1,281 

4,294 

Ë~=14,978 
19,816 

30,140 

Case l-ii-b 

Efapp = 0 

1,281 

4,198 

Ed =1 5,271 
19,237 

29,209 

37.7 

49.4 

Ed.lPd =1 44.3 
59.6 

55.4 

1,281 

4,198 
-b 1 Ed = 5,042 

19,237 

29,209 

Table 5-2. Summary of financial performance characteristics for aIl Case 1 examples (cont.) 

Case l-iii 

o 
96.1 

Ef;"P = 1122.3 

579.3 

931.4 

1,281 

3,190 

E" =14,300 
12,541 

21,530 

37.7 

37.5 

Ed.lPd =136.1 
38.8 

40.8 

1,281 

3,190 

Ë~ =1 3,046 

12,062 

17,343 



Case C Case l-i-a Case-I-i-b Case l-ii-a Case l-ii-b Case l-iii 

-
37.7 37.7 37.7 37.7 37.7 37.7 

58.6 37.5 36.4 50.5 49.4 37.5 

12 
-b b 53.3 Ob b 

35.8 E~.lP: = 34.5 -b b 44.1 Ob b 44.7 Eh /pb = 35.8 Ed.lPd = Ed.lPd = Ed.lPd = Ed.lPd = d" d 

75.4 38.9 37 61.3 59.6 38.9 

67.6 39.9 38.1 57.2 55.4 40.8 
-

0 0 0 0 0 0 

0 0 0 0 0 0 

13 EP-d- 0 E~ = 1,253 EP-d - 1,253 EP-
d - 228 EP -

d - 228 EP -cl - 1,253 

0 479 479 0 0 479 

0 0 0 0 0 4,187 

-
0 0 0 0 0 0 

0 0 0 0 0 0 

14 E~.lP: = 0 E~.lP: = 36.9 E~.lP: = 36.9 E~.lP: = 36.7 E~.lP: = 36.7 E~./P: = 36.9 

0 37.9 37.9 0 0 37.9 

0 0 0 0 0 41 
-

15 MS =65,312 MS =5,454 MS = 2,028 MS =42,155 MS =39,070 MS =5,507 

Table 5-2. Summary of financial performance characteristics for aH Case 1 examples (cont.) 
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Generator Revenue Components and Corresponding Rates 

A striking difference between the various generator revenues and associated rates 

for Case C and Case I-i-a with low curtailment offers can be seen in rows 2-7 of Table 

5-2. In addition, the reader may wish to compare the results from Table 5-10 and Table 

5-6 . As row 2 of Table 5-2 indicates, all participants except generators 4 and 5 are 

individually better off in Case I-i-a compared to Case C because of the contract 

curtailment. For instance, the revenue of generator 1 has increased from a negative value 

of Rgl = -6,514 $/h in Case C to Rgl = 13,422 $/h in Case I-i-a. As for generator 4, it is 

worse off with curtailment since it pro duces no power, and its revenue drops from 1,260 

$/h to O. A similar trend can be seen for the pool and bilateral components in rows 4 

and 6. 

Similarly, the rates of revenue associated with each type of trading (rows, 3, 5 and 

7), are significantly higher for generators 1, 2 and 3. For instance, the rate of retum for 

the net revenue of generator 1, RgJ PgP has increased from -14.7 for Case C to 

33.9 $/MWh in Case I-i-a. Likewise, for generator 2 the rate of revenue Rg2 / Pg2 have 

increased from 13.7 to 31 $/MWh, while for the rate associated with the net revenue of 

bilateral trades, R;2 / P:2' it rose from 13.7 to 30.6 $/MWh. As for the rate of pool 

revenue, in Case C generator 2 operated at its lower bilateral limir and thus did not sen 

any power to the pool. In Cases I-Î-a and I-iii-a however generator 2 is free and sells 

35.3 MW for the rate R:2 / P:2 = 36.7 $/MWh, which is also the nodal priee at bus 2. 

Analysis of similar financial measures for Case I-Îi-a with high curtailment offers 

reveals that insufficient contract curtailment results in lower generator revenues. As, rows 

2, 4 and 6 indicate, in comparison with Case I-i-a, the revenues of generators 1, 2 and 3 

have dropped, although they are still above the levels seen in Case C. Again, the most 

significant change is for generator 1 whose revenue is now 2,154 $/h, compared to 13,422 

$/h in Case I-i-a and -6,514 $/h in Case C. A similar effect can be observed for the rates 

of revenue given in rows 3, 5 and 7, which show that, in comparison with Case I-i-a, the 

worst situation is with generator 1 whose rate of revenue, RgJ / ~I' has dropped from 33.9 

to 5 $/MWh. 
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As the more detai!ed results of Table 5-12 for Case I-ii-a indicate, the poor 

financial results are due to transmission congestion and high power transfer payments. 

Furthermore, most of the bilateral parties that submit high curtailment offers prevent any 

curtailment and thus are not able to collect any curtailment revenue, Rl. 
The high curtailment offers submitted by generator 1 result in insufficient 

curtailment of its contracts. Thus, this generator continues to be the main cause of 

congestion and its financial performance is highly affected by this inefficient operation. 

While this generator receives a relatively high curtailment payment of 186.7 $/h for the 

curtailment of Hs contract GDF;3' that revenue is wiped out by an increase in power 

transfer payments, that for this generator are now 13,684 $/h. 

The financial performance measures of Case I-iii-a with negative curtailment 

offers are given in Table 5-14, as well as in rows 2-7 of Table 5-2. These results are very 

close to those of Case I-i-a, the only difference being in the curtailment of contract 

GD~5 (with negative offer), which proves to be beneficial to generator 3. Even though 

this generator paid to have one of its contracts curtailed, its total revenue slightly 

increased to 9,131 $/h in Case I-iii-a from 8,669 $/h in Case I-Î-a. 

Load Expenditure Components and Corresponding Rates 

Similarly to the generators, it can be noted from rows 9, 11 and 13 that the load 

payments in Case I-i-a with low curtailment offers have decreased under curtailment, and 

the rates associated with each type of trading (rows 12, 14) as weIl as the overall expenses 

(row 10) are lower in comparison with Case C. The only exception are the expenditures 

and rates of expenditure for load 1, which has only local bilateral purchases from 

generator 1 that remain constant for an cases as such expenditures are unaffected by 

transmission congestion. 

Thus, the bilateral contract curtailments scheduled in Case I-i-a prove to be 

equally beneficial to the loads as they are for the generators. This indicates that both 

parties have similar interest when submitting curtailment offers. 

In Case I-iÏ-a with high curtailment offers, with the exception of load 1 aU other 

loads are now worse off. This can be seen in the total load payments, Edj , as shown in 
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row 9, and in the associated rates of expenditure Edj / Pdj , as seen in row 10. The same 

conclusion applies for the net expenditures associated with both bilateral and pool trades 

given in rows Il and 13, as well as for the corresponding rates defined in rows 12 and 14. 

The reason is that loads have to pay high power transfer payments which are indicated in 

Table 5-12, and this makes their payments doser to those of Case C than to those of Case 

I-i-a. The only exception is load 1 which, as pointed out before, is unaffected by the 

contract curtailments since it only has one bilateral contract with the local generator. 

Thus, although loads 2 to 5 buy bilateraUy from aIl three generators, the high 

levels of bilateral output of generator 1 cause expensive operation for an. Since these 

loads do not show sufficient flexibility to curtail their bilateral trades with generator 1, 

they are faced with high power transfer payments. For example, because of its high 

curtailment offer, contract 1-3 is curtailed only by 8.3%, compared to 100% in Case I-i-a, 

which now forces load 3 to pay power transfer payment of 1,211 $/h (Table 5-12). This 

amount is much higher than the 148.5 $/h that load 3 paid in Case I-i-a (Table 5-10). 

Even the curtailment revenue that brings 186.7 $/h to load 3 is insufficient to coyer the 

difference between the power transfer payments of these two cases. 

In comparison to Case I-i-a, the only difference in Case I-iii-a is observed for load 

5 which has curtailed its contract GD~5' This load is now worse off, as its total 

expenditure has increased from 4,188 to 4,300 $/h. The revenues of all other loads remain 

unchanged. 

Merchandising Surplus 

In Case I-i-a with low curtailment offers, the overall total revenues and expenses 

n n 

are respectively, L Rg; = 36,873 and L Edj = 42,329 in $/h. In comparison the results of 
;=1 j=1 

n n 

Case C are LRg; = 7,282 and LEdj = 72,594. Thus the merchandising surplus, MS, 
;=1 j=1 

has significantly decreased to 5,454 $/h, as opposed to 65,312 $/h for Case C. These 

results bec orne even more interesting in light of the very smaU value of the overall 

curtailment costs, as the SO pays only 15.3 $/h to the bilateral parties for the total 

bilateral contract curtailment. 
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For Case I-Ïi-a with high curtailment offers, the total generator revenues and load 

expenses worsen with respect to the low curtailment offer Case I-i-a, as the se have 

n 

changed from L Rgi = 36,873 and 
Î=l 

n n 

n 

L Edj = 42,329 (in $/h) in Case I-i-a to 
j=l 

L Rg; = 18,684 and L Edj = 60,973 for the case with high offers. The resulting high 
;=1 i=j 

merchandising surplus of 42,155 $/h in Case I-Ïi-a is therefore significantly higher than 

5,454 $/h for Case I-i-a, and is doser to the value of 65,312 $/h for Case C. A high MS is 

a signal that additional transmission capacity is economically desirable in order to 

implement the approved trades. This economic signal aiso indicates that for the same 

transmission capacity, the bilateral contracts shouid be modified to improve the overall 

economic operation. 

In Case I-iii-a that illustrates what happens under negative curtailment offers, the 

n 

values of the total generator revenues, L Rgi = 37,335, and the total load expenses, 
i=l 

n 

L Edj = 42,842 $/h, are slightly above the values in Case I-i-a, but are far better than the 
)=1 

values seen in Cases C and I-ii-a which operated under congestion. The merchandising 

surplus is now 5,507 $/h, a value slightly above the 5,454 $/h in Case I-i-a, but much 

lower than in Cases C and I-ii-a. This is an expected result as there is no congestion in 

Case I-iii-a, and the replacement of bilateral contract GDF;s with pool suppl Y was 

beneficial to generator 1 although more expensive for load 5. 

Net Priees of Bilateral Trades 

The net contract prices are given for Cases C, I-i-a, I-ii-a and I-iii-a from the 

perspective of both generators, ftiv, and Ioads, ftX, in Table 5-9,Table 5-11 ,Table 5-13, 

andTable 5-15 respectively, and they can be compared with the nodal priees that for each 

of theses cases are given in Table 5-4, Table 5-5, Table 5-6 and Table 5-7. This 

comparison indicates how well the trading strategies and partners have been chosen, and 

which contracts should be reevaluated in the future. 
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Purchased vs. First-Come-First-Serve Bilateral Status 

The results of Case I-i-b for low curtailment offers under First-Come-First-Serve 

Firm Bilateral Status are given in Table 5-16, while the results for the Case I-ii-b with 

high curtailment offers are shown in Table 5-18. For both of these two cases with First­

Come-First-Serve Firm Bilateral Status, the total generator revenues and load 

expenditures differ from the cases with Purchased Firm Bilateral Status in two ways: (i) 

the values of curtailment revenues collected by the generators and loads; and (ii) the 

amount paid by the bilateral parties to obtain firm bilateral status. 

The results of these cases reveal that any eamings from curtailment when bilateral 

parties submit high curtailment offers may not be sufficient to outweigh an increase in 

power transfer payments caused by congestion. For example, in Case I-i-a with low 

curtailment offers, the total curtailment revenue paid by the SO is 15.3 $/h, while in Case 

I-ii-a with high curtailment offers is jumped to 186.7 $/h. The additional incomes that 

bilateral parties coUect under Purchased Firm Bilateral Status are small in comparison 

with the corresponding increase in power transfer payments which in the cases with high 

curtailment bids totals 20,433 $/h compared to 1,870 $/h for the cases with low 

curtailment offers. 

5.5.2 Case II: Firm and Non-Firm Bilateral Contracts with 

Curtailment Offers and Non-Curtailment Bids 

The subsequent examples illustrate a combined pool/bilateral model when both 

firm and non-firm contracts exist and are allowed to submit corresponding curtailment 

offers or non-curtailment bids. The objective of the examples given in this section is to 

iHustrate that the system operation can be improved when the SO schedules both firm and 

non-firm contracts simultaneousl y. 

In this section only low curtailment offers and non-curtailment bids are 

considered. The benefits of low curtailment offers for firm contracts have already been 

made clear in the previous sections. The non-curtailment bids of non-firm contracts are 

also low because non-firm contracts are in an even more risky position when submitting 

high non-curtailment bids. With high non-curtailment bids, it may be economical for the 
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sa to schedule non-firm contracts ev en though these may lead to congested operation. 

The non-firm contract trading partners would then be faced with both high power transfer 

payments and high non-curtailment payments. 

As in the previous section, the market clearing solution is analyzed first, followed 

by discussions on the financial performance measures under both Purchased Firm 

Bilateral Status and First-Come-First-Serve Firm Bilateral Status. 

Market Clearing Solution Charaderistics 

It is assumed again that all loads have requested to be supplied by bilateral 

contracts, with the following values for approved firm and requested non-firm bilateral 

contracts, 

32.3 48.4 32.3 145.4 161.5 

0 32.3 32.3 113.1 242.3 
GDFapp = 0 0 48.5 48.5 96.9 MW, (5.58) 

0 0 0 0 0 

0 0 0 0 0 

1.7 2.6 1.7 7.6 8.5 

0 1.7 1.7 5.9 12.7 
GDNFreq = 0 0 2.5 2.5 5.1 MW (5.59) 

0 0 0 0 0 

0 0 0 0 0 

Thus, GDFapp composes 95%, and GDNFreq 5% of the total planned bilateral 

contracts. The nodal demands are the same as in the previous cases as defined by (5.45). 

The respective curtailment offers and non-curtailment bids are, 

1.7 2.4 0.6 0.8 1 1 
0.5 0.7 1.7 1.6 

bf= - 1.3 
2_ 2~2 J $/MWh, (5.60) 
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0.34 0.46 0.08 0.20 1.01 

o 0.12 0.24 0.36 

hnf= o 0.38 0.50 $/MWh. (5.61) 

The assumption for the above offers and bids is that both bilateral parties, 

generator and load, submit equal curtailment offers and non-curtailment bids, so that, 

bfgij = bfdij = bfu /2 and bnfgij = bnfdij = bnfu /2 . As for the values of payments offered by 

the bilateral contracts to acquire firm status, they are again assumed to be 10% of the 

bilateral contract price defined in (4.23). 

The market clearing solution of Case II given in Table 5-20 is compared with 

Case C and with Case I-i with only firm bilateral contracts and low curtailment offers. 

This is done from the perspectives of: 

~ system operation; 

~ contract curtailments; and 

~ cost and nodal priees. 

System Operation 

In comparison with Case C, the system operation in Case II has improved as 

follows: although generator 1 is still operating at its lower bilateral limit, generator 2 is 

now free, and as Figure 5-8 illustrates no line is congested. Similarly to Cases I-i and I-iii, 

the dispatch is still slightly "out of merit", but the congestion of line 1-4 that occurs in 

Cases C and I-ii with high curtailment offers is now eliminated. 

Contraet Curtailments 

The values of the scheduled firm and non-firm contracts are now, 
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Curtailed by 0.5 % 

32.3 48.4 161.5 

0 32.3 32.3 113.1 242.3 

GDF = 0 0 48.5 48.5 96.9 MW (5.62) 

0 0 0 0 0 

0 0 0 0 0 

0 

0 1.7 1.7 5.9 12.7 

GDNF= 0 0 2.5 2.5 5.1 MW (5.63) 

0 0 0 0 0 

0 0 0 0 0 

Comparison of (5.58) and (5.62) shows that the firm bilateral contract GDF;3 is 

100% curtailed, while GDF;4 has also been reduced, but only slightly (0.5%). For non­

firm contracts, comparing (5.59) and (5.63), aU of the agreements of generator 1 are fully 

curtailed, except for GDNF;s' which is fully scheduled. Both the firm and non-firm 

contracts of the other generators are entirely honored. This result is not surprising, and is 

similar to the one obtained in Case I-a. Essentially, the contracts most responsible for 

congestion and "out of merit" dispatch originate from generator 1 and thus are curtailed. 

Furthermore, the scheduled contract modifications are consistent with the 

curtailment offers and non-curtailment bids in (5.60) and (5.61), in other words, as 

expected, the dispatching procedure does not curtail contracts if this does not improve 

system operation. Thus, bilateral parties may feel safe that with reasonable offers the 

market clearing procedure will not curtail them unnecessarily. Nonetheless, as mentioned 

above, non-firm contract have to be cautious about submitting high non-curtailment bids, 

as they face a double disincentive, one coming from high power transfer payments and 

the other from high non-curtailment payments. 
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Cost and Nodal Priees 

As Table 5-20 indicates, the total cost of 34,928 $/h for Case II is the same as in 

Cases I-i and I-iii with low or negative offers and lower than the costs of Cases C and I-ii. 

The power transfer rates are now, 

0 0.3 1.9 2.9 6.1 

-0.3 0 1.5 2.6 5.7 

{Âj - .. q= -1.9 -1.5 0 1 4.2 $/MWh (5.64) 

-2.9 -2.6 -1 0 3.5 

-6.1 -5.7 -4.2 -3.5 0 

and they are considerably lower than those found in Case C. 

Finandal Performance Measures 

These measures are now discussed for the Purchased Firm Bilateral Status (Case 

II-i-a) and for the First-Come-First-Serve Firm Bilateral Status (Case II-i-b), the details of 

which are found in Table 5-21 - Table 5-26. Similarly to discussion on cases with only 

firm bilateral contracts, here a sub-set of financial performance measures are summarized 

in Table 5-3 so as to facilitate the comparison of the various cases simulated. The 

structure of Table 5-3 is the same as for the Table 5-2, that is financial measures 

associated with generators are given rows 1-7, those associated with loads are in rows 8-

14, while row 15 shows the values of merchandising surplus. 

Cases II-i-a and II-i-b are then compared from the perspectives of: 

);.> generator revenue components and corresponding rates; 

);.> load expenditure components and corresponding rates; 

);.> merchandising surplus; 

);.> net priees of bilateral trades. 
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1 

2 

3 

4 

5 

6 

CaseC 
Firm bilateral trades 

with 
no curtailment 

First-Come-First­
Serve firm bilateral 

status 

Ef app =0 

-6,514 

6,045 

Rg = 6,131 

1,620 

o 

-14.7 

13.7 

Rg.lPg = 27.7 

57.6 

o 

-6,513 

6,045 

R~ = 5,415 

o 
o 

-14.7 

13.7 

R!.lP: = 26.5 

o 
o 

Case Il-i 
Firm and non-firm bilateral trades with low 

curtailment offers 

Case Il-i-a 
Purchased firm 
bilateral status 

730 

664 

Ef;'P = 248 

o 
o 

13,445 

14,813 

Rg = 8,681 

o 
o 

34.5 

31 

Rg.lPg = 32.9 

o 
o 

13,471 

13,612 

R~ = 6,495 

o 
o 

34.1 

30.8 

R~.lP: = 31.8 

o 
o 

r 

0 
1,247 

RP= 2198 g , 

o 
L 0 

Case Il-i-b 
First -Come-First -Serve 

firm bilateral status 

Ef app =0 

14,166 l 

15,477 i 
Rg = 8,929 

o 
o 

35.9 

32.4 

Rg.lPg = 33.9 

o 
o 

14,191 

14,276 

R~ = 6,744 

o 
o 

35.9 

32.3 

R:.lP: = 33.1 

o 
o 

o 
1,247 

R; = 2,198 

o 
o 

Tabl.e 5-3. Summary of financial performance characteristics for Case II examples 

117 



Charter 5 

Case C Case lI-i-a Case lI-i-b 

0 0 0 

0 35.3 35.3 

7 R;.IP: = 35.1 R;.IP: = 36.9 R;.IP: = 36.8 

57.1 0 0 

0 0 0 

9~3 l 
8 Ef app =0 Efj'P = 

1162 j 
Ef"P!' =0 

550 

884 

1,128 1,277 1,277 l 

4,985 3,179 3,088 

9 Ed = 6,338 Ed = 4,924 E d = 4,188 

24,371 12,523 11,973 

35,619 20,978 20,093 

37.7 37.5 37.5 

58.6 37.4 36.3 

10 Ed.lPd = 53.3 Ed.lPd = 36.1 Ed.lPd = 35.2 

75.4 38.8 37.1 

67.6 39.8 38.1 

1,281 1,217 1,217 

4,985 3,089 2,998 

11 E" - 6,338 
-b 

3,040 Eb = 2,933 d- Ed = d 

24,371 12,196 II,646 

35,619 20,905 20,021 

37.7 37.7 

[

377

1 58.6 37.5 36.4 

12 E~.IP: = 53.3 E!.IP: = 35.8 - b b 

E,IP, ~ l'::' j 75.4 38.8 

67.6 40 

0 59.5 59.5 

0 90.1 90.1 

13 El' -d- 0 E~ = 1,253 E~ = 1,253 

O 317.8 317.7 

0 0 0 

0 35 35 

0 35.3 35.3 

14 E~.IPI = 0 E:.IPI = 36.9 E:.IPj' = 36.9 

0 37.9 37.9 

0 0 0 

15 MS =65,312 MS =5,311 MS =2,046 

Table 5-3. Summary of financial performance characteristics for Case II examples (cont.) 
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Generator Revenue Components and Corresponding Rates 

Comparison of results from Table 5-3 for Cases II-i-a, II-i-b with those for Case C 

indicates that the generator revenues and rates of revenues increased under the presence 

of non-firm bilateral contracts. Moreover, the results are similar to those of cases with 

only firm bilateral contracts and low curtailment offers of Table 5-3. Generators 1, 2 and 

3 are all slightly better off in this Case Il-i-a with non-firm contracts than in Case I-i-a. 

For instance, the total revenue of generator 1 in this case is 13,445 $/h in comparison with 

13,442 in Case I-i-a. For Case Il-i-b with First-Come-First-Serve Firm Bilateral Status, 

the results are rnixed, as generators 1 and 3 are better off in Case II-i-b, while generator 2 

is worse off since its revenue decreased from 15,481 4/h to 14,813 $/h. The differences 

however are not significant. 

If compared mutually, the results are better for the case with the First-Come-First­

Serve Firm Bilateral Status as curtailment offers earned under the Purchased Firm 

Bilateral Status are below payments for acquiring that status (Table 5-21). 

Load expenditure components and corresponding rates 

Similarly to generators, loads are better off under the operation with booth firm 

and non-firm contracts than in Case C. In addition, finaneial performance measures 

defined from the point of view of the loads are very close for eorresponding cases with 

low curtailment offers under the Purehased Firm Bilateral Status and the First-Come­

First-Serve Firm Bilateral Status, that is Case II-i-a to Cases I-i-a and I-iii-a, and Case Il­

i-b to Cases I-i-b and I-i-b. 

Merchandising surplus 

The values of merchandising surplus (row 15) for cases with firm and non-firm 

con tracts modification, are much better then in Case C, being sirnilar to cases with only 

firm bilateral contraets and low eurtailment offers. 

Net priees ofbilateral trades 

In addition, the net priees of firm and non-firm contracts are glven ln Table 5-22 

andTable 5-23 for the Purchased Firm Bilateral Status and Table 5-25 andTable 5-26 for 

the First-Come-First-Serve Firm Bilateral Status. These priees are defined from the 
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perspective generators and loads and may help each bilateral party evaluate a particular 

agreement and compare it with the possible pool trades. 

5.6 Concluding Remarks 

This extended model allows for better coordination between centralized pool and 

decentralized bilateral trading by introducing firm and non-firm contracts that may submit 

corresponding curtailment offers and non-curtailment bids. 

Simulation results of this chapter show that the contract flexibility established 

through curtai1ment mechanisms, as weIl as non-firm contracts, can significantly improve 

the efficiency of system operation, and reduce nodal prices and nodal price differences. 

Since bilateral parties always face the full impact of power transfer payments that are 

based on nodal price differences, they have a strong incentive to forfeit their firm 

transmission access rights and modify initially approved trades so as to avoid expensive 

congested operation. Furtherm ore , the flexibility introduced by bilateral curtailment 

offers can improve financial performance measures of all market participants, and not 

only those directly involved in curtailment offers. 

However, it is also important to stress that the system operation can be improved 

under curtailment only to the extent permitted by the market participants themselves and 

according to the values of their offers. For example, with aIl offers equal to zero, the 

generation dispatch will be the same as if there were no contracts, as enough contract 

curtailment will take place to eliminate "out of merit" operation. On the other hand, high 

offers may enforce the SO to schedule aIl the approved, resulting in congested operation 

and high power transfer payments. 

Behaviour of bilateral parties however may depend on the way in which firm 

bilateral status is obtained. Under the Purchased Firm Bilateral Status bilateral parties 

acquire Financial Curtailment Rights which entitle them to collect revenue form 

congestion. If bilateral parties feel that they are in a position to exercise market power and 

eam from curtailment bids, they may be tempted to submit high curtailment bids and earn 

from Financial Curtailment Rights. However, getting in such a position may be difficult, 

120 



Curtailment ofFirm and Non-Curtailment ofNon-Firm Contraets 

and probably does not occur often. In the examples given in this chapter, earnings from 

high curtailment offers were negated by high power transfer payments, yet we cannot 

claim that the situation in which curtailment revenues are very high will never or cannot 

happen. 

Thus, to lessen the possibility of gaming by firm bilateral contracts, the First­

Come-First-Serve Firrn Bilateral Status is also investigated, under which bilateral parties 

do no pay for the firrn status, but are also not entitled to collect curtailment revenue. They 

still submit curtailment offers, but these now only reflect the degree to which the contract 

parties are prepared to undergo curtailment to eliminate congestion and out of merit 

operation. This second approach is also interesting from the perspective of the 

merchandising surplus collected by the SO, since it has the same value as the originally 

proposed poollbilateral market model if only firrn bilateral trades without curtailment 

options are allowed. 

Finally, all presented examples illustrate that the power transfer payments indeed 

send important economic signaIs to market participants regarding congested operation. 

Thus, these payments can be used as a useful tool to entice all bilateral parities to 

carefully plan their bilaterai trades, or to submit curtailment offers and non-curtailment 

bids that will leave sufficient flexibility to the SO to curtail certain trades during market 

clearing procedure and eliminate congestion. 
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Charter 5 

Bus 1 Bus 2 Bus 3 

P.I [MW] 34 85 119 323 527 1,088 

P.f [MW] 0 0 0 0 0 0 

p.: [MW] 34 85 119 323 527 1,088 

P. [MW] 442 442 224 28 0 1,137 

P: [MW] 442 442 204 0 0 1,088 

P: [MW] 0 0 0 0 0 0 

Je [$IMWh] 37.7 34.3 35.1 57.1 57.0 

Â, [$1 MWh] -65.3 9.1 35.1 57.1 54.6 

11:; [$1 MWh] 37.7 34.3 34.2 

Cg [$1 h] 13,147 400 35,606 

Table 5-4. Case C: Market clearing dispateh results 

,1,2 = 9.1 $/MWh 
53 MW 

)~r---~~--~~E9 
442 MW 

323 MW 

....... 1-""""_ 1.00 p.u. 

527 MW 
,1,5 = 54.6 $/MWh 

OMW 

Figure 5-4. Case C: Line flows and nodal priees 
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CUITailment ofFirm and Non-CuITailment ofNon-Firm Contracts 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

~ [MW] 34 85 119 323 527 1,088 

PI [MW] 0 0 34 12.6 0 46.6 

~b [MW] 34 85 85 310.4 527 1,041 

~ [MW] 395.4 477.3 263.6 0 0 1,136 

P: [MW] 395.4 442 204 0 0 1,041 

P: [MW] 0 35.3 59.6 0 0 94.9 

JE) [$/MWh] 37.7 35.3 36.9 56 57 -

Â; [$/ MWh] 35 35.3 36.9 37.9 41.4 -

ll"; [$/ MWh] 37.7 34.3 34.2 - - -

Cg [$/ h] 11,433 13,941 8,754 400 400 34,928 

Table 5-5. Case I-i: Market clearing dispatch results with low curtailment offers 

À, =35$/MWh 
23.8 MW 

1 2 == 35.3 $/MWh 

34 MW 337.5 MW 

42.4 MW 

OMW 

323 MW 119 MW 

-;.-......... 1.00 p.u. 

527 MW 
15 == 41 .4 $/MWh 

OMW 

Figure 5-5. Case loi: Line flows and nodal priees with low curtailment offers 
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Charter 5 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

Pd [MW] 34 85 119 323 527 1,088 

Pl [MW] ° ° 6.2 ° ° 6.2 

~ [MW] 34 85 112.8 323 527 1,082 

Pg [MW] 435.6 442 259.2 ° ° 1,137 

r. [MW] 435.6 442 204 ° ° 1,082 

P: [MW] ° ° 55.2 ° ° 55.2 

I8 [$IMWh] 37.7 34.3 36.7 56 57 -
Â.i [$1 MWh] -22.6 21 36.7 50.2 50.1 -

1t; [$1 MWh] 37.7 34.3 34.2 - - -

Cg [$1 hl 12,913 12,712 8,591 400 400 35 

Table 5-6. Case I-ii: Market clearing dispatch results with high curtailment offers 

46.7 MW 1.00 p.u. 

442 MW 

34 MW 355 MW 

42.4 MW 

323 MW 119 MW 

-I-a+"" 1.00 p.u. 

527 MW 
Â.s = 54.6 $/MWh 

OMW 

Figure 5-6. Case I-ii: Line flows and nodal priees with high curtailment off ers 
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Curtailment ofFirm and Non-Curtailment ofNon-Firm Comraets 

Bus 1 Bus 2 Bus 3 Bus 4 ~ 
~ [MW] 34 85 119 323 527 1,088 

Pd [MW) 0 0 34 12.6 102 148.6 

p.: [MW] 34 85 85 310.4 425 939.4 

1'. [MW] 395.4 477.3 263.6 0 0 1,136 

~' [MW] 395.4 442 102 0 0 939.4 

P/ [MW] 0 35.3 161.6 0 0 197 

18 [$IMWh] 37.7 35.3 36.9 56 57 -

Â, [$1 MWh] 35 35.3 36.9 37.9 41 -

Jr; [$1 MWh] 37.7 34.3 34.2 - - -

Cg [$1 h] 11,433 13,941 8,754 400 400 

Table 5-7. Case I-iii: Market clearing dispateh results with negative eurtailment offers 

23.8 MW 
,1,2 = 35.3 $/MWh 

395.4 MW 

34 MW 337.5 MW 

42.4 MW 

OMW 

323 MW 119 MW 

"""''1--+'"'''' 1.00 p.u. 

527 MW 
,1,5 = 41 .4 $/MWh 

OMW 

Figure 5-7. Case 1 -iii: Line flows and nodal priees with negative eurtailment off ers 
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Charter 5 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

R% [$1 hl 0 0 716 1,620 0 2,335 

R; [$1 hl 16,655 15,143 6,973 0 0 38,770 

Eflxl 12 [$Ih] 23,168 9,098 1,558 0 0 33,824 

~O 0 0 0 0 0 

23,168 9, 0 0 33,824 

Rf [$1 hl 0 0 0 0 0 0 

Rg [$1 hl -6,514 6,045 6,131 1,620 0 7,282 

EX [$1 hl 0 0 0 0 0 0 

E; [$1 hl 1,281 3,087 4,189 11,585 18,628 38,770 

Et"'/2 [$Ih] 0 1,898 2,149 12,786 16,991 33,824 

Ef"PP 12 [$1 hl 0 0 0 0 0 0 

Elxl 12 [$1 hl 0 1,898 2,149 12,786 16,991 33,824 

Rf [$1 hl 0 0 0 0 0 0 

Ed [$1 hl 1,281 4,985 6,338 24,371 35,619 72,594 

Table 5-8. Case C: Finaneial performance measures 

bus # of buying load 

1 2 3 4 5 

-b! ftl!] -hi JÎ'X -b! ii1~ -b! 
~ it% ft~, trgij diJ trgij TCgij 1(gij 

1 37.7 37,7 0.5 74.9 -12.5 87.9 -23.5 99 -22.3 97.6 
bus#of 
selling 2 - 34.3 34.3 21.3 47.3 10.3 58,3 11.5 57 

generator 
3 - ._- - - 34,2 34.2 23.2 45.2 24.4 43.9 

Table 5-9. Case C: Net priees of firm bilateral eontraets 
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Curtailment ofFirm and Non-Curtailment ofNon-Firm Contraets 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

Ri [$/h] 0 1,247 2,198 0 0 3,444 

R: [$/ h] 14,897 15,143 6,973 0 0 37,013 

Efbc/ /2 [$/ h] 721.7 909.1 239.4 0 0 1,870 

Ef"PP /2 [$/ h] 768.7 699 261.5 0 0 1,729 

EIx' /2 [$/h] 1,490 1,608 500.1 0 0 3,599 

R{ [$/ hl 15.3 0 0 0 0 15.3 

Rg [$/ hl 13,422 14,782 8,669 0 " v 

EX [$/ hl 0 0 1,253 478.7 0 1,732 

E; [$/h] 1,281 3,087 2,908 11,109 18,628 37,013 

Er' /2 [$/h] 0 7.8 26.2 378,9 1,457 1,870 

Ej"PP/2 [$/h] 0 96.1 122.3 579.3 931.4 1,729 

Ebcl /2 [$/ h] 0 103.8 148.5 958.1 2,389 3,599 

Rf [$/ h] 0 0 10.2 5.1 0 15.3 

EJ [$/h] 1,281 3,190 4,300 12,541 ~I,UI[~ 

Table 5-10. Case I-i-a: Financial performance measures with low curtailment offers for 

Purchased Firm Bilateral Status 

bus # of buying load 

1 2 3 4 5 

'br 'bJ 'bi ft! 'bl *% 'bJ iN Ab! Abj 
1rgij 1rdij ffgiJ dij 1rgij 1rgij di) 1rgij 1rJ)! 

1 37.7 37.7 35.6 39.7 - - 34.2 41.1 32.8 42.6 
bus#of ... ,,, - . 
selling 2 - -",- 34.3 34.3 31.8 36.7 31.3 37.7 29.9 38.8 

generator ~~- ,>">...-..,,-,,.,.,,.,,,,, 

3 - - ~ 34.2 34.2 32 36.4 30.4 

Table 5-11. Case l -i-a: Net priees of firm contracts with low curtailment offers for 

Purchased Firm Bilateral Status 

38 
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ChaRter 5 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

Ri [$1 hl 0 0 2,024 0 0 2,024 

R: [$1 h] 16,420 15,143 6,973 0 0 38,536 

Efhel 12 [$1 h] 13,684 5,715 1,334 0 0 20,433 

Erpp 12 [$1 hl 768.7 699 261.5 0 0 1,729 

Ehel 12 [$1 hl 14,452 6,414 1,295 0 0 22,162 

R{ [$1 hl 186.8 0 0 0 0 186.8 

Rg [$1 hl 2,154 8,729 7,701 0 ~ 
E% [$1 hl 0 0 228.3 0 0 228.3 

E~ [$1 hl 1,281 3,087 3,954 11,585 18,628 38,536 

Efhel 12 [$1 h] 0 1,112 1,088 7,652 10,581 20,433 

ErpP l2 [$Ihl 0 96.1 122.3 579.3 931.4 1,729 

Ebcl /2 [$1 hl 0 1,208 1,211 8,231 11,512 22,162 

RI [$/ hl 0 0 186.8 0 0 186.8 

Ed [$/hl 1,281 4,294 5,207 19,816 30,140 60,739 

Table 5-12. Case I-ii-a: Financial performance measures with high curtailment offers for 

Purchased Firm Bilateral Status 

bus # of buying load 

1 2 3 4 5 

'hl ffX k% ~ 
'hj 

~~ fth! ~ 'hl ;.,1!f 
J(gij J(gij g'! J(gij J(1Ii1 

1 37.7 
bus#of 

37.7 14 61A 12.5 62.9 -0.6 76 -0.5 J 75.9. 

selling 2 - - 34.3 34.3 24.7 43.8 17.9 50.6 18 
generator 

3 - ",.,,,,."" - - 34.2 34.2 25.7 42.7 25.8 

Table 5-13. Case I-ii-a: Net priees offirm contracts with high curtailment offers 

for Purchased Firm Bilateral Status 

. 

50.5 

43 
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Curtailment ofFirm and Non-Curtailment ofNon-Firm Contraets 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

R: [$/ hl 0 1,247 5,958 0 0 7,204 

R; [$1 hl 14,897 15,143 3,486 0 0 33,527 

Efbd /2 [$Ih] 721.7 909.1 25.9 0 0 1,657 

E/"PPI2 [$Ihl 768.7 699 261.5 0 0 1,729 

E lxl l2 [$1 hl 1,490 1,608 287.3 0 0 3,386 

Rf [$1 hl 15.3 0 -25.5 0 0 -10.3 

Rg [$1 h] 13,422 14,782 9,131 0 

ES [$1 hl 0 0 1,253 478.7 4,187 5,919 

E: [$1 hl 1,281 3,087 2,908 11,108 15,142 33,527 

Ef bd /2 [$Ih] 0 7.8 26.2 378,9 1,244 1,657 

Efapp 12 [$1 h] 0 96.1 122.3 579.3 931,4 1,729 

E lxl /2 [$1 hl 0 103.9 148.5 958.1 2,175 3,386 

RJ [$/ hl 0 0 10.2 5.1 -25.5 -10.3 

EJ [$1 hl 1,281 3,190 4,300 12,541 21,539 42,842 

Table 5-14. Case I-iii-a: Financial performance measures with negative curtailment offers 

for Purchased Firm Bilateral Status 

bus # of buying load 

1 2 3 4 b 

Ah! 

~ ft! Ab{ Ab! ffX· Ab! 'of ftI Ab! trgij g'] 1(';'1 trgij ffgij 1(&j gIJ iidi! 

1 37.7 37.7 35.6 39.7 - - 34.2 41.1 32.8 42.6 
bus #of .•. W'~"'''''''''''' 

selling 2 - .. "',,,, 34.3 34.3 31.8 36.7 31.3 37.7 29.9 38.8 
generator -

3 - - - - 34.2 34.2 32 36.4 - _.-

Table 5-15. Case I-iii-a: Net priees of firm contracts with negative curtailment offers 

for Purchased Firm Bilateral Status 

1 
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ChaRter 5 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

R; [$1 hl 0 1,247 2,198 0 0 3,444 

R; [$1 hl 14,897 15,143 6,973 0 0 37,013 

Ebd 12 [$1 hl 721.7 909.1 239.4 0 0 1,870.2 

Rf [$Ih] 0 0 0 0 0 0 

Rg [$1 hl 14,173 15,481 8,931 0 0 

E% [$1 h] 0 0 1,253 478.7 0 1,732 

E~ [$1 hl 1,281 3,087 2,908 11,109 18,628 37,013 

Ebcl 12 [$/ hl 0 7.8 26.2 378.9 1,457 1,870 

RI [$1 hl 0 0 0 0 0 0 

~/hl 1,281 3,094 4,188 11,967 20,086 40,615 

Table 5·l(j . Case I-i-b: Financial performance measures with low curtailment offers 

for First-Come-First-Serve Bilateral Status 

bus # of buying load 

1 2 3 4 

Ab! 
1[gij it% -b! 

"gij it% -b! 1Cgij it% -b! 
"gij 

Ah! 
"dif 

-b! ligij 

1 37.7 37.7 35.6 39.7 - ~ 36.2 39.1 34.7 
bus#of ", 

selling 2 - 34.3 34.3 33.5 35 33 35.5 31.4 
generator ~, ,,-_. 

3 - - - - 34.2 34.2 33. 37.7 32 

Table 5-17. Case I-i-b: Net priees offirm contracts with low curtailment off ers 

for First-Come-First-Serve Bilateral Status 

5 

iX 
40.7 

37.1 

36.3 

130 



Curtailment ofFirm and Non-Curtailment ofNon-Firm Contraets 

Bus 1 Bus 2 Bus 3 Bus 4 BusS Sum 

R; [$1 hl 0 0 2,024 0 0 2,024 

R: [$1 hl 16,420 15,143 6,973 0 0 38,536 

Ebd 12 [$1 hl 13,684 5,715 10,334 0 0 20,433 

Rf [$/ hl 0 0 0 0 0 0 

Rg [$/ h] 36 9,428 7,963 0 7'lr 20,127 

E% [$1 h] 0 0 228.3 0 0 228.3 

E~ [$Ih] 1,281 3,087 3,954 11,585 18,628 38,536 

Ebd 12 [$1 h] 0 1,112 1,088 7,652 10,581 20,433 

Rf [$1 h] 0 0 0 0 0 0 

Ed [$Ih] 1,281 4,198 5,271 19,237 29~ 
Table 5-18. Case I-ii-b: Financial performance measures with high curtailment offers 

for First-Come-First-Serve Bilateral Status 

bus # of buying load 

1 2 3 4 5 

Ab! 
lCgij 1rX Ab! 

"gij 1rX Ab! 
"gij 

Ah! 
1(dQ 

Ab! 
"gij 1rX ~ 

1 37.7 37.7 15.9 59.5 8.1 67.3 1.3 74,1 1.3 
bus#of _,0 ~.~ "",.".-""" 

Ab) 
"di/ 

7 

selling 2 - - 34.3 $4.3 26.4 42.1 19.7 48.9 19.1 48.8 
generator ~ 

3 - - - 34.2 34.2 27.4 41 27.4 

Table 5-19. Case I-ii-b: Net prices offirm contracts with high curtailment offers 

for First-Come-First-Serve Bilateral Status 

41 
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Charter 5 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

~ [MW] 34 85 119 323 527 1,088 

Pj' [MW] 1.7 2.5 34 8.4 0 46.7 

P; [MW] 32.3 82.4 85 314.6 527 1,041 

Pg [MW] 395.4 477.3 263.6 0 0 1,136.3 

P: [MW] 395.4 442 204 0 0 1,041.4 

P: [MW] 0 35.3 56.6 0 0 94.9 

IC [$IMWh] 35.8 35.3 36.9 56 57 -

11:, [$1 MWh] 35 35.3 36.9 37.9 41.4 -
n:: [$1 MWh] 37.7 34.3 34.2 - - -

Cg [$/ h] 11,433 13,941 8,754 400 400 34,928 

Table 5-20. Case II: Market clearing dispatch results 

Â, = 35$/MWh 
23.8 MW 

Â2 = 35.3 $/MWh 

34 MW 337.5 MW 

42.4 MW 

OMW 

323 MW 119 MW 

- ............. 1.00 p.U. 

527 MW 
Â5 = 41 .4 $/MWh 

OMW 

Figure 5-8. Case II: Line flows and nodal priees 
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Curtailment ofFirm and Non-Curtailment ofNon-Firm Contracts 

Bus 1 Bus 2 Bus 3 ~ ,"II~ 
R; [$/ hl 0 1,247 2,198 0 0 3,495 

R; [$/ h] 14,897 15,143 6,973 0 0 37,012 

Efbcl/2 [$/h] 701.7 863.7 227.4 0 0 1,793 

En/bel 12 [$/ h] 25.6 45.5 12 0 0 83.1 

Ef"PP 12 [$1 h] 730.2 664 248.4 0 0 1,643 

R{ [$1 h] 10 0 0 0 0 10 

e! /2 [$/ h] 4.3 3.2 2.1 0 0 9.6 

Rg [$/ h] 13,445 14,813 8,681 0 0 36,940 

E% [$/ h] 59.5 90.1 1,253 317.7 0 1,721 

E; [$/ h] 1,217 2,990 2,908 11,269 18,628 37,012 

Efbcl/2 [$/h] 0 7.4 24.9 376 1,384 1,793 

Enfbd /2 [$/ h] 0 0 1.3 8.9 72.9 83.1 

Ej"PP /2 [$/h] 0 91.3 116.2 550.3 884.4 1,643 

RI [$/h] 0 0 9.7 0.3 0 10 

En! /2 [$/ h] 0 0.1 0.4 1.2 7.9 9.6 

Ed [$/ h] 1,277 3,179 4,294 12~ 

Table 5-21. Case II-a: Financial performance measures for Purchased Firm Bilateral Status 

bus # af buying Jaad 

'Tt- 2 3 4 5 

Ab! Ab! 

~ 
Ab! 

~ "lif i'X Ab! itSf., 1{giJ "gij "gij 1tgij !tgi} 

1 37.7 
bus#af 

37.7 35.6 39.7 - -,., ... 34.4 41 32.8 42.5 

selling 2 - - 34.3 34.3 31.8 36.7 31.3 37.3 29.7 38.8 
generatar 

3 - ,.- - - 34.2 34.2 32 36.4 30.4 38 

Table 5-22. Case II-a: Net priees of firm contracts for Purchased Firm Bilateral Status 

l33 



Chapter 5 

bus # of buying load 

1 2 3 4 5 

ftb~!( ftlmf fèb~l.( ft/ml 'bnl ft"'if "'bnf ftbnj "bnf fthnf 
g<] di} glj 4ij tf,ij dt) 7rgij dii 1!gij di} 

1 - ~ - - - - - - 34.2 

~ bus#of 
selling 2 - - 34.3 $4.3 33.4 35.1 32.9 35.7 31.2 

generator 
3 - - - - 34.2 34.2 33.5 34.9 31.8 

Table 5-23. Case II-a: Net priees of non-firm eontraets for Purchased Firm Bilateral Status 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

R; [$1 hl a 1,247 2,198 a a 3,445 

R: [$1 hl 14,897 15,143 6,973 a a 37,013 

Efbel 12 [$1 hl 701.7 863.7 227.4 a a 1,793 

Enfbel / 2 [$/ hl 25.6 45.5 12 a a 83.1 

Erpp /2 [$1 hl a a a a a a 
Rf [$/ hl 10 a a a a 10 

E'if 12 [$/ hl 4.3 3.2 2.1 a a 9.6 

Rg [$1 hl 14,166 15,477 8,929 a a 38,571 

E% [$1 hl 59.5 90.1 1,253 317.7 a 1,721 

E~ [$1 hl 1,217 2,990 2,908 11,269 18,628 37,013 

Efbel/2 [$1 hl a 7.4 24.9 376 1,384 1,793 

Enr1 /2 [$1 hl a a 1.3 8.9 72.9 83.1 

Efapp 12 [$1 hl a a a a a a 
Rf [$Ih] a a 9.7 0.3 a 10 

Enf l2 [$Ih] a 0.1 0.4 1.2 7.9 9.6 

Ed [$1 h] 1,277 3,088 4,188 1 1,::1 {" , 

Table 5-24. Case H-b: Finaneial performance measures for First-Come-First-Serve Bilateral Status 
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Cunailment ofFirm and Non-Curtailment ofNon-Firm Contraets 

bus # of buying Joad 

1 2 3 4 5 

Abf ilb} Ab! 
~~ 

Abf iJ:'~j Abf 

~ it% iJ:'~i iCgij di) 1tgij 7tgij 1tgjj 

1 37.7 37.1 37.5 37.8 - - 36.2 39,1 34.7 40.7 
bus#of 
selling 2 - ~ 34.3 34.3 33.5 35 33 35.5 31.4 37.1 

generator 
3 - - - -- 34.2 34.2 33.7 34.7 32.1 36.3 

Table 5-25. Case II-b: Net priees offirm contracts for First-Come-First-Serve Bilateral Status 

bus # of buying load 

1 2 3 4 5 

fèb~i.( If:.nJ Ab.! ft,n! ~~f ff:r! -bnf iJ:'b~1 ftb~f! AbuJ 
8'1 dii Jtgij dif g'l 

1Cgij dil Cil 1&dil 

1 - - - - - - - - 34.2 41.2 
bus#of -
selling 2 - - 34.3 34.3 33.4 35.1 32.9 35.7 31.2 37.3 

generator ,,""""","M 

3 - - - .- 34.2 34.2 33.5 34.9 31.8 36.5 

Table 5-26. Case II-b: Net priees of non-frrm contracts for First-Come-First-Serve Bilateral Status 
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Chapter 6. 

Service and Cost Unbundling in 

Combined PooVBilateral Model and its 

Implementation in Pay .. asmBid Pricing 

The final chapter of this the sis develops a procedure to decompose (unbundle) the 

generation outputs into a number of distinct services and to calculate their respective 

costs. 

In general, one way to do this unbundling is through pro-rata methods, however, 

although these are usually easy to apply, they do not account for transmission los ses or 

congestion or the power flows themselves. Moreover, pro-rata methods cannot identify 

and distinguish celtain services such as the supply of losses and congestion management 

associated with bilateral trades or with pool demand. With pro-rata methods, such 

services have to be lumped into one single service and cost. 

An alternative approach to unbundle the various generation services developed in 

this chapter, builds on the optimal power flow of the original combined poollbilateral 

model defined in (3.8) [91]. The unbundling process follows the Aumann-Shapley 

approach [3, 4, 89] under which the two load components, pool and bilateral, are first 

divided into the sum of very small increments. For each load component increment, we 
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Chapter6 

can compute the corresponding increments in generation serviees and corresponding cost 

increments. Since the se increments are small, they are additive and can be separated 

uniquely according to the service. The method then integrates the separated incremental 

values along a predefined trajectory to calculate the final unbundled values. 

There are two main motivations for this cost unbundling. One is to compare the 

marginal and the negotiated priees of the unbundled serviees with their actual average 

costs. This information would help consumers and suppliers to evaluate discrepancies 

between what they pay or earn for the service, and what the actual unbundled costs are. 

The second motivation is its potential application to Pay-as-Bid pricing as an alternative 

to marginal pricing [92]. 

Under the Pay-as-Bid approach each generator is paid the amount it requested in 

its offer. This is in contrast to marginal pricing under which the bus incremental costs 

define the nodal or locational marginal priees that are then used for generation serviee 

pricing as well as to define load payments. 

Most electricity markets have adopted marginal pricing with the exception of the 

new trading agreement in England and Wales that has moved toward the pay-as bid 

scheme [39]. Recent research suggests that Pay-as-Bid may be beneficial in overcoming 

sorne of the problems that arise in the current market operation. For example, there are 

daims that P AB may reduce priee volatility and discourage the exercise of market power 

[37]. Support for the Pay-as-Bid method however is not uniform as sorne argue that its 

application may lead to inefficiency and weaken competition [39, 40]. 

The Pay-as-Bid mle is typically used to price bilateral contracts sinee loads pay 

the generators the pre-negotiated requested price, 7rg. As both the price and the traded 

amount to which this priee applies are known accurately, the Pay-as-Bid pricing for 

bilateral trades is straightforward. In the case of combined poollbilateral operation 

however, the PAB method becomes more complex since a generator provides more than 

just bilateral power, that is, it aiso provides power for pool demand, for transmission 

losses, and for congestion management, each of which usually has a different cost. Then, 

it becornes necessary to decompose the output of each generator into the sum of the 

various services that it provides and the corresponding costs. These unbundled generator 

costs are not marginal costs and are not directly related to the nodal priees. In addition, 
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Cost and Service Unbundling 

under PAB, the generator costs must be allocated among the loads and the bilateral trades 

in order to charge a corresponding amount and recover the costs. 

The outline of this chapter is the foUowing: First, the various generation services 

that exist in the combined pool/bilateral operation and associated costs are defined. Then, 

in combination with the Aumann-Shapley unbundling procedure, the original 

pool/bilateral model of Chapters 3 and 4 is applied to calculate the unbundled services 

and costs and to allocate these among the different market participants. This is followed 

by the definition of a set of financial performance measures from the perspective of the 

generators and loads. Following some practical considerations, the unbundling algorithm 

is applied to some sample networks to illustrate its application in service unbundling and 

in implementing a Pay-as-Bid pricing method in combined poollbilateral operation. 

6.1 Unbundling Procedure for Generation Services and 

Offered Costs 

In this chapter the original combined pool/bilateral model with only firm bilateral 

contracts defines the market clearing algorithm. For simplicity, curtailment options and 

non-firm contracts are not modeled here, although an extension to include this additional 

flexibility is possible. 

6.1.1 Definition of Unbundled Services and Offered Costs 

Since in this chapter only firm bilateral con tracts exist, the same notation as in 

Chapters 3 and 4 is used. Thus, the bilateral contract between generator i and load j is 

here denoted as GDij • 

Recall from Chapter 3 that in a combined poollbilateral market the net demand at 

bus j is supplied by two terms, one from long-term bilateral contracts with the pool 
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n 

generators, P~ = IGDij , and the other from the pool-dispatched spot market, pJ;. Thus, 
;=1 

the total demand at bus} is given by, 

(6.1) 

The supply of Pdj ; V} requires three discemible services, 

~ p:d; Vi - generation components that supply the pool demands plus their 

share of losses and congestion management; 

~ p~cl; Vi - generation components that suppl Y the share of ancillary 

services required by an bilateral contracts23
; 

n 

~ P~ = IGDij ;Vi - generation components that supply the bilateral 
j=1 

agreements between generators and loads. 

In this chapter, the goal is to separate or unbundle the three services defined above 

and their respective costs for two reasons: one is to calculate the exact cost of each 

service so as to compare the cost with the revenue received for the service, while the 

second reason is to be able to implement Pay-as-Bid pricing in the combined pool 

bilateral operation and charge for each service the exact amount that it costs to deliver it. 

From the above definitions, the generation at bus i is defined as the sum of the 

three services, 

n 
p . = ppcl + pbcl + pb = ppc/ + pbcl + " GD .. 

gr gl gl gl 8' gl L.. IJ ' 
j=l 

(6.2) 

Note that since both p:cl and p~cl are supplied by the pool, the net pool 

generation component used in the previous chapters is, 

(6.3) 

23 A generator with no bilateral contracts can still supply sorne p;;d . 
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The above three services were not explicitly defined in the previous chapters because 

under marginal pricing the supply of losses and congestion management for both pool and 

bilateral contracts is priced at the same nodal price. Vnder co st unbundHng however, it 

will shown here that for the same MW level the 'pel' and 'bel' services have different 

costs in general. 

For each of the three services provided by generator i, the corresponding costs are 

defined as: 

);> e:~l _ cost for generating the component ~~cl • 

);> e~~l _ cost for generating the component Pg~l . 

n 

);> e~i - cost for generating the component P: = L GDij . 
j=l 

If the cost offer submitted by generator i, is the function, egi(Pg), then the sum of the 

above three cost components must satisfy, 

e (P ) - epcl ebcl eb 
gi gi - gi + gi + gi • (6.4) 

Since the total generation cost of equation (6.4) is known from the market elearing step, 

there are two issues to be resolved. One is how to separate egi(Pg) into the three 

components defined by (6.4). The second is how recover the combined generation costs 

for each service from the loads and the bilateral contracts. 

In a poollbilateral market however, the role of the generators is more complex 

than in pure pool markets. Notably, generators do not only sen the above defined 

services, but are also participants in bilateral contracts and thus are also end users of the 

services that support bilateral trades. Therefore, an generators must paya portion of the 

costs with these ancillary services. For now however, the service costs associated with the 

bilateral trades are considered the responsibility of the "bilateral contracts", without 

directly distinguishing between a generator and a load side. In this sense, from the point 

of view of the bilateral contracts the following cost components are defined, 

);> êtcl 
- cost component aHocated to the bilateral contract GDij' for the 

supply of its associated ancillary services. 
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);> et - cost component allocated to the bilateral contract between generator 

i and load j for the supply of GDij' 

Note that although the cost component et is associated with the bilateral 

trade GDij' this cost component is always paid by load j to generator i. Therefore, from the 

point of the view of the load, a bilateral cost component, e~j' can be allocated to load j , 

given by the sum of the costs allocated to aH its bilateral contracts, 

n 

e~j = Let (6.5) 
i=1 

Furthermore, loads also buy from the pool, but for these purchases they are the 

sole end users of the corresponding generation services, including ancillary services. 

Thus, the cost components associated with the pool demands are, 

)0> e~ - cost component allocated to load j for the supply of its pool 

demand, Pt ' plus associated losses and congestion re-dispatch. 

6.1.2 Reconciliation of Cost Components 

The unbundled costs allocated to the pool demand and to the bilateral contracts 

must exactly match the unbundled generation cost components, 

n n n n 

'" (epcl + ebcl + eb
. ) = '" ep + '" elcl + '" eb

. L.... gl gl gl L.... dl L.... 'l L.... dl' 
(6.6) 

i=! j=1 i,j=l j=l 

In addition, for each service there must be a match between the unbundled terms 

in the generation and load sides. For the suppl y of pool demand and associated ancillary 

services the reconciliation condition is, 

n n 

'" epcl 
'" ep 

L....~gi =L....~(ij. (6.7) 
1=1 j=l 

142 



Cast and Service Unbundling 

Similarly, for the services received by the bilateral contracts for loss and congestion 

management we have, 

n n 

'" ebcl 
=: '" è bcl 

L.... g' L.... lj • 
(6.8) 

i=! i.j=\ 

As for the costs of supplying power to the bilateral contracts, they must satisfy, 

(6.9) 

The next section describes in detaH how to obtain the unbundled service and cost 

terms defined above. 

6.1.3 Calculation of Unbundled Generation and Cost 

Components by the Aumann-Shapley Procedure 

The unbundIing of cost and generation into the terms defined above follows an 

integration process that modifies the two load components (bilateral and pool) in uniform 

small increments, one at a time, over a given path24 as shown in Figure 6-1. For each 

intermediate value of the load components, the market clearing procedure (equation (3.8» 

is solved for all pertinent variables. The path of integration is generally linear starting 

with all generation and cost variables set to zero and proceeding to the final specified 

values. This path is characterized by a scalar t; 0 S t S 1 . 

Each integration step has three parts as described below: 

(1 ) Bilateral integration sub-step: 

);- Increase only the bilateral contracts by dGD, keeping dPI =: O. 

);- Solve the combined poollbilateral optimal power flow procedure (3.8) with the new 

load levels. Identify aIl corresponding values of the bus incremental costs, Ài ' the 

24 The possible integration paths are discussed later in this chapter. 
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Pool integration 
sub-step 

-'-'­ .~. 

Pool integration 
sub-step 

Bilateral integration 
sub-step 

Figure 6-1. Integration process along a predefined path for a two load system 

de. 
generator incremental costs, le = --g-, and the increments in the real power 

1 dP.' 
gl 

optimum dispatch which for this step is denoted by dPgiL, where the symbol I
p 

indicates that the pool demand is kept constant. 

);> For each generator i calcu1ate the increment in the bilateral 10ss and congestion re­

dispatch service, dP~cl . This is found by taking the difference between the increment 

in the optimum generation and the increment in the bilateral commitments, 

(6.10) 

);> Calcu1ate the increments in the service costs from the perspective of aIl market 

participants. For generator i , the increment in cost is, 

(6.11) 

from which we can identify the following unbundled terms, 

(6.12) 
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and where, 

n 

d8~i = 2:18; ·dGDij . 
j=1 
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(6.13) 

(6.14) 

From, the perspective of the bilateral contracts, if the increment in the cost of 

generator i for the suppl Y of dGDij is allocated to the bilateral contract i-j, then, 

(6.15) 

From the perspective of Ioadj, the allocated incremental cost is therefore the sum of 

the costs allocated to its bilateral contracts, 

n 

d8~j = 2:d8~ . (6.16) 
;=1 

~ Finally, as discussed in Appendix A, the increment in the total generation cost due to 

the ancillary services provided by aU generators to bilateral contract i-j, dê~cl , can be 

unbundled into two tenns, 

(6.17) 

The first reflects the increment in the total cost attributed to the bilateral contract i-j 

when the selling generator is operating at its maximum generation level, 

d8max max dGD ~ij =-f.1i ij- (6.18) 

As discussed in Appendix A, this co st term reflects the fact that if a generator is 

operating at its maximum capacity and one of its bilateral contracts changes, then its 

pool component and those of all other generators will be affected. This effect may 

occur in mixed poollbilateral markets even in the absence of transmission losses and 

congestion. 
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The second term in (6.17) is the incremental power transfer cost due to the 

increment in los ses and any addition congestion re-dispatch created by dGDij' 

(6.19) 

(2) Pool integration sub-step : 

);> Increase only the pool demand by dPI, while keeping the bilateral contracts 

constant. 

);> Solve the combined poollbilateral optimal power flow procedure (3.8) with the new 

load levels for all Â;, lei and for the increments in generation, here denoted by 

dPgilb • 

);> The generation service component that supplies pool demand together with its 

associated los ses and congestion re-dispatch is, 

(6.20) 

);> Calculate the increments in the service costs from the perspective of aU market 

participants. For generator i , the increment in cost is, 

(6.21) 

while for load j, the increment in cost is defined by the bus incremental cost, Âj' that 

IS, 

(6.22) 

(3) Integration orall incremental variables: 

The increments calculated above are added over a sufficiently large number of 

integration steps until both the pool and the bilateral demands reach their final values. 

The final integrated values define the desired unbundled generation and cost components 

defined earlier. Thus, denoting dx as any of the above incremental variables, hs final 

integrated value is determined by, 
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1 Nsttlps 

x= f dx(t) "" l Llxk • (6.23) 
1=0 k=1 

The specifie integrated unbundled services and costs are defined in the next 

section. 

6.2 Integrated Unbundled Services and Costs 

6.2.1 Unbundled Load Costs 

The cost allocated to Ioad j for the supply of its pool component including 

ancillary services is equal to the integrated value of (6.22), 

(6.24) 

Also, as defined by (6.15) and (6.16) the unbundled cost allocated to loadj for the supply 

of its bilateral contracts exclu ding ancillary services is, 

n 

8~j = fII8;dGDij . (6.25) 
i=1 

6.2.2 Unbundled Costs of the Ancillary Services Required by 

the Bilateral Trades 

Similarly, from the results of Appendix A and from (6.19), the integrated cost of 

supplying losses and congestion management allocated to the bilateral trade GDij is, 

(6.26) 
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As explained in Appendix A, an addition al cost is allocated to the bilateral trade GDij due 

to the effect of generator i operating at its maximum lirnit, 

elllax = - f"max '" dGD. !I r, L..,. l} 
(6.27) 

j=1 

6.2.3 U nbundled Generator Costs 

The unbundled net cost of generator i for the pool service, P:/', is from (6.11) and 

(6.21), 

(6.28) 

The corresponding unbundled MW service is, 

(6.29) 

For the generation service that supplies ancillary services for the bilateral trades, 

p~cl , the net unbundled cost to generator i is, 

(6.30) 

while the corresponding integrated unbundled service is, 

p bcl = fdpbcl 
gl gl • (6.31) 

The unbundlednet co st for the bilateral contracts (excluding ancillary services) of 

generator i is, 

n n 8:i = L fde~i = L flCidGDij' 
j=1 j=l 

Thus, the total co st to generator i is unbundled according to, 

e (p ) - e pcl e bcl e b 
gi gi - gi + gi + gi . 

(6.32) 

(6.33) 
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6.3 Application of the Unbundling Procedure to Pay .. as .. 

Bid Pricing 

The above unbundled costs are now implemented in the Pay-as-Bid pricing 

method for the combined poollbilateral market. Under Pay-as-Bid, generators are paid the 

amount that they ask through their offers. These costs are then allocated among the 

bilateral contracts and pool demands so that their overall payments exactly match the cost 

to the generators. 

In this section a number of financial performance measures of the Pay-as-Bid 

approach are defined from the point of view of both generators and loads. 

6.3.1 Generator Revenues and Expenditures 

Under PAB, the revenue of generator i for supplying the pool services, p:cl
, is 

equal to the co st of providing these services (6.28) that is, 

(6.34) 

The average selling price associated with this unbundled service is defined by the ratio of 

the revenue and the corresponding MW service, 

(6.35) 

For the generation service that supplies losses and congestion re-dispatch 

associated with the bilateral trades, P~c/, generator i collects a total revenue given by, 

(6.36) 

at an average selling priee of, 
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(6.37) 

The revenue of generator i for its privately negotiated bilateral contracts 

(excluding ancillary services) depends on the pre-negotiated price, Jr~, that is, 

n 

R;i = I.Jr~GDij· (6.38) 
j=1 

In general this revenue is not equal to the corresponding unbundled cost quantity given in 

(6.32), that is, 

(6.39) 

As before, the average unbundled bilateral selling price is defined as, 

(6.40) 

The comparison between the true revenue, R;;, and the unbundled bilateral cost 

term, e~i' is useful information for the generator to evaluate the profitability of its 

bilateral trades, as the latter indicates the possible earnings had the same bilateral 

exchange been priced according to ff;i' In addition, if the generator had submitted its true 

cost for pool generation, then the unbundled bilateral cost, e~i' also reveals the true cost 

for supplying the bilateral trades. 

In addition to the revenues described above, generators are also allocated two 

expenditure terms. One is due to the overall losses and congestion management required 

by its bilateral trades, while the second is due to the effect on the system cost of operating 

at maximum generation output, both services that are provided by all generators in the 

pool. Thus, in keeping with the policy that both buyer and seller are equally responsible 

for the power transfer expenses, half of the cost allocated to the bilateral contract i-j for 

losses and congestion management as defined by equation (6.26) is allocated to generator 
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i as an expenditure, with the other haif allocated to load j. Summing over aH contracts, 

the total expenditure allocated to generator i becomes, 

(6.41) 

The average priee of los ses and congestion management for the power transfer of each 

bilateral trade under P AB can then be defined as, 

ebcl 
Abel _ IJ 

Je. ---
IJ GD. 

1J 

(6.42) 

This P AB priee is analogous to the nodal priee difference, Âj - Â; , that bilateral contracts 

pay for power transfer payments under marginal pricing. As ft:cl indicates the exact rate 

seen by the SO for the generation of these services, this rate comparison can be used to 

evaluate whether the marginal pricing method is relatively more expensive or cheaper 

than the unbundled rate. 

Furthermore, the unbundling procedure has also identified the addition al cost, 

e~ax , that arises if the selling generator in a bilateral trade i-j operates at its maximum 

limit. This cost term, defined in (6.27), could be attributed to the bilateral contract, 

however we argue here that aIl the e~ax costs should instead be aHocated to the generator 

that operates at its maximum output level, and is the cause of this extra cost. This then 

defines an additional expenditure allocated to generator i, 

n 

Ernax 

"" e
max 

gi = L...J ~ ij (6.43) 
j=l 

Taking now into consideration both the bilateral and the average price of losses 

and congestion re-dispatch, as well as the expenditure due to operation at maximum 

generation, the net priee of each bilateral trade seen by generator i becomes, 

(6.44) 

where, 
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(6.45) 

Finally, the net revenue of generator i is, 

(6.46) 

6.3.2 Load Revenues and Expenditures 

Similarly to the generators, the expenditure of load j for pool demand under P AB 

is equal to the unbundled value of this service defined by (6.24), 

E pcl _ OPcl 
dj -Odj , 

with an average buying price given by, 

(6.47) 

(6.48) 

Note that under PAB this buying price is not the same as the average selling price 

associated with the pool generation at the same bus, ft~. 

The privately negotiated load payments for the bilateral contracts (excluding 

ancillary services) are defined by the pre-negotiated bilateral price which is independent 

of the market clearing procedure, so that, 

n 

E~ = LJl"gGDij' (6.49) 
i=1 

Again, in general this payment is not equal to the corresponding unbundled cost quantity 

defined by (6.25) 

(6.50) 

The average unbundled bilateral price seen by the load is then, 
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(6.51) 

Furthermore, since the power transfer payments of bilateral con tracts e~cl as 

defined by equation (6.26) are split equally between generators and loads, the expenditure 

of loadj for these services is, 

1 Il 

Ebcl = _ '" e bcl 

dJ 2tt Il ' 
(6.52) 

Considering aH load payments associated with bilateral trading, the net buying 

price of each bilateral trade se en by the load is, 

(6.53) 

where frte! is the average price of losses and congestion management defined by (6.42). 

From the previous equations, the total expenditure of loadj is then, 

E - EPc/ E b Ebcl 
dj- dj + dj+ dj' (6.54) 

The monetary and information flows associated with these financial performance 

measures under the Pay-as-Bid approach are illustrated in Figure 6-2. 

6.3.3 Merchandising Surplus 

An important feature of the Pay-as-Bid method is that end users pay exactly what 

it costs to compensate the generators for their supply, so that there is no merchandising 

surplus. 
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L! fUL -À.)dGD = Ebd 

j 2 1 1 gr 

'L f lei dGDij = e~i *- R:~l 
j 

L! f(X -À.)dGD = E';' 
i 2 J 1 g 

L1l'~ dGD,j = E~ 
i 

Figure 6-2. Monetary and information flows under the Pay-as-Bid method 

6.4 Practical Considerations in the Unbundling Process 

Two issues are relevant here. The first is the dependence of the unbundling 

process on the path of integration. The second concerns the number of integration steps 

along that path. 

Regarding the path of integration, three possibilities could be defined: (a) 

Incrementally increasing the pool demands from zero to their final values, followed by 

the same procedure for the bilateral demands; (b) Incrementally increasing the bilateral 

demands from zero to their final values, followed by the same procedure for the pool 

demands; (c) Alternating the increase in the bilateral and pool demands, one step at a 

time. 
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In the simulation results of this chapter the third approach is applied starting with 

an increase in the bilateral demands as illustrated in Figure 6_1 27
• The drawback of the 

other two altemate paths is that the service that is integrated first is allocated relatively 

low losses and congestion management costs, while those integrated last are allocated a 

higher proportion of losses and congestion management services and costs. The choice of 

the integration path should be part of the market mIes. 

As the number of integration steps diminishes, the final sum of the incremental 

variables differs from the exact values. Specifically, equations (6.4), and (6.7)-(6.9) are 

only approximately met. Such errors are inevitable if we wish to limit the number of 

integration steps to a reasonable number. However, the impact of the se errors can be 

limited by distributing them in a pro-rata manner among the unbundled quantities. 

6.5 Simulation Results 

The analysis of the unbundIing of generation services and costs considers the 

same network as in the previous chapters (whose data are given in Appendix C). Again, 

only Case C of Chapter 4 with the entire load supplied solely through bilateral trades (no 

pool demand) is examined here29
• Similarly to Case C, there is no curtailment of bilateral 

trades. Thus, the pool only provides ancillary services associated with the bilateral 

contracts. 

As in Chapter 4, the following assumptions apply here, 

»> the bus voltage magnitudes of the transmission network are assumed fixed 

at one per unit by sufficient V Ar sources; 

»> the total value of bus demands (combined pool and bilateral) are 

considered inelastic; 

27 The final values of the unbundled service variables are not be affected by the order in which the services are 

considered within the integration sequence, provided that the integration steps are sufficiently small. 

29 In the rest of the text, when referring to "Case C", it will be understood that it is Case C from Chapter 4. 
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);> the bilateral con tracts are considered physical, which means that generator 

i has an obligation to inject the scheduled value into bus i while the 

consumers at bus j must absorb the same level of power; 

The effect of the number of integration steps on the unbundIing procedure is 

illustrated on both the previously specified 5-bus network as weIl as on a modified IEEE 

24-bus system whose data are given in Appendix D. 

Finally, the financial performance measures developed in section 6.3 are used to 

illustrate the application of the Pay-As-Bid pricing method as weIl as to compare the 

results with the values obtained under Locational Marginal Pricing as discussed in 

Chapter 4. In the application of Pay-as-Bid, the pre-negotiated bilateral contract rates 

supplied by each generator are considered to be the same for aU its contracts. These rates 

are assumed equal to the marginal generation cost of the selling generator evaluated at its 

total bilateral output, that is, 

(6.55) 

where 

Unbundled Generation Services and Costs 

The total system demand of 1088 MW is split arnong the network buses according 

to, 

(6.56) 

Vnder the assumption of Case C, there is no pool demand so that Pd = GDT e, with the 

matrix of firm contracts being defined as, 
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34 51 34 153 170 

0 34 34 119 255 

GD= 0 0 51 51 102 MW. (6.57) 

0 0 0 0 0 

0 0 0 0 0 

Recall that in Case C, and therefore also here, the specified poollbilateral mix caused 

congestion on line 1-4, as well as out of merit operation of generators 1 and 2 due to their 

extensive bilateral commitments. However, non of the generators were operating at their 

maximum output limit. 

The results of the unbundling procedure for this congested case are given in Table 

6-1 from the perspectives of the generators. As the values of the unbundled generation 

services show, the total p:cl service components (in this ex ample only losses and 

congestion re-dispatch, since Pgi < Pg~ax; \Ii) add up to 48.7 MW. This 10ss and 

congestion re-dispatch service due to the bilateral trades is aUocated a corresponding co st 

by the unbundling procedure, e~cl , which totals 2,127 $/h. 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

pt [MW] 0 0 0 0 0 0 

~"" [MW] 0 0 20.4 28.3 0 48.7 

P: [MW] 442 442 204 0 0 1,088 

~ [MW] 442 442 224.4 28.3 0 1,136.7 

0:'" [$/h] 0 0 0 0 0 0 

0~i [$/ h] -2.4 -108.4 634.5 1,604 - 2,127 

0;'" [$/ h] 0 0 0 0 0 0 

0~ [$/ h] 12,749 12,318 6,107 0 0 31,176 

0
8 

[$/ h] 12,746 12,211 6,742 1,604 - 33,303 

Table 6-1. UnbundIing frOID the generators' perspective 

Table 6-1 also indicates how the services and costs are split among all generators. For 

instance, because of congestion, even though it is expensive, generator 4 is scheduled to 

produce a portion (28.3 MW) of the bilateral 10ss and congestion management 
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component. On the other hand, generators 1 and 2 do not contribute to this service, as 

they operate at their lower bilaterallimits. However, perhaps surprisingly, the costs of this 

service, e~~l, in generators 1 and 2 are not zero but rather negative. This means that these 

generators pay (rather than collect) for having forced other more expensive generators to 

supply loss and congestion management services. This is a reasonable economic signal to 

such generators, inducing them not to over-commit in the bilateral market to the point of 

causing congestion. 

The unbundled costs associated with losses and congestion re-dispatch due to the 

bilateral trades are given in Table 6-2. As all the demand 1S supplied bilaterally, only the 

unbundled bilateral cost component exists, while the pool cost components are an zero. 

Note that the sum of the unbundled bilateral costs from the point of view of the demands, 

e~, is equal to the sum of the unbundled bilateral costs from the point of view of the 

generators, e~ = 31,176 $/h. However, the total generation costs e g = 33,303 $/h are not 

equal to the total e~ + e~, the difference being the sum of the costs of los ses and 

congestion re-dispatch, that is, e~cl = 2,127 $/h. This service is also shown in Table 6-3 

from the perspective of the bilateral contracts which, as can be seen, adds up to 2,132 $/h. 

For instance, contract GD12 = 51 MW pays 46.2 $/h for losses and congestion 

management, while contract GD34 of the same size pays only 23.4 $/h. This significant 

difference 1S due to the high levels of bilateral trades of generator 1 and the congestion of 

line 1-4. 

AIso, for aIl bilateral contracts, values of e;;= costs are zero, as an generators 

operate below their maximum capacity. 

Pay-as-Bid Pricing 

The values of the revenues and expenditures defined under Pay-as-Bid pricing for 

this 5-bus congested case are given in Table 6-4. Note that the generator revenues differ 

frOID the values of the total generation costs of 

Table 6-1. This difference arises because (i) the revenues include the generator 

payments for bilateralloss and congestion re-dispatch, and (ii) because the actual bilateral 
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Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

PI [MW] 0 0 0 0 0 0 

P: [MW] 34 85 119 323 527 1.088 

[>,1 [MW] 34 85 119 323 527 1.088 

e: [$/ h] 0 0 0 0 0 0 

e~ [$/h] 981 2,419 3,455 9,257 15,065 31,176 

Table 6-2. Unbundling from loads' perspective 

ebd 
'} 

bus # of buying load 

1 2 3 4 5 

1 0 46.2 63.5 355.7 601.2 
bus#of 
selling 2 - 0 32.7 168.8 670.8 

generator 
3 - - 0 23.4 170.3 

Table 6-3. Unbundling co st for losses and congestion re-dispatch from bilateral contracts' perspective 

contract revenues are based on the pre-agreed bilateral contract priees, Ji;, rather than on 

the unbundled bilateral service costs, e!i' The results reveal that the revenues of 

generators 1, 2 and 3 for supplying bilateral generation services, R;, are higher than the 

corresponding unbundled bilateral costs, e~, from Table 6-1, since the pre-negotiated 

bilateral rates, Ji;, are higher than the average unbundled bilateral rate, ft;i' defined in 

(6.40). For instance, the bilateral revenue of generator 1, R;! = 16,119 $/h is higher than 

the corresponding unbundled bilateral cost, e~! = 12,749 $/h, as the pre-negotiated 

bilateral rates, Ji;j = 37.7 $/MWh, are higher than the average unbundled rate, ft;! = 28.8 

$/MWh (given in Table 6-4). 

Similarly, the net generator revenues after accounting for all income and 

expenditures, Rgi , are higher than or equal to the total unbundled costs, <3 gi' for all 
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generators. In this example, aH the generators clearly negotiated advantageous bilateral 

deals at the expense of the consumers. 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

~ *e~ [$/h] 16,655 15,143 6,973 0 0 38,770 

R:cl= e~d [$/h] -2.4 -108.4 634.5 1,604 - 2,127 

Rr'= e;d [$/h] 0 0 0 0 0 0 

Ri =e; [$/h] 0 0 0 0 0 0 

E~[ [$/h] 533.3 436.2 96.8 0 0 1,066 

R;ax [$/h] 0 0 0 0 0 0 

Rg [$/h] 16,119 14,598 7,510 1,604 0 39,833 

Je [$/MWh] 37.7 34.3 35.1 57.1 57 -
À,; [$/MWh] -65.3 9.1 35.1 57.1 54.6 -
ff; [$/MWh] 37.7 34.3 35.1 57.1 57 -

ft:! = e~[ / pt [$/MWh] 0 0 0 0 0 -
;r;cI = e~! / p:cl [$/MWh] 0 0 31.1 56.7 0 -
n-: = e~/ P: [$/MWh] 28.8 27.9 30 0 0 -

E; [$/h] 1,281 3,087 4,189 11,585 18,628 38,770 

ët [$/h] 0 23.1 48.1 273.9 721.2 1,066 

E% [$/h] 0 0 0 0 0 0 

E,[ [$/h] 1,281 3,110 4,237 11,859 19,349 39,835 

ft: = e; / Pl [$/MWh] 0 0 0 0 0 -
ft',; = e: / P: [$/MWh] 28.8 28.4 29 28.7 28.6 -

Table 6-4. Pay-as-Bid: Revenues, expenditures and average priees 

In addition, it is interesting to compare sorne of the unbundled service average 

prices against the nodal prices and the negotiated bilateral price. For instance, the nodal 

price at bus 3, ~= 35.1$/MWh is above the average unbundled bilateral 10ss and 

congestion management price of generator 3, ft:~l= 31.1 $/MWh for the p:;l service. 

AIso, its pre-negotiated bilateral price of 1l";= 35.1 $/MWh is higher that the unbundled 
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average price of bilateral serviee ft;3 = 30 $/MWh. The last comparison is a signal to 

generator 3 that his pre-negotiated rate is good, however the first comparison tells 

generator 3 that he may do equally well by selling to the pool rather than bilaterally. 

From Table 6-4, the net load expenditures for bilaterally purchased power, E~, 

are above the unbundled costs associated with these services, e~j' This is not a surprising 

result considering that the privately negotiated bilateral rates, Jr;i' are above the average 

unbundled rates of supplying this service, ft~. This means that the loads could be better 

off by buying a portion of their demands from the pool or by re-negotiating their bilateral 

contracts. For example, the load at bus 5 is buying bilaterally from generators 1, 2 and 3 

who se average unbundled bilateral priees, respectively ft; = 28.2, ft; =27.9 and ft; = 30 

$/MWh, are lower than what this load is paying, namely the pre-negotiated generator 

bilateral rates, Jr;5= 37.7, Jr;5 = 34.3 and Jr;5 = 35.1 $/MWh. Furthermore, the average 

rate of the unbundled cost of delivering power to 10ad 5 is 1Îj5 =28.6 $/MWh, which is 

also less than what it is paying. Clearly, the loads did not do a good job of negotiating 

bilaterally and of specifying an adequate pool/bilateral mix. 

It is also interesting to compare the generator revenues and the load expenditures 

under Pay-as-Bid pricing as given in Table 6-4, with the results of Case C which are 

calculated under marginal pricing (MP). Both P AB and MP cases are analyzed under 

identical bus loads and pool/bilateral mixes, as well as cost offers and pre-negotiated 

bilateral rates. For convenience, the marginal pricing results are repeated here in Table 

6-5. From the results of Table 6-4 and Table 6-5 it can be seen that an market participants 

are better off under PAB, except for generator 4 which is slightly worse off. The most 

striking difference is in generator l, whose revenue under marginal pricing is even 

negative (-6,514 $/h) , while under PAB it actually eams 16,119 $/h. Similarly, allioads 

are significantly better off under P AB than under marginal pricing. 

The main reason behind these large differenees in generator revenues and load 

expenditures under these two pricing schemes is that under the P AB the market 

participants are allocated the actual offered cost of generation, e g' whereas under 

marginal pricing the most expensive generator dictates the nodal priees. The most 
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remarkable difference in rates between the PAB and marginal pricing is reflected in the 

power transfer payments and their corresponding rates, which for both pricing schemes is 

compared in Table 6-6. For example, for the bilateral trade GD12 , the unbundled rate 

associated with losses and congestion management, 1Î1
b
;1 = 0.9 $/MWh, is significantly 

lower under P AB than the nodal price difference, ~ - /4 = 74.4 $/MWh, which this 

contract pays under marginal pricing. Differences of similar magnitudes between P AB 

and MP can also be observed for other bilateral contracts as a result of transmission 

congestion. 

Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Sum 

R; [$/ h] 0 0 716 1,620 0 2,335 

R; [$/ hl 16,655 15,143 6,973 0 0 38,770 

E bcl /2 [$/ h] 23,168 9,098 1,558 0 0 33,824 

R{ [$/ h] 0 0 0 0 0 0 

Rg [$/ h] -6,514 6,045 6,131 1,620 0 7,282 

ES [$/ h] 0 0 0 0 0 0 

E; [$/ h] 1,281 3,087 4,189 11,585 18,628 38,770 

Ebcl /2 [$/ h] 0 1,898 2,149 12,786 16,991 33,824 

Rf [$/ h] 0 0 0 0 0 0 

Ed [$/ h] 1,281 ~ 
". ,.,..,n " ,v 

Table 6-5. Case C: Revenues and expenclitures under marginal pricing 

Pay-as-Bid Marginal Pricing 

..... bel 
1rij Àj-~ 

bus # of buying load bus # of buying 'oad 

1 2 3 4 
5= 

1 2 3 4 5 

1 0 0.9 1.9 2.3 3.5 0 74.4 100.4 122.4 120 
bus # of 
selling 2 - 0 1 1.4 2.6 - 0 26 48 45.5 

generator 
3 - - 0 0.5 1.7 - - 0 22 19.5 

Table 6-6. Rates of power transfer payments: Pay-as-Bid vs. Marginal Pricing 
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The net bilateral rates seen by generators, ft;ij' and loads, ft;ij under P AB are both 

given in Table 6-7. These values are defined by and respeetively, and refleet both the 

pre-negotiated bilateral priees and the average unbundled priees of the power transfer 

payments. The net bilateral rates under marginal pricing, defined by (4.5) and (4.11), are 

repeated in Table 6-8 for eonvenience. Their comparison with the P AB rates of Table 6-7 

indicates the stronger negative impact of congestion under marginal pricing. For instance, 

for generator l, its net bilateral rates, ft;lj = [37.7 32.7 36.7 36.5 36] $/MWh, are 

aU positive under PAB, whereas un der marginal pricing they are very small or even 

negative, ft;lj =[37.3 0.5 -12.5 -23.5 -22.3] $/MWh. Sirnilarly for the loads, the 

net unbundled bilateral rates, ft;ij' under P AB are lower then corresponding net bilateral 

priees under the marginal pricing. For example, for load 4 under P AB 

ft;i4 = [38.8 35 34.4 - -] $/MWh, while under marginal pricing they take the values 

of ft;i4 = [99 58.3 45.2 - -] $/MWh. 

bus # of buying Joad 

1 2 3 4 5 

Ab 
1fgij 

Ab 
1l:dij 

Ab 
lCgij iè;ij Ab 

Jfgij 
Ah 

lCdij 
Ab 

lCgij ~Ii 
Ab 

JT:gij 
Ab 

lCdij 

1 37.7 37.7 32.7 38.1 36.7 38.6 36.5 38.8 36 39.4 
bus#of I",N , .... 
selling 2 - - 34.3 34.3 33.8 34.7 33.5 35 32.9 35.6 

generator m ... __ ·_' ..... " _,-,,,,,,o_,~ " .. ~ 
3 - - - ~ 34.2 34.2 33.9 34.4 33.3 35 

Table (,-7. Pay-as-Bid: Net bilateraI priees seen from the perspective of generators and Ioads 
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bus # of buying load 

37.7 37.7 0.5 74.9 -12.5 87.9 -23.5 99 -22.3 97.6 
bus#of 
selling 2 34.3 34.3 21.3 47.3 10.3 58.3 11.5 67 

generator 
3 34.2 34.2 23.2 45.2 24.4 43.9 

Table 6-8. Marginal Pricing: Net bilateral priees seen from the perspective of generators and loads 

Number of steps 

Table 6-9 illustrates the effect of the number of integration steps on the 

unbundling process. The first row shows the exact value of the sum of the offered 

generation costs, e~xacl, which is independent of the number of steps. Rows 2 and 3 show 

the integrated estimates of this sum from the perspective of the generators, e g , and from 

that of the loads, e d ' calculated according to the procedure described in section VI. Rows 

4 to 7 describe the estimated costs of the unbundled services. These costs have been 

normalized to ensure that their sum always equals the exact total cost, e;acl. Moreover, a 

second normalization is done on the cost components associated with the loads so that for 

each service the cost is the same whether viewed by the loads or by the generators. 

Table 6-10 illustrates the effect of the number of integration steps in the 

unbundling process for a modified IEEE 24-bus system. Comparison of Table 6-9 and 

Table 6-10 suggests that approximate unbundling is reasonably accurate for all services 

wh en at least 100 integration steps are carried out. 
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Nl.lmber of Integration Steps 

10 100 1000 2000 4000 

8f'xart 
g 33,306 33,306 33,306 33,306 33,306 

e g 32,140 33,189 33,294 33,300 33,303 

ed + Ietr/ 34,755 33,949 
i 

33,293 33,312 33,308 

ê:/=ê~c1 0 0 0 0 0 

ê~ =ê~ 31,094 31,171 31,178 31,178 31,177 

ê~/ =ê~c/ 2,212 2,135 2,128 2,128 2,128 

Table 6-9. Unbundled costs vs. number of integration steps for 5-bus example network 

Nl.lmber of Integration Steps 

10 100 1000 2000 4000 

eexat·! 
g 40,350 40,350 40,350 40,350 40,350 

e g 40,023 40,317 40,347 40,348 30,349 

ed + Ietc/ 
i 

39,999 40,318 40,347 40,348 30,349 

êpc/=êpc/ 
g d 33,413 33,124 33,096 33,096 33,096 

ê~ =ê~ 6,936 7,229 7,257 7,257 7,257 

ê bcl =êbc/ 
g d 0.87 -3.37 -3.84 -3.84 -3.84 

Table 6-10. Unbundled costs vs. number of integration steps for modified IEEE 24bus system with 

83% of pool and 17% bilateral supply 

6.6 Concluding Remarks 

The above results indicate that in the combined poollbilateral model service and 

cost unbundling are useful too1s for both generators and loads to evaluate the fraction of 

the total cost associated with the supply of various generation services. From the se 

unbundled costs it is possible to define a set of average unbundled priees and compare 

them with the actual prices used to settle the market or with the prices of the bilateral 
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trades. This comparison can be used by market participants to refine their future bilateral 

strategies, including rates, trading partners and levels of poollbilateral mix. 

In the context of Pay-as-Bid pricing, the unbundled costs and services are used to 

define a set of financial performance measures, that is, revenues and expenditures from 

the point of view of individual generators and loads. These measures are then compared 

with the corresponding revenues and expenditures calculated under marginal pricing. The 

results for the case when high levels of bilateral trades cause transmission congestion 

suggest that the Pay-as-Bid approach is beneficial for both loads and generators due to the 

absence of a merchandising surplus, which significantly reduces the power transfer 

payments. 
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Conclusions 

This thesis develops an optimization model that can be used to clear combined 

pool/bilateral electricity markets as weIl as to evaluate their technical and economic 

merits. One goal is to provide the various market participants, that is, the generators and 

loads, with a tool that will help them manage their pool/bilateral portfolio, in other words, 

to determine relative levels of bilateral and pool commitments that offer a good balance 

between revenues, expenses and the risk of economic losses. A second simultaneous goal 

of the optimization model is to maximize social welfare while satisfying power system 

security, namely, respecting the characteristics of the lossy non-linear power flow 

problem as well as technicallimits on the generation outputs and transmission flows. 

The notions of pool and bilateral demand and generation are established first. The 

problem formulation and optimization are based on the assumption that the scheduled 

bilateral contracts are physical rather than financial obligations. Physical bilateral 

contracts always impose lower limits on the generation outputs which, if active, result in 

inefficient out of merit operation and possible transmission congestion. Bilateral contracts 

are initially assumed to be firm without the possibility of curtailment (except m 

emergencies requiring load-shedding) but later in the thesis this condition is relaxed 

In addition to the generation outputs, transmission los ses and line power flows, the 

market-clearing optimization procedure yields the bus or nodal incremental costs, which 
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under marginal pricing become the so-called Locational or Nodal Marginal Prices. This 

model does not allow for the purchase of financial transmission rights that shield the 

bilateral partners from paying for the actual cost of transmission. In this model the 

bilateral partners may ob tain pre-approved firm bilateral status at an auction, but still face 

paying for power transfer fees at a rate defined by the actual nodal price differences. The 

point of view of this thesis is that such power transfer payments are good economic 

signaIs to market participants to avoid trades that can cause congested operation. 

The nodal prices and price differences are then used to define and calculate 

individual financial performance measures such as generator revenues and load payments 

separated according to pool or bilateral trading. The goal of the initial analyses is to 

evaluate to what degree the relative mix of pool versus bilateral trading influences 

individual and system performance. 

Results of these studies are used to evaluate the potential benefits and difficulties 

that arise from this mixed operation. Notably, the results have indicated the importance of 

good planning of the pool/bilateral mix to avoid costly congested operation, particularly 

due to the power transfer payments paid by the bilateral con tracts. This planning, 

however, is not trivial because of the difficulty of predicting the actual mix and 

distribution of the poollbilateral commitments of all participants at the time when the 

bilateral contracts are being individually negotiated. 

To address this problem, this thesis proposes additional dispatch flexibility in the 

form of: Ci) a curtailment procedure that permits holders of firm bilateral contracts to offer 

voluntarily to reduce their firm bilateral commitments at a price and replace the energy 

from the pool at the prevailing nodal price; Cii) non-firm contracts where the holders 

submit non-curtailment bids to avoid curtailment. 

These curtailment offers are essentially a decentralized tool that bilateral parties 

may use to reduce the risk of transmission congestion and high power transfer payments 

at the time of market-clearing. However, bilaterai parties may also use curtailment offers 

to modify unprofitable trades in their favour. 

Non-firm contracts are not subject to pre-approval because they have no 

transmission rights or obligations until they are scheduled after the market is cleared. 

Being non-firm, they give additional flexibility to the system operator as they could be 
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curtailed if needed for both economical or security reasons. To increase the likelihood of 

being dispatched, non-firm contracts may submit non-curtailment bids implying that the 

parties in a non-firm bilateral contract are willing to pay in order not to be curtailed. 

The simulation results here compare combined pool/bilateral operation with and 

without curtailment flexibility. With bilateral contract curtailment offers and bids, the 

results point out a significant improvement in the overall technical and financial system 

operation. For instance, under high levels of bilateral trading, low firm contract 

curtailment offers give the SO the flexibility to sufficiently curtail certain firm bilateral 

contracts and eliminate congestion. Even though sorne firm con tracts are curtailed, there 

is still a significant improvement in the net revenues of individual generators and the net 

payments of the loads, as both now face much lower power transfer payments. 

The results also illustrate that the system operation can be improved under 

curtailment only to the extent permitted by the offers submitted by the bilateral parties. 

High curtailment offers may not be wise since they force the SO to schedule the bilateral 

contracts close to their approved levels even when such a dispatch results in congested 

operation and high power transfer fees. 

Finally, this thesis also presents a technique that allows the unbundling of the total 

generation into three distinct services, namely, (i) bilateral generation, (ii) supply of 

ancillary services associated with the bilateral generation, and (iii) the supply of the pool 

demand plus its associated ancillary services. The technique identifies the costs 

corresponding to each service from the point of view of the 1000s and generators 

following an unbundling algorithm based on the Aumann-Shapley procedure. According 

to this procedure, the separated services are calculated by integrating the output variables 

of the optimization problem by varying the demand components in small increments, one 

service at a time. 

The results of the unbundled generation and co st services can be used in two 

ways: one is to compare the unbundled costs associated with each service with the actual 

revenues and payments found by the marginal pricing method normally used. This can 

then determine whether the actual profits and payments for each service are in line with 

the actual unbundled costs, information that can help in defining future pool/bilateral 

mixes and the settlement price of privately negotiated bilateral deals. The second 
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application of the unbundling proeedure is to define a new pricing structure based on the 

Pay-as-Bid principle in which dispatched generators are paid for pool services exactly 

what they offer instead of being paid at the nodal priee. Similarly, under Pay-as-Bid, the 

total payments allocated to the loads sum up to the total generator offer costs. These 

payments do not depend on the nodal priees. 

Simulation results are used to compare the individu al revenues and payments as 

well as the average and marginal priees under the two pricing methods. The results 

indicate that, for the same offers, under congested operation, the market participants are 

better off under Pay-as-Bid than under Locational Marginal Pricing because under Pay­

as-Bid they only pay for the cost of losses as well as generation re-dispatches due to 

transmission congestion and maximum generation constraints. The merchandising surplus 

that exists under Locational Marginal Prieing is eliminated under Pay-as-Bid. Note, 

however, that the above comparison between these two pricing methods does not account 

for the different offer strategies that generators would use under different pricing mIes. 

Future extensions 

Extensions of the work presented in this thesis could include the following topics: 

)0> A forecasting module that would enable market participants to predict the 

bilateral trading behavior of other trading agents and the nodal priees; 

)0> Based on the previous module, develop strategie poollbilateral portfolio 

management schemes from the points of view of the various market 

players for both Pay-as-Bid and marginal pricing. Strategie planning 

defines the offer strategies of generators and the levels of poollbilateral 

mix that maximize the welfare (profit) of individual market participants 

under uncertainty; 

)0> Introduce unit commitrnent into the combined poollbilateral model; 

)0> Allow for demand elasticity in the pool demand; 

)0> Define and analyze procedures for auctions that pre-approve firm bilateral 

status. 
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AppendixA 

IncrementaI Power Transfer Payments of 

Firm Bilateral Contracts 

This appendix outlines the derivation of the incremental power transfer payment 

that a firm bilateral contract GDij is allocated to coyer the costs of those ancillary 

services needed to support the transfer of GDij megawatts from point i to point). For both 

marginal and Pay-as-Bid pricing, the first step to calculate this payment is to find the 

marginal cost of transferring this amount power un der the market clearing rules. 

First, recall from Chapter 3 that both the generation at bus i, Pgi ' and the load 

demand at bus j, Pdj ' can be expressed in terms of the pool and bilateral components as, 

n 

Pgi =P: +P~ =P: + "LGDij' (A.I) 
j=l 

and, 

n 

Pdj =Pll +P~ =Pll + "LGDij. (A.2) 
i=1 

In vector form, this can be written as, 

181 



AppendixB 

(A3) 

and 

(A.4) 

where e is a vector of ones of dimension n . 

Using equations (A3) and (A.4), the market clearing optimization now becomes, 

Min 
Pi ,15 

8 g (P; +GD·e) (A5) 

S.t. P: +GD·e-Pf +GDT ·e=P(o) Â 

-pP <0 
g - J.1min 

pP +GD'e <pmax 
g - g J.1max 

P~: :s; P jlow ( 0) a 

Pjlow(Ô):S; P;: ~ 

where Â, J.1min, J.1max , a and ~ are the vectors of Lagrange multipliers associated with the 

corresponding equality and inequality constraints for the following Lagrangian function, 

n 

c= L8g; _ÂT[p: +GD·e-Pf -GDT .e-P(ô)] 
;;1 

+ (J.1min f . P; _(J.1max t [P: +GD 'e- p;X] 

- a T 
[ -P;; - PjlOw(Ô)] - ~T [PjlOw(Ô) - P;:] 

(A6) 

In this formulation, the optimization variables are P: and Ô, rather than Pg and 

o as used in the original formulation given by equation (3.8), however the two are 

completely equivalent. Note that for simplicity, in the problem formulation (A.5), the bus 

voltage magnitudes are assumed fixed at one per unit by sufficient V Ar resources. 

The partial derivatives of C with respect to the variables P: and cl yield two of 

the necessary conditions, 
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de . 
__ =10_Â,+lImm_lImax =0 
dPP r r ' 

g 

(A.7) 

and 

(A. 8) 

Assuming quadratic generation offers, 

(A.9) 

a typical element i of the vector of incremental costs for constant bilateral contracts, le , 
is defined as, 

degj lE>. =--=a+b.P .. 
1 dpP , 'gl 

g' 

(A.IO) 

The incremental cost of transferring power bilaterally, is the sensitivity of the 

overall co st E> g with respect to an arbitrary contract, GDjj , under the optimality 

conditions of the market clearing problem (A.S). To derive this sensitivity, first we 

reformulate the market clearing problem (A.S) in a more general form, 

min C(x,11:) (A.II) 

S.t F(x, 11:) $ 0 , 

where x is the vector of the problem decision variables, namely P: and ô, while 11: 

represents the bilateral contract parameters, GD. The term C(x,11:) is the cost function, 

while F(x,11:) defines the set of equality and inequality constraints of (A.S). The 

necessary conditions are then reformulated as, 

dC _ dF
T 

• Â, = 0 
dx dx ' 

(A.12) 

where À is the vector of Lagrange multipliers associated with the constraints. 

183 



Appendix B 

Now, if we allow the parameter veetor to vary by a small inerement, drc both 

the equality and inequality eonstraint funetions and the eost function must also vary 

aceording to, 

[
dF]T [dF]T 

dF= dx dx+ dn dn=O, (A.l3) 

as well as, 

de de 
de = dxT dx+ dnT dn, (A.14) 

so that the change in the cost function can be expressed solely in terms of the change in 

the parameters as, 

(A.IS) 

that is, 

(A.16) 

Note that if an inequality constraint, F; (x, rc) ~ 0, is inactive then its Lagrange 

multiplier, ~, is zero. Alternatively, if the constraint is active, its multiplier is negative. 

This necessary condition allows us to represent the inequalities as pure equalities in 

(A.13) without loss of generality. 

Consider now a change in one arbitrary specifie parameter, n = GDi} , and assume 

that the quadratic generation offers are defined by (A.9). This gives the following partial 

derivatives with respect to the parameter, holding the decision variables constant, 

so that, 

de {a + b . P . = le.· k = i gk _ / / g/ /' 

dGDij - 0 k :f- i ' 

de 
--g-=I8 
dGDij 1 

(A.17) 

(A.18) 
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and, a]so, 

0 

1 corresponding to bus i 

-1 ~ .. _~"-_._.- ~~ corresponding to bus j 

0 

0 

0 
dF .......... 

= 0 
dGDij 

1 .~:(~.".~_._ ..... corresponding to bus i 

0 

0 

0 (A.19) 
0 

o 

Then, from (A.16)-(A.19), 

(A.20) 

Thus, the increment in the total generation cost, de g' due to a change in the 

hilateral trade, dGDij' can he written as, 

185 



Appendix B 

(A.21) 

The question, now, is how to allocate this incremental cost among the three 

services being analyzed? First, since in the above result only one bilateral contract 

changes and the pool demand is constant, an cost components in (A.21) are attributed to 

services related to the bilateral contract. 

The first term in (A.21) corresponds to the incremental cost of generator i due to 

the change in the amount traded, dGDij' This term covers the basic cost of generating the 

GD;j megawatts of bilateral power excluding any necessary ancillary services. This 

amount is paid by loadj and collected by generator i. 

The second term, (Àj - Ài) dGDij , reflects the cost of supplying losses and 

congestion management due to the incremental power transfer, dGDij • This term is 

clearly allocated to the bilateral contractGDij 30. 

The third term in (A.21), namely -f1.r;=dGDij exists only when generator i 

operates ai its maximum output. Normally, this term is equal to zero since generators 

often operate below their maximum limits. This cost reflects the fact that if generator i is 

operating at its maximum and one of its bilateral contracts changes, then its pool supply 

must also change, a change that, because of the nodal power balance requirement, affects 

the output of an other generators supplying pool power. 

The way in which this third cost component is aUocated however is not unique. 

One way to allocate the third term in (A.21), -f1.imaxdGDij' is to assume that it is the 

responsibility of the generator, and this is the choice made in this thesis. Note that f1.imax 

is negative, thus this term is an extra cost to the generator. 

Under this assumption, the system incremental cost equation (A.21) can be split 

into two cost increments, 

de - deb + de: bel 
g - gi ij' (A.22) 

30 Costs aUacated ta the bilateral cantracts eventually have ta be split amang the bilateral parties as 

discussed in Chapter 3. 
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one for the basic bilateral contract generation, 

de~i ~ lei dGDij , 

and the other for the suppl y of the corresponding ancillary services, 

AppendixA 

(A.23) 

(A. 24) 

The ancillary service term can be further split into the sum of two terms, one 

accounting for losses and congestion management only, 

(A.25) 

and the second accounting for operation at maximum generation capacity, 

dem.ax = _lI
max dGD. gl rI lj • (A.26) 

Under marginal pricing used in Chapters 4 and 5, equation (A.25) defines the power 

transfer rate, that is, 

(A.27) 

as under this pricing mechanism the influence of generators that operate at the maximum 

output levels is implicitly accounted through nodal priees. 
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Mechanisms for Acquiring Firm Bilateral 

Status 

Purchased Finn Bilateral Status (PFBS) 

The systematic auction mechanism carried out by the SO to allocate PFBS to 

bilateral contracts is now presented. To compete for finn status, each bilateral contract 

submits a bid to the SO representing the value that the contract parties jointly place on 

acquiring finn status. This value should nonnally be less than the negotiated price of the 

bilateral agreement. The SO then allocates finn status as shown below to the sub-set of 

bidders who place the highest combined worth on their requested bilateral contracts. The 

contracts that are assigned finn rights by the auction pay to the SO an amount equal to the 

value that they quoted. 

In this auction, the bid submitted by each bilateral contract specifies the points of 

injection, i, and consumption, j, and the price in $/MWh that the contract parties are 

willing to pay, b./;;'PP, for the eventual amount of firm power allocated, GJ5Fij. This level 

of finn allocated power must be less than or equal to the amount desired, that is, 
-des 

GDFo sGDFo . 
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The auction run by the SO is settled by solving an optimization that maximizes the 

combined revenue from an bids, while respecting the system constraints, 

(B.l) 

-- --req 
0::; GDF ij ::; GDF ij 

p >pb =GDF.e 
g - g 

The set S above denotes the same security region of the power system defined in Chapter 

3 including the real and reactive bus power balance at every network bus. Note also that 

the pool demands are set to zero, as only bilateral trades are considered in this preliminary 

auction. 

Thus, the auction for firm bilateral status is carried in a systematic fashion that 

accounts for both the network power balance at aU buses and for transmission flow 

constraints. This is an important feature when compared to the allocation of financial 

transmission rights which in practice is based on simple transmission capacity models 

which may not accurately reflect the true transmission capacity. 

The allocated firm contract amount, GDF ij, then becomes the pre-approved firm 

requested bilateral contract, GDF;;pp, used in Chapter 5. Generally, if there is sufficient 

transmission capacity, the requested and the aUocated or approved values will be the 

same. 

As discussed before, once a firm contract is approved, the trading parties have 

both the right and the obligation to transfer the aUocated amount of power. In addition, 

the trading partners acquire the right to be compensated for a price if this firm contract 

needs to be curtailed by the SO, as discussed in Chapter 5. 

The revenue of the SO from the above auctions is, 
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n ~~ 

R;;; = I bfija
pp 

GDFij , (B.2) 
i,j=1 

which becomes part of the SO merchandising surplus. 

First-Come-First-Serve Firm Bilateral Status (FFBS) 

The allocation of firrn bilateral status can also be acquired using a First-Come­

First-Serve method. Here, the SO perforrns the allocation procedure periodically as new 

requests for bilateral firm status are received. Allocation of the remaining capacity is 

perforrned without modifying any of the firrn bilateral contracts previously approved. 

AIso, in a new batch, an requests for firm status have the same priority. 

Since the objective of the SO is still to maximize the combined value of the 

approved firrn bilateral contracts, the objective function as defined in (B.l) is used here 

with bhtP = l for aU new allocated bilateral agreements, Gi5F ij. Moreover, the lower 

generation lirnit now also has to account for the already approved bilateral contracts, 

GDFijapp , that is, Pg ;;:: P: = (GDFapp + GDF)· e . Thus, in the sequential First-Come-First­

Served approach, the SO allocates firrn bilateral status by carrying out the following 

optimization procedure, 

n ~~ 

Max I GDFij 
GDF i,j=1 

(B.3) 

~~des 

O~GDFij ~GDFij 

As in the case of (B.I), the set S denotes the power system security region that includes 

the real and reactive bus power balance at each bus. 

In the First-Come-First-Serve approach, as the bilateral parties do not pay to 

acquire firrn status, the SO does not collect any revenue. A difficulty with this approach is 
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that when there is not sufficient transmission capacity the solution of (B.3) may not be 

unique. 
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5 ... bus Network 

Aline diagram of the five-bus illustrative network used in these studies is given in 

Figure C-l, while Table C-l shows the network line data. The line series impedances and 

shunt reactances are in per unit on a basis of 100 MVA and 200 kV. The column, Ptax
, 

denotes the absolute line flow limits in MW. 

r x b pm" 
From To f 

(p.u.) (p.u.) (p.u.) (MW) 

1 2 0.0147 0.168 0.138 300 

1 4 0.0108 0.126 0.102 355 

2 3 0.0185 0.210 0.185 300 

3 4 0.0294 0.336 0.296 300 

3 5 0.0221 0.252 0.213 300 

4 5 0.0108 0.126 0.104 450 

2 4 0.0105 0.130 0.100 360 

Table C-l. Network hue data. 
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S1~ax = 300 MW 

s;ax =300 MW 

s;.ax = 300 MW 

Pd4 =323 MW 

""""................. 1.00 p.u. 

Pd5 = 527 MW 

Figure Col. Line diagram of 5-bus network 

The cost data offers by the generators to supply power to the pool (to meet 

transmission losses, congestion, and pool demand) is given in Table C-2. Note that the 

unit commitrnent requires that aU five generators be available. 

Generator p= Co a b 
Bus 

g 
($/h) ($/MWh) ($/MW2h) (MW) 

1 500 400 20 0.040 

2 500 500 21 0.030 

3 500 600 25 0.045 

4 500 400 56 0.040 

5 500 400 57 0.040 

pmin =0 
g for ail generators 

Table C-2. Generator bid data. 
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The inelastic system demand of 1088 MW lS distributed among the buses 

according to: 

Pd = [34 85 119 323 527f MW, (C.l) 

with the matrix of bilateral trades defined as 

20 30 20 90 100 

0 20 20 70 150 

GD=p 0 0 30 30 60 MW. (C.2) 

0 0 0 0 0 

0 0 0 0 0 

A proportion between a pool and bilateral demand is controlled through 

parameter p E [0,1] . For p = 0 aU of the demand is supplied though the pool, while p = 1 

indicates that loads are buying only through bilateral contracts. The pool part of the 

demand, PI, is equal to the difference between the vectors of total bus demands and the 

bilateral bus demands, 

PP -
d - Pd pb 

d 

34 34 

85 85 MW. (C.3) 

= 119 -p 119 

323 323 

527 527 
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24 ... Bus Network 

The 24 bus network used here a slightly modified IEEE 24-bus network. Line data 

of this network are given in Table Col, where the line series impedances and shunt 

reactances are in per unit while the column, Ptx
, denotes the absolute line flow limits in 

MW. 

r x b pmax 
From To f 

(p.u.) (p.u.) (p.u.) (MW) 

1 2 0.003 0.014 0.461 175 

1 3 0.055 0.211 0.057 175 

1 5 0.022 0.085 0.023 175 

2 4 0.033 0.127 0.034 175 

2 6 0.050 0.192 0.052 175 

3 9 0.031 0.119 0.032 175 

3 24 0.002 0.084 0 400 

4 9 0.027 0.104 0.028 175 

5 10 0.023 0.088 0.024 175 

Table D-I. 24-bus network: Line data. 
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r x b pm", 
From To f 

(p.u.) (p.u.) (p.u.) (MW) 

6 10 0.014 0.061 2.459 175 

7 8 0.016 0.061 0.017 175 

8 9 0.043 0.165 0.045 175 

8 10 0.043 0.165 0.045 175 

9 11 0.002 0.084 0 400 

9 12 0.002 0.084 0 400 

10 11 0.002 0.084 0 400 

10 12 0.002 0.084 0 400 

11 13 0.006 0.048 0.1 500 

11 14 0.005 0.042 0.088 500 

12 13 0.012 0.048 0.1 500 

12 23 0.011 0.097 0.203 500 

13 23 0.005 0.087 0.182 500 

14 16 0.002 0.059 0.082 500 

15 16 0.006 0.017 0.036 500 

15 21 0.006 0.049 0.103 500 

15 21 0.007 0.049 0.103 500 

15 24 0.003 0.052 0.109 500 

16 17 0.003 0.026 0.055 500 

16 19 0.002 0.023 0.049 500 

17 18 0.014 0.014 0.030 500 

17 22 0.003 0.105 0.221 500 

18 21 0.003 0.026 0.055 500 

18 21 0.005 0.026 0.055 500 

19 20 0.005 0.040 0.083 500 

19 20 0.003 0.040 0.083 500 

20 23 0.003 0.022 0.046 500 

20 23 0.009 0.022 0.046 500 

21 22 0.009 0.068 0.142 500 

Table D-l. Line data (cont.) 
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The cost data offers by the generators to supply power to the pool is given in 

Table C-2. The inelastic total system demand is distributed among the buses as shown in 

Table D-3, and part of demand is supplied through bilateral contracts defined in Table 

D-4. 

Generator pmax 
Co a b 

Bus 
g 

($/h) ($/MWh) ($/MW2h) (MW) 

1 192 0 28 0.02 

2 192 0 28 0.02 

7 300 0 27 0.03 

13 591 0 30 0.01 

15 410 0 20.5 0.08 

16 350 0 15 0.02 

18 400 0 17.5 0.01 

21 400 0 17.5 0.01 

22 300 0 19 0.005 

23 660 0 14.5 0.01 

pmin =0 
g for ail generators 

Table D-2. Generator bid data. 

Bus pmax Bus pmax Bus pmax 
Number 

g 
Number 

g 
Number 

g 

(MW) (MW) (MW) 

1 108 9 175 17 0 

2 97 10 195 18 333 

3 180 11 0 19 181 

4 74 12 0 20 128 

5 71 13 265 21 0 

6 136 14 194 22 0 

7 125 15 317 23 0 

8 171 16 100 24 0 

Table D-3. Load data 
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Generator Generator GD 
Bus Bus (MW) 

1 10 50 

13 15 75 

16 18 150 

18 18 50 

23 14 146 

Table D-4. Bilateral contracts 
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