
LECTURE NOTES 

ON 

Power System Operation & Control 

(20A02701a) 

IV B. Tech I Semester (R20) 

DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING 

GOKULA KRISHNA COLLEGE OF ENGINEERING 
Behind R.T.C Depot, Sullurupet, Tirupati Dist, A.P.(INDIA) PIN:524121
(Approved by AICTE, New Delhi & Affiliated to JNTUA, Anantapuramu) 



 

JNTUA B.Tech. R20 Regulations 

JAWAHARLAL NEHRU TECHNOLOGICAL UNIVERSITY ANANTAPUR 

B.Tech (EEE)– IV-I Sem   L    T   P   C 

   3  0  0  3 
(20A02701a) POWER SYSTEM OPERATION AND CONTROL 

(Professional Elective Course – III) 

Course Objectives: 

 To know about economic load dispatch problems with and without losses in Power Systems

 To distinguish between hydro-electric and thermal plants and coordination between them

 To understand about optimal power flow problems and solving using specified method

 To understand about Automatic Generation Control problems and solutions in Power

Systems

 To understand necessity of reactive power control, compensation under no-load and load
operation of transmission systems

 To understand about deregulation aspects in Power Systems

Course Outcomes: 

• Understand to deal with problems in Power System as Power System Engineer
• Understand to deal with AGC problems in Power System

• Analyze the problems in hydro electric and hydro thermal problems

• Evaluate the complexity of reactive power control problems and to deal with them

• Understand the necessity of deregulation aspects and demand side management problems in
the modern power system era.

UNIT IECONOMIC OPERATION OF POWER SYSTEMS 
Brief description about electrical power systems, introduction to power system operation and control, 

Characteristics of various steam units, combined cycle plants, cogeneration plants, Steam units 

economic dispatch problem with & without considering losses and its solutions, B Matrix loss 
formula – Numerical problems 

UNIT IIHYDRO-THERMAL COORDINATION AND OPTIMAL POWER FLOW 
Hydro-thermal Coordination: Characteristics of various types of hydro-electric plants and their 

models, Introduction to hydro-thermal Coordination, Scheduling energy with hydro-thermal 
coordination, Short-term hydro-thermal scheduling. Optimal Power Flow: Optimal power flow 

problem formulation for loss and cost minimisation, Solution of optimal power flow problem using 

Newton’s method and Linear Programming technique – Numerical problems 

UNIT IIIAUTOMATIC GENERATION CONTROL 
Speed governing mechanism, modelling of speed governing mechanism, models of various types of 

thermal plants (first order), definitions of control area, Block diagram representation of an isolated 
power system, Automatic Load Frequency control of single area system with and without control, 

Steady state and dynamic responses of single area ALFC loop, Automatic Load-frequency control of 

two area system, Tie-line bias control of two area and multi-area system, Static response of two-area 

system – Numerical examples 

UNIT IVREACTIVE POWER CONTROL 
Requirements in ac power transmission, factors affecting stability & voltage control, fundamental 

transmission line equation, surge impedance, Natural loading, uncompensated line on open circuit, 
uncompensated line under load, types of compensations on compensated transmission lines, passive 

and active compensators, uniformly distributed fixed and regulated shunt compensation, series 

compensation, compensation by sectioning – Numerical problems 

UNIT VPOWER SYSTEMS DEREGULATION 
Principle of economics, utility functions, power exchanges, electricity market models, market power 

indices, ancillary services, transmission and distribution charges, principles of transmission charges, 

transmission pricing methods, demand-side management, regulatory framework – Numerical 
problems 

Textbooks: 
1. Power Generation, Operation and Control, Allen J. Wood and Bruce F. Wollenberg, John

Wiley & Sons, Inc., New York, 2nd edition, 1996.

2. Power System Engineering, D P Kothari and I J Nagrath, McGraw Hill Education India Pvt.



JNTUA B.Tech. R20 Regulations 

Limited, Chennai, 3e, 2019.. 

Reference Books: 
1. Electric Energy Systems Theory: An Introduction, Olle I. Elgerd, TMH Publishing Company

Ltd., New Delhi, 2nd edition, 1983.

2. Reactive Power Control in Electric Systems, T J E Miller, John Wiley & Sons, New York,
1982.

Online Learning Resources: 

1. https://nptel.ac.in/courses/108104052

2. https://nptel.ac.in/courses/108101004

https://nptel.ac.in/courses/108104052
https://nptel.ac.in/courses/108101004


Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScanner



Scanned by CamScannerPage 1 of 32



Scanned by CamScannerPage 2 of 32



Scanned by CamScannerPage 3 of 32



Scanned by CamScannerPage 4 of 32



Scanned by CamScannerPage 5 of 32



Scanned by CamScannerPage 6 of 32



Scanned by CamScannerPage 7 of 32



Scanned by CamScannerPage 8 of 32



Scanned by CamScannerPage 9 of 32



Scanned by CamScannerPage 10 of 32



Scanned by CamScannerPage 11 of 32



Scanned by CamScannerPage 12 of 32



Scanned by CamScannerPage 13 of 32



Scanned by CamScannerPage 14 of 32



Scanned by CamScannerPage 15 of 32



Scanned by CamScannerPage 16 of 32



Scanned by CamScannerPage 17 of 32



Scanned by CamScannerPage 18 of 32



Scanned by CamScannerPage 19 of 32



Scanned by CamScannerPage 20 of 32



Scanned by CamScannerPage 21 of 32



Scanned by CamScannerPage 22 of 32



Scanned by CamScannerPage 23 of 32



Scanned by CamScannerPage 24 of 32



Scanned by CamScannerPage 25 of 32



Scanned by CamScannerPage 26 of 32



Scanned by CamScannerPage 27 of 32



Scanned by CamScannerPage 28 of 32



Scanned by CamScannerPage 29 of 32



Scanned by CamScannerPage 30 of 32



Scanned by CamScannerPage 31 of 32



Scanned by CamScannerPage 32 of 32



 

UNIT-V 

POWER SYSTEM OPERATION IN COMPETITIVE ENVIRONMENT 
1.1 --INTRODUCTION  

1.2-- RESTRUCTURING MODELS  
1.3 --INDEPENDENT SYSTEM OPERATOR (ISO)  

1.4 --POWER EXCHANGE (PX)  
1.5-- MARKET OPERATIONS  
1.6-- MARKET POWER  

1.7 --STRANDED COSTS  
1.8-- TRANSMISSION PRICING  

1.9 --CONGESTION PRICING  

1.10 --MANAGEMENT OF INTER-ZONAL/INTRAZONAL CONGESTION 

2.1-- INTRODUCTION  

2.2-- ELECTRICITY PRICE VOLATILITY 

2.3 --ELECTRICITY PRICE INDEXES  

2.4 --CHALLENGES TO ELECTRICITY PRICING  

2.5-- CONSTRUCTION OF FORWARD PRICECURVES 

2.6 --SHORT-TERM PRICE FORECASTING  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

1.1 INTRODUCTION 

For many decades, vertically integrated electric utilities monopolized the way they controlled, 

sold and distributed electricity to customers in their service territories. In this monopoly, each utility 

managed three main components of the system: generation, transmission and distribution. Analogous to 

perceived competitions in airline, telephone, and natural gas industries which demonstrated that vertically 

integrated monopolies could not provide services as efficiently as competitive firms, the electric power 

industry plans to improve its efficiency by providing a more reliable energy at least cost to customers. A 

competition is guaranteed by establishing a restructured environment in which customers could choose to 

buy from different suppliers and change suppliers as they wish in order to pay market-based rates.  

To implement competition, vertically integrated utilities are required to unbundle their retail 

services into generation, transmission and distribution; generation utilities will no longer have a 

monopoly, small businesses will be free to sign contract for buying power from cheaper sources, and 

utilities will be obligated to deliver or wheel power over existing lines for a fee that is the same as the 

cost (non-discriminatory) delivering the utility’s own power without power production costs. The 

vertically integrated system is steadily restructuring to a more market based system in which competition 

will replace the role of regulation in setting the price of electric power.  

1.2 RESTRUCTURING MODELS 
Three major models are being discussed as alternatives to the current vertically integrated monopoly. The 

three models are:  

a) PoolCo Model  

b) Bilateral Contracts Model  

c) Hybrid Model 

Elements of a certain electric power industry define the nature of competition and models or institutions 

that support the competition process. In adopting a model, the following issues are being debated 

regularly: 

• Who will maintain the control of transmission grid? 

• What types of transactions are allowed? 

• What level of competition does a system warrant? 

A PoolCo is defined as a centralized marketplace that clears the market for buyers and sellers 

where electric power sellers/buyers submit bids and prices into the pool for the amounts of energy that 

they are willing to sell/buy. The ISO or similar entities (e.g. PX) will forecast the demand for the 

following day and receive bids that will satisfy the demand at the lowest cost and prices for electricity on 

the basis of the most expensive generator in operation (marginal generator). On the other hand, in the 

second model, bilateral trades are negotiable and terms and conditions of contracts are set by traders 

without interference with system operators.  

1.2.1 PoolCo Model: 
 The PoolCo model is comprised of competitive power providers as obligatory members of an 

independently owned regional power pool, vertically integrated distribution companies, vertically 

integrated transmission companies and a single and separate entity responsible for: establishing bidding 

procedures, scheduling and dispatching generation resources, acquiring necessary ancillary services 

to assure system reliability, administering the settlements process and ensuring non-discriminatory access 

to the transmission grid. PoolCo does not own any generation or transmission components and centrally 

dispatches all generating units within the service jurisdiction of the pool. PoolCo controls the 

maintenance of transmission grid and encourages an efficient operation by assessing non-discriminatory 

fees to generators and distributors to cover its operating expenses.  



 

In a PoolCo, sellers and buyers submit their bids to inject power into and out of the pool. Sellers 

compete for the right to inject power into the grid, not for specific customers. If a power provider bids too 

high, it may not be able to sell power. On the other hand, buyers compete for buying power and if their 

bids are too low, they may not be getting any power. In this market, low cost generators would essentially 

be rewarded. Power pools would implement the economic dispatch and produce a single (spot) price for 

electricity, giving participants a clear signal for consumption and investment decisions. Winning bidders 

are paid the spot price that is equal to the highest bid of the winners. Since the spot price may exceed the 

actual running of selected bidders, bidders are encouraged to expand their market share which will force 

high cost generators to exit the market. Market dynamics will drive the spot price to a competitive level 

that is equal to the marginal cost of most efficient firms.  

To give the reader an idea on how price signals could play an important role in a restructured 

environment, we consider the following example. 
Example 1.1: Impact of Price Signals on Demand Consumption 

 Figures 1.1 and 1.2 show the idea of price signals and their impact on consumption behavior. 

Let’s assume that an Industrial Customer (IndustCo) consumption pattern in a vertically integrated 

electric industry, in a certain day, would look like that shown in Figure l.1. In this figure, the price of 

electricity in Rs/KWh is fixed, and the IndustCo has no incentives to change its consumption pattern. 

While in a competition-based market, when the lndustCo receives a real time price signal, it could change 

its consumption pattern in response to the price (See Figure 1.2). In Figure 1.2, the IndustCo reduces its 

usage at times high prices. As the price jumps from 6Rs/KWh at 5 a.m. to 8Rs/KWh at 9 a.m. the 

IndustCo starts decreasing its consumption. As the price continues to increase from 8Rs/KWh at 9 a.m. to 

16Rs/KWh at 6 p.m. the IndustCo continues decreasing its consumption. When the price decreases after 

6 p.m. the IndustCo increases its usage of electricity.  

 
Although buyers and sellers in a PoolCo are prevented from making individual contracts for 

power, participants may hold optional financial instruments called Contracts for Differences (CFDs). 

These contracts are long-term price hedging bilateral contracts between generators and distribution 

utilities or retail customers. These contracts allow a physical dispatch of individual generating units by 

their owners and allow consumers to establish long-term prices. When used, a power seller is paid a fixed 

amount over time that is a combination of short-term market price and an adjustment for the difference. 

CFDs are established as a mechanism to stabilize power costs to customers and revenues for generators. 



These contracts are suggested due to the fact that the spot price set by PoolCo fluctuates over a wide 

range and is difficult to forecast over long periods. Using CFDs, any differences between the spot price 

and the contract price would be offset by cash payments by generators to customers; in other words, by 

holding these contracts, customers gain protection against unexpected spot price increases and generators 

could obtain a greater revenue stability.  
1.2.2 Bilateral Contracts (Direct Access) Model.  

The Bilateral Contracts model has two main characteristics that would distinguish it from the 

PoolCo model. These two characteristics are: the ISO’s role is more limited; and buyers and sellers could 

negotiate directly it/the marketplace. In this model, small customers’ aggregation is essential to ensure 

that they would benefit from competition. 

This model permits direct contracts between customers and generators without entering into 

pooling arrangements. By establishing non-discriminatory access and pricing rules for transmission and 

distribution systems, direct sales of power over a utility’s transmission and distribution systems are 

guaranteed. Wholesale suppliers would pay transmission charges to a transmission company to acquire 

access to the transmission grid and pays similar charges to a distribution company to acquire access to the 

local distribution grid. In this model, a distribution company may function as an aggregator for a large 

number of retail customers in supplying a long-term capacity. Also, the generation portion of a former 

integrated utility may function as a supplier or other independent generating companies, and transmission 

system would serve as a common carrier to contracted parties that would permit mutual benefits and 

customer’s choice. Any two contracted parties would agree on contract terms such as price, quantity and 

locations, and generation providers would inform the ISO on how its hourly generators would be 

dispatched. 

1.2.3 Hybrid Model:  

The hybrid model combines various features of the previous two models. The hybrid model 

differs from the PoolCo model as utilizing the PX is not obligatory and customers are allowed to sign 

bilateral contracts and choose suppliers from the pool. The pool would serve all participants (buyers and 

sellers) who choose not to sign bilateral contracts. The Califomia model is an example of the hybrid 

model. This structure has advantages over a mandatory pool as it provides end-users with the maximum 

flexibility to purchase from either the pool or directly from suppliers. A customer who would choose a 

PX option with CFDs could acquire the economic equivalent of bilateral contracts.  

The existence of the pool can efficiently identify individual customer’s energy requirements and 

simplify the balancing process of energy supply. The hybrid model would enable market participants to 

choose between the two options based on provided prices and services. The hybrid model is very costly 

to set up because of separate entities required for operating the PX and the transmission system.  In the 

following, we learn more about the functions of an ISO in a restructured power system. 

1.3 INDEPENDENT SYSTEM OPERATOR (ISO) 

1.3.1 Background:  

In a vertically integrated monopoly, utilities created regional centrally dispatched power pools to 

coordinate the operation and planning of generation and transmission among their members in order to 

improve operating efficiencies by selecting the least-cost mix of generating and transmission capacity, 

coordinating maintenance of units, and sharing operating reserve requirements and thus lowering the cost 

to end-use electricity customers. The centrally dispatched power pools are classified as: 

• Tight power pools: they have customarily functioned as control areas for their members; perform

functions such as unit commitment, dispatch and transaction scheduling services. Examples of

this kind of pools are New York Power Pool (NYPP), New England Power Pool (NEPOOL),

Pennsylvania, New Jersey, Maryland (PJM) Interconnection, Colorado Power Pool and Texas

Municipal Power Pool.

• Loose power pools: they have generally had more limited roles, and in contrast to tight pools,

have a low level of coordination in operation and planning. The most significant role of these



 

pools has provided support in emergency conditions. Loose power pools did not provide control 

area services. 

• Affiliate power pools: in this kind of pools, generated power which was owned by the various 

companies was dispatched as a single utility. Pools have had extensive agreements on governing 

the cost of generation services and use of transmission systems. 

Power pools controlling access to regional transmission systems made it difficult for non-

members to use pool members’ transmission facilities by establishing complex operating rules and 

financial arrangements. Also, restrictive membership and governance of pools were practiced  

occasionally in a way that large utilities prevented changes in policies and rules of the pool which led to 

closing pool membership to outsiders. Unfair industry practices generally impacted the growth of a 

competitive generation market and were motive forces for the FERC to order transmission owners to 

provide other parties an open access to transmission grids.  

A competitive generation market and retail direct access necessitated an independent operational 

control of the grid. However, the independent operation of the grid was not guaranteed without an 

independent entity, the so-called Independent System Operator (ISO). An ISO is independent of 

individual market participants such as transmission owners, generators, distribution companies and end-

users. The basic purpose of an ISO is to ensure a fair and non-discriminatory access to transmission 

services and ancillary services, maintain the real-time operation of the system and facilitate its reliability 

requirements. 

1.3.2 The Role of ISO:  

 The primary objective of the ISO is not dispatching or re-dispatching generation, but matching 

electricity supply with demand as necessary to ensure reliability. ISO should control generation to the 

extent necessary to maintain reliability and optimize transmission efficiency. The ISO would continually 

evaluate the condition of transmission system and either approve or deny requests for transmission 

service. 

In its Order No. 888, FERC developed eleven principles as guidelines to the electric industry 

restructuring to form a properly constituted ISO, through which public utilities could comply with 

FERC’s non-discriminatory transmission tariff requirements. The eleven principles for ISOs are: 

1) The ISO’s governance should be structured in a fair and non- discriminatory manner. 

2) An ISO and its employees should have no financial interest in the economic performance of any 

power market participant. An ISO should adopt and enforce strict conflict of interest standards. 

3) An ISO should provide open access to the transmission system and all services under its control at 

non-pancaked rates pursuant to a single, unbundled, grid-wide tariff that applies to all eligible 

users in a non-discriminatory manner. 

4) An ISO should have the primary responsibility in ensuring short-term reliability of grid 

operations. Its role in this responsibility should be well defined and comply with applicable 

standards set by NERC and the regional reliability council. 

5) An ISO should have control over the operation of interconnected transmission facilities within its 

region. 

6)  An ISO should identify constraints on the system and be able take operational actions to relieve 

those constraints within the trading rules established by the governing body. These rules should 

promote efficient trading.  

7) An ISO should have appropriate incentives for efficient management and administration and 

should procure services needed for such management and administration in an open market. 

8) An ISO’s transmission and ancillary services pricing policies should promote the efficient use of 

and investment in generation, transmission, and consumption. An ISO or a Regional Transmission 

Group (RTG) of which the ISO is a member should conduct such studies as may be necessary to 

identify operational problems or appropriate expansions. 



 

9) An ISO should make transmission system information publicly available on a timely basis via an 

electronic information network consistent with the Commission’s requirements. 

10) An ISO should develop mechanisms to coordinate its activities with neighboring control areas. 

11) An ISO should establish an Alternative Dispute Resolution (ADR) process to resolve disputes in 

the first instance. 

According to the FERC Order 888, the ISO is authorized to maintain transmission system 

reliability in real-time. To comply with the FERC Order 888, each ISO may take one of the following 

structures: 

The first structure is mainly concerned with maintaining the transmission reliability by operating the 

power market to the extent that the ISO would schedule transfers in a constrained transmission system. 

An example of this proposal is the Midwest ISO. 

The second proposal for an ISO includes a PX that is integral to the ISO’s operation. In some 

proposals such as those of the UK and the PJM interconnection, the PX would function within the same 

organization and under the control of the ISO; the ISO is responsible for dispatching all generators and 

would set the price of energy at each hour based on the highest price bid in the market. 

In its Order 888, FERC also defined six ancillary services that must be provided by or made available 

through transmission providers. These ancillary services include: 

1) Scheduling, Control and Dispatch Services 

2) Reactive Supply and Voltage Control 

3) Regulation and Frequency Response Services 

4) Energy Imbalance Service 

5) Operating Reserve, Spinning and Supplemental Reserve Services 

6) Transmission Constraint Mitigation 

As Order 888 implies, transmission customers may self-provide these services or buy them through 

one of the following methods. 

(i) Providers of these services advertise their availability via the OASIS or commercial exchanges 

(ii) The ISO provides these services in real-time and charges transmission users. 

To make these services available, the ISO contracts with service providers so that the services are 

available under the ISO’s request. When a service provider is called by the ISO, the provider is paid extra 

to cover its operating costs. Capacity resources are contracted seasonally by the ISO and providers send 

their bids to an auction operated by the ISO. The ISO chooses successful providers based on a least-cost 

bid basis. When determining the winners, the ISO takes into account factors such as time and locational 

constraints and the expected use of resources. If the ISO finds that spot market services are less expensive 

than contracted ones, the ISO experiences its authority by acquiring these services from the energy spot 

market. 

The following example illustrates the role of ISO in providing operating reserves. 

Example 1.2: (Operating Reserves) 

Assume that a hydroelectric generator, which has a 30 MW capacity and can be brought up and 

running in 4 minutes, offers its 30 MW capacity in the operating reserve market. It submits a reserve 

price offer of $2.5/MW for each hour of the entire next day, along with an energy offer price of 

$42.5/MWh. Also, assume that there are two customers, C1 and C2 that can cut back quickly their usage 

of electricity. C can cut up to 15 MW in 5 minutes, so it decides to submit a bid to the operating reserve 

market of 15 MW at $1.5/MW for each hour of the entire next day and a maximum energy bid price of 

$55/MWh. C2 can cut up to 10 MW in 5 minutes, so it decides to submit a bid to the operating reserve 

market of 10 MW at $2/MW for each hour of the entire next day and a maximum energy bid price of 

$70/MWh. 

 The ISO anticipates that it will need a large operating reserve, say 55 MW, so it accepts the 

generator’s offer and the customers’ bids. Assume that the MCP of the operating reserves is $2.5/MW/h. 

Each winning participant in the operating reserve market will be paid the MCP to stand by in case of 



 

contingency. The generator will be paid $1800 (or $2.5/MW/h×30MW×24h), C will be paid $900 (or 

$2.5/MW/h×15MW×24h), and C2 will be paid $600 (or $2.5/MW/h×10 MW×24 h). 

 In the next day, say at 1:00 p.m., let’s assume that supply and demand equilibrium is initially 

established at 230 MW (in the spot market). The spot market price of electricity at this point is 

$35/MWh. 

The net supply curve of all generating units is as shown in Figure 1.3. The supply segment of 

$20/MWh is offered by a single generating unit that has a capacity of 50 MW. As segment) that is 

dispatched last (in of its total capacity of 50 MW, and shown in Figure 1.3, the unit (supply the spot 

market) is producing 30 MW has available capacity of 20 MW. 

 Now suppose the generating unit that is producing 50 MW at $20/MWh tripped out due to severe 

weather conditions at 1:10 p.m. which disconnected the line joining this generating unit to the system. 

The supply curve after the unit outage is shown in Figure 1.4. At 1:10 p.m., demand is still 230 MW, and 

the supply has a shortage of 50 MW. At this point, the ISO has to replace the sudden loss of capacity in 

the remainder of the hour (from 1:10-2:00 p.m.), before more capacity can be dispatched in the spot 

market. So the ISO has to reduce the demand if possible or/and provide the required power from 

operating reserves. 

 

 
 

 
The ISO dispatches the 30 MW generator (see Figure 1.5), and the generator is paid $42.5/MWh. 

To restore the balance, the ISO also dispatches off 15 MW from C1 and 5 MW from C2 (See Figure 1.6). 

The ISO pays $20/MWh (or $55/MWh-$35/MWh) to C~ and $35/MWh (or $70/MWh-$35/MWh) to C2 



for the electricity that it has dispatched off. The payments to the three participants (generator, C1 and C2) 

continue until replacement energy can be provided from the spot market.  

1.4 POWER EXCHANGE (PX) 

Even though short-term and long-term financial energy transactions could be in bilateral forms in 

the electricity industry where contracted parties agree individually for certain terms such as price, 

availability and quality of products, industry restructuring proposals have concluded the necessity of 

creating a new marketplace to trade energy and other services in a competitive manner. This marketplace 

is termed Power Exchange (PX) or, as sometimes called, spot price pool. This marketplace permits 

different participants to sell and buy energy and other services in a competitive way based on quantity 

bids and prices. Participants include utilities, power marketers, brokers, load aggregators, retailers, large 

industrial customers and co-generators. 

PX is a new independent, non-government and non-profit entity which accept schedules for loads 

and generation resources. It provides a competitive marketplace by running an electronic auction where 

market participants buy and sell electricity and can do business quickly and easily. Through an electronic 

auction, PX establishes an MCP for each hour of the following day for trades between buyers (demands) 

and sellers (supplies). In this marketplace, PX does not deal with small consumers. Add to that, PX 

manages settlement and credit arrangements for scheduling and balancing of loads and generation 

resources. As a main objective in its work, PX guarantees an equal and non-discriminatory access and 

competitive opportunity to all participants. It is claimed that participants entering the PX get more cost-

effectiveness by removing the complexities of arranging generation, transmission and energy purchases. 

In general, the PX includes a day-ahead market and an hour-ahead market. Here we discuss these 

markets in general, and later we elaborate on them when we discuss some market models in the United 

States. 

1.4.1 Market Clearing Price (MCP): 



 

 PX accepts supply and demand bids to determine a MCP for each of the 24 periods in the trading 

day. Computers aggregate all valid (approved) supply bids and demand bids into an energy supply curve 

and an energy demand curve. MCP is determined at the intersection of the two curves and all trades are 

executed at the MCP, in other words, the MCP is the balance price at the market equilibrium for the 

aggregated supply and demand graphs. Figure 1.7 shows the determination of MCPs for certain hours 

when demand (Di) varies. Generators are encouraged to bid according to their operating costs because 

bidding lower would lead to financial losses if MCP is lower than the operating cost and bidding higher 

could cause units to run less frequently or not run at all. 

1.5 MARKET OPERATIONS:  
1.5.1 Day-Ahead and Hour-Ahead Markets:  

In the day-ahead market and for each hour of the 24-hour scheduling day, sellers bid a schedule of 

supply at various prices, buyers bid a schedule of demand at various prices, and MCP is determined for 

each hour. Then, sellers specify the resources for the sold power, and buyers specify the delivery points 

for the purchased power. PX schedules supply and demand with the ISO for delivery. Supply and 

demand are adjusted to account for congestion and ancillary services and then PX finalizes the schedules. 

 
The hour-ahead market is similar to day-ahead, except trades are for 1 hour, and the available 

transfer capability (ATC) is reduced to include day-ahead trades, and bids are not iterative in this market. 

Once the MCP is determined in the PX, market participants submit additional data to the PX. The data 

would include individual schedules by generating unit; take out point for demand, adjustment bids for 

congestion management and ancillary service bids. After this stage, the ISO and the PX know the 

injection points of individual generating units to the transmission system. A schedule may include 

imports and/or exports. To account for transmission losses, generator’s schedules are adjusted where real 

losses are only known after all metered data are processed. 

1.5.2 Elastic and Inelastic Markets.  
An inelastic market does not provide sufficient signals or incentives to a consumer to adjust its 

demand in response to the price, i.e., the consumer does not have any motivation to adjust its demand for 

electrical energy to adapt to market conditions. In a market that has a demand; MCP for energy is 

determined by the price structure of supply offers. The concept of inelastic demand is directly related to 

the concept of firm load, which formed the basis of the electricity industry for many decades before the 

introduction of open access and energy markets. Customers use the concept of elastic demand when they 

are exposed to and aware of the price of energy and arrange their affairs in such a fashion as to reduce 

their demand as the price of the next available offer exceeds a certain level. 

The following example illustrates how the elasticity of demand in a market has some serious 

impacts on the energy market and the power system itself, and demonstrates how the pool price cap 

(price ceiling) energy markets with inelastic and elastic demand may play important role. The example 

also illustrates the need for capacity reserves. 
1.6 MARKET POWER: 



 

One of the main anti-competitive practices or difficulties that may prevent competition in the 

electric power industry, especially in generation, is market power. When an owner of a generation facility 

in a restructured industry is able to exert significant influences (monopoly) on pricing or availability of 

electricity, we say that market power exists, and if so it prevents both competition and customer choice. 

Market power may be defined as owning the ability by a seller, or a group of sellers, to drive price over a 

competitive level, control the total output or exclude competitors from a relevant market for a significant 

period of time. Other than price, any entity that exercises market power would reduce competition in 

power production, service quality and technological innovation. The net result of practicing market 

power is a transfer of wealth from buyers to sellers or a misallocation of resources. 

There are two types of market power: 

1-Vertical Market Power: It arises from a single-firm’s or affiliate’s ownership of two or more steps in 

a production and market delivery process where one of the steps provides the firm with a control of a 

bottleneck in the process. The bottleneck facility is a point on the system, such as a transmission line, 

through which electricity must pass to get to its intended buyers. A control of a bottleneck process 

enables the firm to give preference to itself or its affiliate over competitive firms.  

2- Horizontal Market Power: It is the ability of a dominant firm or group of firms to control production 

to restrict output and thereby raise prices. It arises from a firm’s local control or ownership 

concentration of a single process step in productive assets within a defined market area. If such 

concentration is sufficient with respect to certain other market conditions, the firm can influence the 

supply-demand equilibrium, and hence prices, simply by withholding production. This type of market 

power cannot be resolved by the ISO. 

Concentration in a market measures the market dominance (degree of monopoly experienced by a firm 

in a competitive market) using market share data, i.e., how many firms exist in the market, and what are 

their relative sizes determine the market dominance. 
Example 1.6: (How is Market Power Exercised?) 

(A) Exercising Market Power when a Power Supply has a Large Market Share,  

Figure 1.14 shows a 3-bus system with three generating companies, one at each bus. The three 

generating companies are GenCo1 with a maximum capacity of 120 MW, GenCo2 with a maximum 

capacity of 250 MW, and GenCo3 with a maximum capacity of 630 MW. 

 



 

 
Note that GenCo3 owns the maximum share of the total generation capacity (=630MW/1000MW=63%). 

By ignoring the limitation transmission lines, GenCo3 monopolizes the market, because L3 needs much 

more than the total capacity of the other cheaper resources (GenCol can generate up to 120 MW at 

$8/MWh and GenCo2 can generate up to 250 MW at $14/MWh). It means when GenCo3 wants to 

exercise its market power, it can ask for any price for its electric power production to fulfill L3’s need. 

(B) Exercising Market Power when Transmission System is Congested  

Figure 1.15 shows a 3-bus system with three generating companies, one at each bus. The three 

generating companies are GenCol with a maximum capacity of 250 MW, GenCo2 with a 

maximum capacity of 350 MW, and GenCo3 with a maximum capacity of 400 MW. The HHI for 

this situation is  

 
In this case GenCol, GenCo2 and GenCo3 own, respectively, 25%, 35%, and 40% of the total generation 

capacity. Transmission line limits are imposed on the system in this case, as shown in Figure 1.15. Even 

though the cheapest resources (GenCo1and GenCo2) have a total capacity of 600 MW, which is adequate 

to cover the 600 MW required by L3, the limitations of the transmission lines do not permit L3 to use 

GenC01 and GenC02. This situation may lead to exercising market power by GenCo3 by imposing a 

higher than competitive price. 

 
1.7 STRANDED COSTS: 

A major and a debatable issue associated with the electric utility restructuring is the issue of 

stranded costs; how to be determined, how to be recovered and who pays for recovery. Stranded cost is a 

terminology created under restructuring process. Multiplicity of definitions and interpretations of 

stranded costs confused people working on restructuring, but in general this term refers to the difference 



 

between costs that are expected to be recovered under the rate regulation and those recoverable in a 

competitive market. 

In a vertically integrated monopoly, utilities are used to cover their costs of doing business in 

rates charged to customers. Costs include operating costs and invested capital costs, where utilities cover 

these costs and considerable returns on their capitals through rates imposed on customers. But when 

restructuring is proposed to open market-based competition, and due to the fact that market-based prices 

are uncertain and sometimes less than vertically integrated rates, financial obligations of vertically 

integrated utilities may become unrecoverable in a competitive market and the level of revenue earned by 

a utility may no longer be adequate to cover its costs. If market prices are lower than vertically integrated 

rates, as many expect, utilities could be faced with investments that are unrecoverable in the competitive 

market. 

Stranded costs still need a more clear definition (what costs should be strandable? what costs are 

unrecoverable? and to what extent (totally or partially) should be recovered?) and quantification. On the 

other hand, the duration of recovery or who will pay for recovery is not clear yet and varies from model 

to model in the United States. In this regard, the big question is whether different participants should pay 

for uneconomical previous investments. 
1.8 TRANSMISSION PRICING 

FERC recognized that transmission grid is the key issue to competition, and issued guidelines to 

price the transmission. The guidelines are summarized such that the transmission pricing would: 

(i) Meet traditional revenue requirements of transmission owners 

(ii) Reflect comparability: i.e. a transmission owner would charge itself on the same basis that it 

would charge others for the same service  

(iii)  Promote economic efficiency 

(iv)  Promote fairness 

(v)  Be practical 

Even though transmission costs are small as compared to power production expenses and 

represent a small percent of major investor owned utilities operating expenses, a transmission system is 

the most important key to competition because it would provide price signals that can create efficiencies 

in the power generation market. The true price signals are used as criteria for adding transmission 

capacity, generation capacity, or future loads. Adding transmission capacity to relieve transmission 

constraints could allow high-cost generation to be replaced by less expensive generation, which would 

result in additional savings to consumers. 
1.8.1 Contract Path Method:  

It has been used between transacted parties to price transmission where power flows are assumed 

to flow over a predefined path(s). Despite its ease, this technique was claimed be a bad implementation of 

true transmission pricing as power flows would very seldom correspond to predefined paths. Physically, 

electrons could flow in a network over parallel paths25 (loop flows) owned several utilities that may not 

be on the contract path. As a result, transmission owners may not be compensated for the actual use of 

their facilities. Added to parallel flows, the pancakin~6 of transmission rates is another shortcoming of 

this method. 

As a solution to the pancaking effect, zonal pricing schemes have been proposed by most ISOs. 

Using a zonal scheme, the ISO-controlled transmission system is divided into zones and a transmission 

user would pay rates based on energy prices in zones where power is injected or withdrawn. When the 

zonal approach is used, rates are calculated regardless of paths between the two zones or how many other 

zones are crossed. 

1.8.2 The MW-Mile Method: 
We illustrate this method by an example. 

Several ISOs are using a MW-Mile approach to price transmission. The MW-Mile rate is 

basically based on the distance between transacted parties (from the generating source to the load) and 



flow in each line resulted from the transaction. This approach takes into account parallel power flows and 

eliminates the previous problem that transmission owners were not compensated for using their facilities. 

This approach does not give credit for counter-flows on transmission lines. The method is complicated 

because every change in transmission lines or transmission equipment requires a recalculation of flows 

and charges in all lines. 



 

 
 

 

 



 

 

 
 

1.9 CONGESTION PRICING: 
The condition where overloads in transmission lines or transformers occur is called congestion. 

Congestion could prevent system operators from dispatching additional power from a specific generator. 

Congestion could be caused for various reasons, such as transmission line outages, generator outages, 

changes in energy demand and uncoordinated transactions. Congestion may result in preventing new 

contracts, infeasibility in existing and new contracts, additional outages, monopoly of prices in some 

regions of power systems and damages to system components. Congestion may be prevented to some 

extent (preventive actions) by means of reservations, rights and congestion pricing. Also, congestion can 

be corrected by applying controls (corrective actions) such as phase shifters, tap transformers, reactive 

power control, re-dispatch of generation and curtailment of loads.  

FERC has set guidelines for a workable market approach to mange congestion, which are: 

(1) The approach should establish clear and trade able rights for transmission usage, 

(2) The approach should promote efficient regional dispatch, 

(3) The approach should support the emergence of secondary markets for transmission rights, 

(4) The approach should provide market participants with the opportunity to hedge locational differences 

in energy prices, 

(5) Congestion pricing method should seek to ensure that the generators that are dispatched in the 

presence of transmission constraints are those that can serve system loads at least cost, and 

(6) The method should ensure that the transmission capacity is used by market participants who value 

that use most highly. 

As such, FERC declares that some approaches appear to have more advantages than others. Even 

though LMP scan be costly and difficult to implement, especially by entities that have not previously 

operated as tight power pools, FERC suggests that markets that are based on LMP and financial rights for 



 

firm transmission service will provide an efficient congestion management framework, and this is due to 

the following facts: 

I- LMP assigns congestion charges directly to transmission customers in a fashion that agrees with each 

customer’s actual use of the system and the actual dispatch that its transactions cause. 

II- LMP facilitates the creation of financial transmission rights, which enable customers to pay known 

transmission rates and to hedge against congestion charges. 

III- Financial rights entitles their holders to receive a share of congestion revenues, and consequently the 

availability of such rights congestion pricing resolve the problem of the over recovery of transmission 

costs. 

To solve the congestion problem, several alternatives could be considered such as re-dispatching 

existing generators or dispatching generators outside the congested area to supply power. The latter 

alternative is referred to as out-of-merit dispatch. In both alternatives, congestion has costs based on 

differences in energy prices between locations. In a vertically integrated monopoly, congestion costs 

were either ignored or hidden as bundled into the transmission charges that in turn were considered as a 

shortcoming in previous transmission pricing schemes. It was considered a shortcoming because it did 

not provide a true price signal for efficient allocation of transmission resources or allocated congestion 

costs to transmission customers who were not causing the congestion. 

1.9.1 Congestion Pricing Methods: 

All new restructuring proposals are taking congestion costs into account by developing appropriate 

approaches to measure congestion costs and allocate these costs to transmission system users in a fair 

way that reflects actual use of the transmission system. These approach evolved in three basic methods 

based on: 

1- Costs of out-of-merit dispatch: This is appropriate to systems with less significant transmission 

congestion problems. In this approach, congestion costs are allocated to each load on the 

transmission system based on its load ratio share (i.e., individual load expressed as a percent of 

total load). 

2- Locational Marginal Prices (LMPs): This technique is based the cost of supplying energy to the 

next increment of load at a specific location on the transmission grid. It determines the price that 

buyers would pay for energy in a competitive market at specific locations and measures 

congestion costs by considering the difference in LMPsb etween two locations. In this approach 

LMPsa re calculated at all nodes of the transmission system based on bids provided to the PX. 

3- Usage charges of inter-zonal lines: In this approach, the ISO region is divided into congestion 

zones based on the historical behavior of constrained transmission paths. Violations of 

transmission lines between zones (inter-zonal lines) are severe while in the congestion zone 

transmission constraints are small. 

All transmission users who use the inter-zonal pay usage charges. These charges will be determined from 

bids submitted voluntarily by market participants to decrease or increase (adjust) power generation. 

Adjustment bids reflect a participant’s willingness to increase or decrease power generation at a specified 

cost. An example of this approach is the case of California. 

1.9.2 Transmission Rights: 
These rights are used to guarantee an efficient use of transmission system capacity and to allocate 

transmission capacity to users who value it the most. These rights are tradable rights referred to as the 

right to use transmission capacity and represent a claim on the physical usage of the transmission system. 

Moreover, these rights enable utilities to purchase existing transmission rights more cheaply than 

expanding the system, thereby avoiding unneeded investments. Efficient usage of the transmission can be 

improved by willingness to offer capacity reservations to those who value them more. 

Another form of these rights is the concept of financial rights (some times called Fixed 

Transmission Right), which is equivalent to the physical rights. This form is proposed because it is easier 

for trading and less costly because the usage of a transmission system need not be tied to ownership 



 

rights. A financial right is defined for two points on the transmission grid: injection and withdrawal 

points.  
1.10 MANAGEMENT OF INTER-ZONAL/INTRAZONAL CONGESTION 

Transmission network plays a major role in the open access restructured power market. It is 

perceived that phase-shifters and tap transformers play vital preventive and corrective roles in congestion 

management. These control devices help the ISO mitigate congestion without re-dispatching generation 

away from preferred schedules. In this market, transmission congestion problems could be handled more 

easily when an inter-zonal/intra-zonal scheme is implemented. 

Existing approaches to manage congestion are based on issuing orders by the ISO to various 

parties to re-schedule their contracts, redispatch generators, cancel some of the contracts that will lead to 

congestion, use various control devices, or shed loads. Other solutions are based on finding new contracts 

that re-direct flows on congested lines. Phase shifters, tap transformers and FACTS devices may play an 

important role in a restructured environment where line flows can be controlled to relieve congestion and 

real power losses can be minimized.  

1.10.1 Solution Procedure:  
Once the ISO receives preferred schedules from the PX, it performs contingency analysis by 

identifying the worst contingency for modeling in the congestion management. To rank the severity of 

different contingencies, the ISO may use a Performance Index (PI) to list and rank different 

contingencies. PI is a scalar function of the network variables such as voltage magnitude, real and 

reactive power flows. PI has essentially two functions, namely, differentiation between critical and non-

critical outages, and prediction of relative severity of critical outages. There are available criteria in the 

literature to decide how many cases on the contingency list ought to be chosen for additional studies. A 

few critical contingencies at the top of the list will have the major impact on system security and should 

be used by the ISO during congestion management. 

 Economically, these price-quantity values represent what each SC is willing to pay to or receive 

from the ISO to remove congestion. Each schedule coordinator may trade transactions with others before 

submitting preferred schedules to the ISO; these parties may trade power again when preferred schedules 

are returned to them for revision. The preferred schedules submitted to the ISO by SC and PX are optimal 

schedules determined by the market clearing price, and schedules submitted by schedule coordinators are 

basically bilateral contracts that take into consideration the benefits of contracted parties. In this process, 

adjustment bids (incremental and decremental) represent the economic reformation on which the ISO will 

base its decisions to relieve congestion. Adjustment bids include suggested deviations from preferred 

loads and generation schedules provided by SCs. At each bus, ranges of power deviations along with 

deviations in price are submitted to the ISO. Incremental bids may be different from decremental bids for 

adjusting the preferred schedule. 

The ISO uses incremental/decremental (inc/dec) bids to relieve congestion. Since inter-zonal 

congestion is more frequent than intrazonal congestion with system-wide effects, the ISO first solves 

interzonal congestion while ignoring intra-zonal constraints. In the inter-zonal congestion management, 

primary controls are zonal real power generation and loads at both ends of congested inter-zonal lines. 

Instead of changing preferred schedules in these zones, the ISO starts by adjusting generations and loads 

at buses directly connected or in proximity of these inter-zonal lines. If these controls do not accomplish 

the task, it is perceived that other controls away from these lines will probably not be able to mitigate 

inter-zonal congestion either. Then the ISO looks for other control devices (such as phase shifters, tap 

transformers and FACT devices) close to inter-zonal lines, however, this option requires an AC-OPF 

model for inter-zonal congestion management.  

If no congestion is detected in any zone or on inter-zonal lines, then the submitted preferred 

schedules are accepted as final real time schedules. 

1.10.2 Formulation of Inter-Zonal Congestion Subproblem: 



The objective of the inter-zonal subproblem is represented by a modified dc load flow for 

adjusting preferred schedules, where the ISO minimizes the net cost of re-dispatch as determined by the " 

SC’s submitted incremental/decremental price bids. In this case, the objective is equivalent to the net 

power generation cost used in a conventional OPF. 

For each deviation from the associated preferred schedule, a price function is provided, i.e., 

adjusting a generation (inc/dec) at a certain point may have a different price than that of other generators. 

Also, adjusting a load (dec) may present a price different from that generation or other load. These prices 

may represent a linear or nonlinear function of deviations, and price coefficients associated with 

deviations from preferred schedules reflect the SCs desire to be economically compensated for any 

increase or reduction in their preferred schedules. If a SC does not provide the ISO with inc/dec bids, the 

ISO will use inc/dec bids of other SCs for congestion management, and the SC who did not submit 

inc/dec bids would be automatically forced to pay congestion charges calculated according to other 

inc/dec bids. The formulation of this subproblem is given as follows: 

Objective 
• Modified dc power flow to adjust preferred schedules

• Minimize the net cost of re-dispatch as determined by incremental/decremental price bids

• Objective is equivalent to the net power generation cost used in a conventional OPF

Control variables 
• SC’s power generation in all congestion zones. For each generator a set of generation quantities

with associated adjustments for incremental/decremental bids are submitted by SCs

• SCs’ curtailable (adjustable) loads. For each load, a set of load quantities with associated

adjustments for deeremental .bids are submitted by SCs. These adjustments are implicit bids for

transmission across congested lines

Constraints 
• Limits on control variables

• Nodal active power flow balance equations

• Inter-zonal line flow inequality constraints

• Market separation between SCs

 1.10.3 Formulation of Intra-Zonal Congestion Subproblem: At each congested zone, the 

ISO will use a modified AC-OPF to adjust preferred schedules. The main goal is to minimize the 

absolute MW of re-dispatch by taking into account the net cost of redispatch as determined by the SC’s 

submitted incremental/decremental price bids. This objective is equivalent to the MW security re-

dispatch with incremental and decremental cost-based MW weighting factors to ensure that less 

expensive generators are incremented first and more expensive generators are decremented first during 

the adjustment process. For loads, most expensive loads will be decremented first. 

In each zone, congestion management is performed separately while inter-zonal constraints are 

preserved. The formulation may assume that loads in each zone (at each bus) can contribute to the 

congestion relief.any generator or load at any zonal bus is not involved in congestion management and 

would not submit inc/dec bids, then its minimum and maximum limits are set to preferred schedule 

values. The formulation of this subproblem is given as follows: 

Objective 
• Modified AC-OPF To adjust preferred schedules

• Minimizet he MW re -dispatch by taking into account the net cost of re-dispatch as determined by

the SC’s submitted incremental/decremental price bids

• The objective is equivalent to the MW security re-dispatch with incremental/decremental cost-

based weighting factors to ensure that less expensive generators are incremented first and more



expensive generators are decremented first during the adjustment process. For loads, the moste 

xpensive ones will be decremented first. 

Control variables 
• SCs’ power generation in congested zones. For each generator a set of generation quantities with

associated adjustments for incremental/decremental bids are submitted by SCs

• SCs’ curtailable (adjustable) loads in the congested zone. For each load, a set of load quantities

with associated adjustments for decremental bids are submitted by SCs

• Reactive power controls including:

1. Bus voltages

2. Reactive power injection

3. Phase shifters

4. Tap-transformers

Constraints 
• Limits on control variables

• Nodal active and reactive power flow balance equations

• Intra-zonal MVA, MW, and MVAR line flow limits (inequality constraints)

• Active power flow inequality constraints of inter-zonal lines connected to the congested zone

• Voltage limits

• Stability limits

• Contingency imposed limits

Equality constraints represent the net injection of real and reactive power at each bus in the zone.

Inequality constraints reflect real power flows between buses, and stability and thermal limits define line 

limits. If the MVA flow limit on lines is of interest, then the MVA in equality constraint is included. 

The effect of phase-shifters and tap-transformers may be seen as injections of active power and 

reactive power at two ends of a line between nodes where phase-shifters and tap transformers are 

connected. Phase-shifters and tap-transformers could also be included in the formulation by modifying 

the network admittance matrix. 

During the intra-zonal congestion management inter-zonal line flows to the zone under study are 

modeled as constant loads or generations (depending on the direction of flows in inter-zonal lines) buses 

connected to inter-zonal lines. This modeling has two advantages: 

(1) It disregards inter-zonal line constraints that should be added to intra zonal constraints, and

(2) It cancels interactions between inter-zonal and intra-zonal congestion subproblems while solving

the intra-zonal congestion subproblem. The schedules which will be adjusted in the intra-zonal

subproblems are the schedules obtained from the inter-zonal congestion subproblem.

In the intra-zonal congestion management the incremental cost coefficient of a generator at a

certain node in a zone is the same as the incremental bid price. The decremental cost coefficient of a 

generator at a certain node in a zone is anti-symmetric with the decremental bid price with respect to the 

average of decremental bids in that zone. This assumption is for economical consideration, where less 

expensive generators would be incremented first to relieve congestion, and more expensive generators 

would be decremented first when generation reduction is needed.  

For example, if we have two generators with decremental price bids of $10/MWh for generator GA and 

$16/MWh for generator GB then the average decremental price bid is (1O+16)/2=$13/MWh. The 

decremental cost coefficients of these generators are $16/MWh for GA( or 2×13- 10) and $10/MWh(or 

2x13 - 16) for GB. The same argument is made for load reduction where more expensive loads in a zone 

are adjusted (decremented) first, where load increment is not considered. For the case that we have more 

than one provider at each bus or more than one demand, in other words, we have more than one SC at 



 

one bus, we would index different providers at different locations in each zone. For that reason, we set 

three different indices in our formulation that would refer to SC, zone and bus. 

 

 
 
 

 

 
 



 

 

 

 

 

 
 



2.1 INTRODUCTION: 
The demand for electricity could vary significantly according to the time of day. Electricity 

demand is generally higher during day-time hours, known as the peak period and lower during night-time 

hours, known as the off-peak period.  
2.2 ELECTRICITY PRICE VOLATILITY: 

In the restructured electric power industry, it is common to read or hear expressions such as "the 

volatility of electricity prices has been high during the period o f January and February % "the PX market 

will create an environment with volatile pricing - very low at times of low demand, high at times of high 

demand, and very high at times of high demand and limited supply ", "annualized volatility of on-peak 

prices ", "annualized volatility of off-peak prices ’; "electricity markets are highly volatile", and similar 

expressions which point out the volatility of electricity market. This section provides a detailed 

explanation of volatility and its impact on electricity pricing. In addition, the section gives a brief 

mathematical background on volatility, shows some examples and discusses the main motive forces for 

causing volatility in electricity markets. 

The fact that the cost of generating electricity is based mainly on the cost and the availability of 

the fuel used in generation does not change by switching from regulated monopoly to open access 

restructured markets. Utilities used to average their fluctuating hourly costs of electricity (which were 

based on economic dispatch) and come up with a single cost-based rate, and users on the other side were 

mandated to accept this rate. Some large customers were buying electricity on an hourly-based price. In a 

restructured environment, hourly prices are expected to swing as they used to, with a main difference that 

a competitor should be competing with a large number of other competitors. In this environment, 

competitors bid into the market, not necessarily based on their costs but on anticipated price that takes 

into account movements of other competitors, market situation and supply-demand condition. This 

behavior would cause increased price volatility and motivates customers to take proper actions.  

In order to reduce price volatility in the energy market, a trading system may allow customers to 

sell electric energy back through the trading system in certain hours. In the following, we further discuss 

the factors which could contribute to volatility in electricity markets. 

2.2.1 Factors in Volatility: 



Every electricity market is expected to have variable price patterns while proceeding from one 

stage to the next. This .procession could be due to many factors such as entry of new players to the 

market, destructive gaming, bidding behavior, and availability of generation units and transmission 

components. As time passes, the market could correct itself to reach a final phase where prices would be 

predictable to a large extent and adequate rules could be implemented in modeling the whole marketing 

process. 

During transient stages of restructuring in Britain, the electricity market experienced less price 

volatility due to the existence of what is called vesting contracts, but market participants suffered 

considerably from increasing uplift costs associated with ancillary services. As time passed, market rules 

were modified to correct the market behavior and stabilize prices. The Nordic Power Exchange (Nord 

Pool) has large price volatility because of its dependence on hydroelectric generation, which is in turn 

dependent on weather conditions, whether it is dry or rainy.  

Various factors resulting in volatility include: 

• Load Uncertainty: The power generation required to meet the load is directly correlated with weather

conditions, which are sometimes unpredictable. Due to unexpected temperature changes, especially

from low to high, the actual load could be at times very different from the forecasted load. If the

weather forecast is uncertain, the load forecast could be uncertain.

• Fuel Prices: The fuel used by generating units to produce electricity is a volatile commodity with its

price depending on market conditions such as demand-supply convergence conditions, transportation,

storage expenses and other factors. Fossil fuel, hydro, nuclear and unconventional sources of energy

could be used in generating electricity, with different costs, which are reflected on electricity prices.

When marginal generating units use a certain type of fuel with fluctuating price, the electricity price

could fluctuate as well.

• Irregularity in Hydro-Electricity Production: In some regions, hydro-electricity is produced rather

inexpensively in certain times of the year due to the availability of water resources; in the remaining

times of the year, thermal units are used when water quantity is reduced, which could impact

electricity prices.

• Unplanned Outages: The imbalance between the supply and demand could cause large fluctuations in

prices: When supply is less than demand or when demand is changing rapidly, price spikes could arise

and when this is accompanied by a generation outage at peak hours, price spikes could be very high.

• Constrained Transmission (Congestion): When transmission capability is insufficient to withstand

scheduled flows, the price of electricity on the load side of a congested path could be increasingly

volatile and uncertain because smaller low-cost generation cannot be transmitted to loads during hours

when transmission congestion exists.

• Market Power: Exercising market power by electricity market participants could manipulate prices

and cause price volatility. In California, the PX monitors market operations, and trading rules would

be altered to prevent market manipulation when these practices could arise. Market participants may

use financial contracts to hedge price volatility risks. At the same time that the volatility in prices

could cause large losses, it could also cause large profits if predicted earlier.

• Market Participant: Market participants themselves may cause price volatility in one of two ways:

either by misrepresenting the actual amount of their loads or by performing gaming practices. In the

first type, participants either under-schedule or over-schedule their loads. Both cases would require a

response from the ISO in the imbalance energy market. Under-scheduled load may significantly

change the price of energy in the imbalance market when reserves are inadequate.

2.2.2 Measuring Volatility: 
Historical volatility is defined as the annualized standard deviation of percent changes in futures 

prices over a specific period. It is an indication of past volatility in the marketplace. In historical 

volatility, a financial variable’s volatility is directly estimated from recent historical data for the 



variable’s value. Historical volatility gives an indication of how volatile the variable has been in the 

recent past for which historical data is tracked. Implied volatility is a measurement of the market’s 

expected price range of the underlying commodity futures based on market-traded options premiums3. 

Implied volatility is a timely measure, which reflects the market’s perceptions today. Implied volatility 

can be biased, especially if they are based upon options that are thinly traded. 

We use standard deviation (σ), which measures the uncertainty or dispersal of a random variable. 

When a financial variable (random variable) such as electric energy price is described as highly volatile, 

it means that it has a high standard deviation. In other words, standard deviation is a measure of the 

volatility of a random variable such as spot price. Figure 7.2 illustrates how standard deviation would 

measure the high volatility (Figure 7.2.a) and low volatility (Figure 7.2.b). Probability distribution 

functions in both cases are given in Figures 7.2.c and 7.2.d. 

As shown in Figure 7.2, standard deviation for a specific range of a random variable X is a 

measure of the width of the probability distribution of the variable X. Standard deviation (i.e., square root 

of variance) is a measure of risk. On the other hand, the variance (expected value of squared deviations 

from the mean) is a measure of the dispersion of a probability distribution. As we all know, 

2.3 ELECTRICITY PRICE INDEXES: 



 

To analyze price volatility, Dow Jones (D J) price indexes are used. Dow Jones publishes volume-

weighted price indexes for the following locations (as was available on January 13, 2001): 

• California Oregon Border: The Dow Jones California Oregon Border (D J-COB) Electricity 

Index is the weighted average price electric energy traded at the California-Oregon and Nevada-

Oregon Borders, quoted in dollars per megawatt hour. Volume is in megawatt hours. 

• Palo Verde: The Dow Jones Palo Verde (DJ-PV) Electricity Index the weighted average price of 

electric energy traded at Palo Verde and West Wing, Arizona, quoted in dollars per megawatt 

hour. Volume is in megawatt hours. 

• PJM Sellers’ Choice: The Dow Jones Pennsylvania-New Jersey- Maryland (DJ-PJM) Sellers’ 

Choice Electricity Index is the weighted average price of electric energy traded for delivery in the 

Pennsylvania, New Jersey, Maryland market, quoted in dollars per megawatt hour. Volume is in 

megawatt hours. 

• PJM Western Hub: The Dow Jones Western Hub Electricity Index is the weighted average price 

of electric energy traded at PJM Western Hub quoted in dollars per megawatt hour. Volume is in 

megawatt hours. 

• Mid-Columbia: The Dow Jones Mid-Columbia Electricity Index is the weighted average price of 

electric energy traded for delivery at Mid-Columbia quoted in dollars per megawatt hour. Volume 

is in megawatt hours. 

• Four corners (4C): The Dow Jones Four Corners (DJ-4C) Electricity Index is the weighted 

average price of electricity traded for delivery at Four Corners, Ship rock and San Juan, New 

Mexico, quoted in dollars per megawatt hour. Volume is in megawatt hours. 

• NP-15: The Dow Jones NP-15 Electricity Index is the weighted average price of electric energy 

traded for delivery at NP- 15 quoted in dollars per megawatt hour. Volume in megawatt hours.  

• SP-15: The Dow Jones SP-15 Electricity Index is the weighted average price of electricity traded 

for delivery at SP-15 quoted in dollars per megawatt hour. Volume is in megawatt hours. 

• Cinergy: The Dow Jones Cinergy Electricity Index is the weighted average price of electricity 

traded into the Cinergy Control Area quoted in dollars per megawatt hour. Volume is in megawatt 

hours. 

• Mead/Market P lace: The Dow Jones Mead/Market Place Electricity Index is average price of 

electric energy traded for delivery at Mead, Market Place, McCullough and Eldorado quoted in 

dollars per megawatt hour. Volume is in megawatt hours. 

DJ on-peak price index for COB may be compared with the on-peak PX day-ahead prices. 

Likewise, DJ on-peak price index for the Palo Verde (PV) may be compared with the on-peak PX day-

ahead prices. Analyzing different trade operations, some specific factors are compared such as average 

prices, volumes of trades and volatility. The analysis can give an indication of price stability during a 

time period, trends in prices either declining or inclining and comparisons of volumes of trade between 

different locations. For example, in California, a comparison could be made for volumes traded on PX, 

COB and PV. 

2.3.1 Basis Risk: The difference between the electricity spot price and the price of the nearest futures 

contract for the electricity at any given time is called basis. Basis risk represents the uncertainty as to 

whether the cash-futures spread will widen between the times a hedge position is implemented and 

liquidated.  

2.4 CHALLENGEST O ELECTRICITY PRICING: 
2.4.1 Pricing Models: One of the major problems facing market participants, especially hedgers, in 

restructured electricity markets in the U.S. is the problem of large errors caused by using unsophisticated 

versions of the Black-Scholes1° model to price physical power options. This model was originally 

derived as a pricing model to value European securities options and futures options. In addition to other 

assumptions, this model assumes that the price volatility is constant and the price series is continuous. 



 

Some alternatives to pricing physical power options have been proposed based on this model to take into 

consideration the nature of electricity that is different from other commodities. 

Some market participants insist on utilizing pricing models other than the Black-Scholes model. It 

is claimed that using the Black-Scholes model to price electricity options would result in large errors due 

to the assumptions that this model applies to electricity without taking into account the market’s special 

circumstances. The Black-Scholes proposes the following price dynamics. 

 
When this model is used to price the hourly or daily delivery of electric power, some problems could 

arise. These problems are: 

(1) Customer loads are following complex daily patterns and are sensitive to weather fluctuations which 

implies high volatility: The classical Black-Scholes model assumes a constant volatility, does not take 

into account the weather impact on volatility over the period of the option and does not discriminate 

between on-peak and off-peak conditions. 

(2) Electricity is a non-storable commodity: The short-term supply is largely affected by physical system 

dynamics such as generation and transmission outages that would result in large price spikes. The Black-

Scholes model assumes smooth price changes under these circumstances. 

(3) Generating units could be forced out in unplanned manner during peak-demand summer months. 

Unplanned outages cause electricity prices to increase dramatically in the market due to the fact that more 

expensive units will be needed to serve the load.  

In a nutshell, any frame work to price physical power options should take some factors into 

consideration. These factors include the physical nature of electricity, generation availability, dynamic 

volatility, transmission limitations and changeable load. 

2.4.2 Reliable Forward Curves: 
A forward curve of electricity presents a set of forward prices for electricity, i.e. it determines a 

set of current market prices for the sale of electricity at specified times in the future; the curve determines 

the present value of electricity to be delivered in the future. For other commodities that have been traded 

for a long time, forward curves are readily established, but for electricity in a restructured environment, 

much of the appropriate market information is not yet available due to the short experience. The 

challenge is to construct and use forward curves based on limited available data. 

Forward curves in electricity markets work as bench mark or index of value. When the curve 

shows higher future prices, current values of production facilities and purchase agreements will increase. 

On the other hand, a decreasing forward curve means that the value of existing sales agreements and a 

utility’s customer base are decreasing. In the next section, we will elaborate on forward curves. 

Constructing forward curves should take the risk explicitly into account: incorporate estimates of 

market uncertainty in ways that will be most useful for decision-making and integrate forward curves into 

participants’ own analytical models. To build a forward curve for midterm prices, futures and options 

prices should be analyzed coupled with the probabilistic system modeling. Even though the load growth 

and fuel price shifts affect long-term electricity prices considerably, long-term electricity prices are 

driven by performance improvements such as improvements in new generation technology. For long-

term prices, market data provide little guidance in constructing forward curves and building the curve is 

mainly based on the probabilistic system modeling, asset investment and retirement analysis. 



 

2.5 CONSTRUCTIONO F FORWARDP RICE CURVES: 

2.5.1 Time Frame for Price Curves: Constructing a forward curve depends mainly on a time 

frame, which may be for a few months (short-term), a few years (medium-term) or over several years 

(long-term). In short-term, the price of electricity changes mainly with changes in weather conditions, 

supply outages, and interregional power flows. In short-term, guidance is offered by historical spot price 

data coupled with deterministic system modeling. Load growth, shifts in fuel price, and customer 

response to retail price changes would determine medium-term price fluctuations. 

2.5.2 Types of Forward Price Curves:   

As was mentioned in the preceding section, one of the major challenges facing market 

participants is the lack of reliable long-dated forward prices. In restructured power markets, suppliers are 

competing to reach end-use customers with the lowest possible price that would guarantee profits. 

Wining a customer’s contract is generally based on pricing strategies that would take into account 

electricity market trends and the information on the true cost of serving customers. The forward price of 

electricity is the key in pricing retail and wholesale electricity. Forward curves represent a good starting 

criterion to price electricity and, if utilized with experience in knowing variations in customer 

characteristics and supply/demands situations, they produce hedging strategies for different market 

participants such as suppliers, marketers, independent power suppliers and others. In this section, we 

highlight this topic which is very important in restructured electricity markets and the resources on this 

topic are very rare. 

o Forward curves take on three behaviors: Backwardation, Contango, and a combination of the two. 
• Backwardation: It. is a market situation in which futures prices are lower in each succeeding 

delivery month. In other words, backwardation refers to markets where shorter-dated contracts are 

traded at a higher price than that of longer-dated contracts. Backwardation is also called the inverted 

market, and it is expressed by plotting the price variation with time as shown in Figure 7.8, where 

electricity price curve slops downwards as time increases. Backwardation gives a forward/spot 

market relationship in which the forward price is lower than the spot price. The cause of 

backwardation in electricity markets is that it is necessary for forward prices to trend upward 

towards the expected spot price in order to attract speculators (buyers) to enter into trades with 

hedgers (sellers). The opposite of backwardation is contango. 

 

• Contango: Opposite to the case of backwardation, contango is a term often used to refer to 

electricity markets where shorter-dated contracts traded at a lower price than longer-dated 

contracts in futures markets. Whena market situation exists such that prices are higher in the 

succeeding delivery months than in the nearest delivery month, we say contango exists. It is 

expressed by plotting the prices of contracts against time, where electricity price curve slops 

upwards as time increases as shown in Figure 7.9. contango gives a forward]spot market 

relationship in which the forward price is greater than the spot price. Often, the forward price 

exceeds the spot price by approximately the net cost to carry/finance the spot electricity or 

security until the settlement date of the forward contract. 



• Combination: Figure 7.10 shows a combination of the two previously mentioned behaviors of

forward curves. This is an example of a situation when the forward curve takes a backwardation

form in the short-term part of the curve and a combination of two in the long-term part of the

curve. The behavior of the curve depends on expectations regarding the supply/demand balance in

the market in addition to other seasonal factors that drive prices. In the following, we will discuss

the forecasting process for the short-term price of electricity.

2.6 SHORT-TERM PRICE FORECASTING: 
There are many physical factors that would impact short-term electricity price. In practice, it 

would be impossible to include all these factors in price forecasting, because either the factors are 

unknown or the related data are unavailable. The sensitivity analysis is a good way of selecting the 

prominent factors in price forecasting. Given a factor, if the price is insensitive to this factor, we could 

claim that the factor is not impacting the price and could be ignored with minute error in price 

forecasting. 

2.6.1 Factors Impacting Electricity Price:. An analysis of price movements presents a 

conceptual understanding of how factors could affect the price. For simplicity, we only discuss variations 

of spot price, or market clearing price (MCP) in this section. 

After an auctioneer (ISO or PX) receives supply and demand bids, aggregates the supply bids into 

a supply curve (S) and aggregates the demand bids into a demand curve (D). The intersection (S) and 

represents the MCP, as is illustrated in Figure 7.11. 

According to this figure, we would present the following discussions. 

(1) Basic Analysis of Price Movements
• Case BI: S curve is shifted upward: MCP increases and quantity decreases.

• Case B2: S curve is shifted downward: MCP decreases and quantity increases.

• Case B3: D curve is shifted upward: MCP increases and quantity increases.

• Case B4: D curve is shifted downward: MCP decreases and quantity decreases.

• Case B5: S curve is shifted to the left: MCP increases and quantity decreases.

• Case B6: S curve is shifted to the right: MCP decreases and quantity increases.

• Case B7: D curve is shifted to left: MCP decreases and quantity decreases.

• Case B8: D curve is shifted to right: MCP increases and quantity increases.



(2) Actual Cases Pertaining To The Above Price Movements

• Case A1: Supplier would decrease the price. This is case B2.

• Case A2: Demand would increase the price. This is case B3.

• Case A3: A generator would be force-outaged (or a bid is withdrawn). This is case B5.

• Case A4: A new supplier would enter the market. This is case B6.

• Case A5: A generator would be restored. This is case B6.

• Case A6: A new demand would enter the market. This is case B8.

• Case A7: Gas (or oil) price would decrease. Suppliers would then decrease their prices. So, it is

case B2.

• Case A8: Gas (or oil) price would increase. Suppliers would then increase their price. So, it is

case B1.

It is vital to perform the above seemingly simple analysis, as it would exhibit the variation of price in 

practical markets. For example, we would learn, from the above analysis, that the price of gas (or oil) 

could affect MCP. 

2.6.2 Forecasting Methods: 

• Simulation Method: Usually the analysis of price volatility is based on the probability

distribution for each of a series of key drivers. The users can determine the distribution of input

variables using historical data. For example providers could use a beta distribution, which

requires the estimation of the maximum, minimum and the most likely value of input variables.

To capture the effects of uncertainty, samples are drawn from the distribution of the input

variables using Monte Carlo methods and a scenario is created. For each scenario the tool is used

to simulate the market prices. Running a sufficient number of scenarios then produces a stable

distribution of long-term market prices.

• Artificial Neural Network Method: The artificial neural network method has received more

attention in the field of forecasting because of its clear model, easy implementation and good

performance. The method was applied before to load forecasting in electric power systems. Here,

we use the MATLAB for training the artificial neural network in short-term price forecasting,

which provides a very powerful tool for analyzing factors that could impact electricity prices.

2.6.3 ANALYZING FORECASTING ERRORS: 



 

 
MAPE is widely used to evaluate the performance of load forecasting. However in price, 

forecasting, MAPE is not a reasonable criterion as it may lead to inaccurate representation. The problem 

with this MAPE is that if the actual value is large and the forecasted value is small, then APE will be 

close to 100%.I n addition, if the actual value is small, APE could be very large if the difference between 

actual and forecasted values is small. For instance, when the actual value is zero APE could reach infinity 

if the forecast is not zero. So, there is a problem with using APE for price forecasting. It should be noted 

that this problem does arise in load forecasting, since actual values are rather large, while price could be 

very small or even zero. 

Alternate Definition of MAPE: On e proposed alternative is as follows. First we define the average 

value for a variable V: 

 
Then, we redefine PE, APE and MAPE as follows: 

 
The point here is that we would use the average value as the basis to avoid the volatility problem. 

2.6.4 Practical Data Study: In this section, we use artificial neural networks to study price 

forecasting based on the practical data. We will study the impact of data pre-processing, quantities of 

training vectors, quantities of impacting factors, and adaptive forecasting on price forecasting. We will 

also compare the artificial neural network method with alternative methods. The new definition of MAPE 

is illustrated with practical data and its advantages are discussed. 

2.6.4.1 Impact of Data Pre-Processing: 
The improvement in training MAPE is due to the disappearance of price spikes (excluded or 

limited). Consequently, without price spikes, network training can find a more general mapping between 

input and output. Thus, testing MAPE will also be improved.  



Since price spikes are the indicative of abnormality in the system, we do not intend to delete them 

from the training process. Hence, we adhere to the option of limiting the magnitude of spikes, rather than 

eliminating them totally. 

2.6.4.2 Impact of Training Vectors:  

At first, by introducing more training vectors, we present a more diverse set of training samples, 

which would result in a more general input-output mapping. Thus, the forecasting performance, 

measured by the testing MAPE, would improve. However, as we keep increasing the number of training 

vectors, the diversity of training samples would no longer expand and the additional training would not 

improve the forecasting results. Thus, the forecasting performance would remain fiat. We should point 

out that by further increasing the number of training vectors, the artificial neural network could be over 

trained. In other words, the artificial neural network would have to adjust its weights to accommodate the 

input-output mapping of a large number of training vectors that may not be similar to the testing data to a 

large extent. Thus, the forecasting performance could get worse with further increasing the number of 

training vectors. 

2.6.4.3 Impact of Adaptive Forecasting: We can either use the fixed training weights or upgrade 

the weights frequently and adaptively according to the test results. We refer to the latter case as our 

adaptive forecasting method. Studying the profile of price curves, we would expect that the adaptive 

modification of network weights would provide a better forecast.  

2.7 CONCLUSIONS: 
The demand for price transparency increased ever since the restructuring process began and the 

number of participants and marketing operations increased. This is due to the need to enhance the 

financial stability of electricity markets, which is in turn due to changes in strategies or approaches to buy 

and sell electricity, which is completely different from the traditional methods under the regulated 

monopoly. Add to that is mergers of new financial tools and entry of non-electricity participants in 

electricity markets. All these facts motivated participants to demand efficient tools for price discovery in 

order to hedge their risks and survive in a competitive market. In this chapter, we have reviewed some 

basic concepts in electricity price forecasting, such as price calculation and price volatility. Because of its 

importance, we also discussed the issue on factors impacting electricity price forecasting, including time 

factors, load factors, historical price factor, etc. We used the artificial neural network method to study the 

relationship between these factors and price. We proposed a more reasonable definition on MAPE to 

avoid the demerits of traditional methods on measuring forecasting in the context of electricity price 

forecasting. Practical data study showed that a good data pre-processing was helpful, i.e., using too many 

training vectors or considering too many factors is not good for price forecasting. Practical data study 

also showed adaptive forecasting could improve forecasting accuracy. We concluded that the artificial 

neural network method is a good tool for price forecasting as compared to other methods in terms of 

accuracy as well as convenience. 
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