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SUMMARY

State and federal regulators, private and public utilities, large and small customers, power
brokers and marketers, and others are engaged in major debates about the future structure of the
electric industry. Although the outcomes are far from certain, it seems clear that customers will
have much greater choices about the electric services they purchase and from whom they buy
these services.

This report examines the “ancillary” services that are today buried within the typical
vertically integrated utility. These ancillary services support and make possible the provision of
the basic services of generating capacity, energy supply, and power delivery. These ancillary
services include:

. management of generating units;
n reserve generating capacity to follow variations in customer loads, to provide capacity and

energy when generating units or transmission lines suddenly fail, to maintain electric-
system stability, and to provide local-area security;

= transmission-system monitoring and control,

- replacement of real power and energy losses;

u reactive-power management and voltage regulation;
u transmission reserves,

. repair and maintenance of the transmission network;
= metering, billing, and communications; and

u assurance of appropriate levels of power ql;ality.

Figure S-1 illustrates schematically the integration and interactions within an electric
system that require these ancillary services. The dotted line represents the boundary of a control
area, within which the system (grid) operator regulates generation output to maintain the schedule
of power flows with other systems and control frequency. The control area is connected to other
control areas at five interfaces, labeled I1 through IS. Several generators, labeled G1 through G5,



operate within the control area as do various loads, labeled L1 through L6. The generators and
loads are connected to each other by a transmission grid, identified by the solid lines.

Changes at any interface, generator, or load affect—simultaneously—all other interfaces,
generators, and loads. It is the system operator’s responsibility, through the ancillary services
discussed here, to ensure that these changes do not cause problems elsewhere on the network.
(The system operator includes the people as well as the automatic control equipment that they
manage.) So, for example, if generator G2 trips off the system, the operator must have sufficient
reliability-spinning reserve available to quickly pick up the loss of output from G2. If a steel mill
at 14 starts up, sufficient load-following-spinning reserve must be available to meet that load
without a sustained sag in frequency. If one of the transmission lines between G3 and L1
becomes overloaded, the operator must have the flexibility to reconfigure the network to increase
power over other lines (e.g., from G2 to L1), to back off the generation at G3 and increase it
elsewhere, or both. These actions require transmission reserves and generation reserves,
respectively. If a transmission component fails, the operator must have sufficient information and
communications to identify the location and type of problem and then to dispatch repair crews
to restore service. )

S e - o o

Fig. S-1. Schematic of an interconnected electric system showing generators (G), loads
(L), interconnections with other systems (I), and transmission lines.
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For each of the basic and ancillary services discussed here, we seek to identify what the
service is; the equipment and/or people used to provide the service; whether that service must be
obtained from the system operator or can be obtained from a third party; whether that service is
required or optional for the end user; whether customer use of the service can be controlled or
metered by the system operator, whether there is currently a standard for this service; an
indication of the cost of this service relative to that of the other services; and on what basis the
service might be priced (e.g., $/kW peak demand).

Table S-1 shows our initial assessment of these services. For most customers (all those
except fully interruptible customers), the following services are both mandatory and must be
controlled by the system operator: reliability spinning reserves; unscheduled energy; time
correction; stability enhancement; local-area security; black start; transmission monitoring and
control; real-power-loss replacement; system reactive-power management and voltage regulation;
transmission reserves; repair and maintenance of the transmission network; and metering, billing,
and communications. Note that not all of these services must be supplied directly by the system
operator; they could be provided by a third party, but they must remain under the control of the
system operator.

Our focus in this report, the first output from a larger Oak Ridge National Laboratory

project, is on identification and definition of these services. Later work in this project will
examine more closely the costs and pricing options for each service.
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Table S-1.  Preliminary assessment of ancillary services
Required or  Must be obtained

Service optional from system
operator??
Generation capacity Op’ciona]b No
Energy supply Op’tionalb No
Power delivery Optional Yes
Unit commitment Optional No
Economic dispatch Optional Yes
Reserve generating capacity
- Load-following spinning reserve Required No
- Reliability spinning reserve Required® Yes?
- Unscheduled energy Required Yes
- Supplemental operating reserve Optional Yesd
- Time correction Required Yes
- Stability enhancement Required Yes
- Local-area security Required Yes
- Nonoperating reserve Optional No
Black start Required Yes
Transmission monitoring and control Required Yes
Real-power-loss replacement Required Yes
System reactive-power management and voltage Required Yes
regulation
Local reactive-power management and voltage Required No
regulation
Transmission reserves Required® Yes
Repair and maintenance of network Required Yes
Metering, billing, and communications Required Yes
Power quality Optional No

3Obtained from the system operator” means that the service must be under the control
of the system operator, who can either provide that service or contract with another party to
provide the service.
ile generating capacity and energy supply are both optional, a customer will certainly
want at least one of these services.
“These services are optional only for fully interruptible customers.
These services could be provided by a generation supplier for particular customers.
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CHAPTER 1

INTRODUCTION

BACKGROUND

Today’s typical electric utility provides bundled services to its customers. Almost all
residential customers think about and pay for electricity as a single, homogeneous product. The
typical residential tariff includes only a customer charge ($/month) and an energy charge
(¢/kWh). Most commercial and industrial customers face demand charges ($/kW-month) as well
as energy and customer charges. Thus, they may view electricity as consisting of two elements,
energy and capacity. Only the largest (generally, industrial) customers recognize some of the
spatial and temporal complexities of providing electricity. These customers may have real-time
pricing, in which the price of electricity varies from day to day and from hour to hour. But even
in these cases, customers still generally pay only for energy and capacity.

In reality, electric-power systems provide many other services beyond the energy and
capacity output from power plants. These services are provided by the utility’s vertically
integrated system of generating units; transmission lines, switchyards, substations, transformers,
communication equipment, and control systems; distribution lines, substations, and transformers;
and customer-service operations.

Electric utilities operate their systems to meet two primary and sometimes conflicting
goals: least-cost provision of electricity and reliability of service to customers. Meeting both
objectives simultaneously is difficult for three primary reasons:

u Storing electricity is difficult and expensive, so it usually must be generated at the same
time that it is consumed.

n Because electricity moves through the grid at nearly the speed of light, many important
events occur in less than a 60-Hz cycle (17 ms); so decisions must be made and
implemented quickly (frequently automatically).

n The present AC electric system, from generators to customers, is interconnected, so
changes anywhere in the system affect all other points in the system.

To operate their electric systems economically and reliably in the face of these three
factors, all utilities are part of a control area. According to the North American Electric Reliability
Council (NERC), a control area is “a system which regulates its generation in order to maintain
its interchange schedule with other systems and contributes its frequency bias obligation to the




Interconnection” (NERC 1994). The purpose of control areas is to subdivide the system into units
small enough to contain disturbances and to keep them from affecting interconnected system
operations. The New England Power Pool (NEPOOL, which is a large control area) takes a more
expansive view of the basic services that it provides: “regulating system frequency, maintaining
system voltage, managing the flow of electricity (both scheduled and emergency) between
NEPOOL and neighboring pools, managing NEPOOL members’ capacity to meet system load
and operating reserve, managing the NEPOOL members’ transmission system, and coordinating
daily transmission and generation outages” (NEPOOL 1995).

The system (or grid) operator typically has control over many generating units that he
dispatches to ensure that generation and loads match, to ensure that actual interchanges with other
control areas equal scheduled interchanges, and to maintain system reliability and stabi]ity* in
accordance with guidelines set forth in the NERC Operating Manual (Exhibit A). The NERC
regions (covering the United States and portions of Canada and Mexico) have about 150 control
areas.

The system operator, in balancing the competing goals of economics and reliability,
provides services to customers beyond the supply of raw energy and capacity. These services, the
subject of this report, include those provided by generating units and the transmission system. A
partial listing of services provided primarily by generating units includes economic dispatch and
spinning reserves$. Services provided primarily by the transmission system include network
monitoring and control, loss management, transmission reserves, and outage response.

Traditionally, customers, regulators, and even many utility employees could safely ignore
these ancillary services. They did not need to be considered separately because they were
provided by the same entity and paid for by all customers.

New technologies, low natural-gas prices, federal legislation, and federal and state utility
regulations are restructuring the electricity industry. Today’s vertically integrated utility with a
retail monopoly franchise may be a very different organization in a few years. Industry
restructuring might involve deintegration of today’s utilities, much greater competition in
wholesale electricity markets, and perhaps greater competition in retail electricity markets.

‘Reliability refers to the system’s ability to deliver uninterrupted (continuous) service to customers.
Reliability depends on the performance of and redundancy in the generation, transmission, and distribution
systems. Perfect reliability is too expensive to achieve. Stability refers to the system’s ability to maintain a
synchronized frequency throughout the system. A system is unstable if perturbations from synchronization grow,
forcing generators and transmission components to disconnect from the system. A stable system is one in which
such perturbations die out quickly.



'surveys and contro]-eqmpment requlrements

] System secuqty;_;rea]_;power supply; reactive: power supply; transmission operation;
relay coordination; monitoring interconnection parameters; information exchanges on
system conditions, 'disturbances, and sabotage;iand maintenance coordination.

L 'Erﬁergendy% Qj;g;ationé ' fﬁclent generatlon capac1ty transmtssmn overloads or
voltage control, load:sh dding, systém restoration; -emergency information éxchange,

special system or’ ‘Control-area action, and control-center backup.

L] 'Operatmg personnel: responsibility and authority, selection, trammg, and responsibility
to-other Operatmg groups.

n Operailons planning: nomlal operatlons emergency ccmditlons Iong-term deficiencies,
,load sheddlng, and system restoratxon

» T elecommumcatnons: faczhttes, procedures, and loss of communications.

The Manual also: includes: traifiing documents: on control performance criteria and
inadvertent-interchange accounting, as well as information on electric-system restoration,
backup control centers, and the system operator’s perspectlve on demand-side-management
programs.’ ‘

- |

The Energy Policy Act of 1992 and subsequent decisions by the Federal Energy
Regulatory Commission [see, for example, FERC’s (1994a) pricing-policy statement] require
utilities to provide open access to their transmission systems. FERC now requires utilities to
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provide transmission services to other parties that are “comparable” to those provided to itself.
The Energy Policy Act created a new class of power providers, called exempt wholesale
generators. These generators, other independent power producers, brokers, and marketers are
now free to buy and sell electricity in wholesale markets. Because of these changes, utilities may
want to (or be required to) unbundle services that previously were provided as a package. In
addition, the utility may not be the only entity that can supply some of these services; so
customers might choose to obtain some services from other parties or provide some themselves.

Unbundling services is likely to benefit both electricity consumers and suppliers.
Consumers will benefit because they will be able to pick and choose those services—and only
those services—that they need, want, and are willing to pay for. Suppliers will benefit because
they will be able to decide on the services to offer on the basis of their costs and what consumers
are willing to pay for. Thus, unbundling will promote economic efficiency in the electric industry.

Regardless of whether wholesale competition focuses on the use of power pools or
bilateral contracts, two facts remain true. First, the dispatch of generating units, storage, and
controllable load must be coordinated to ensure that, moment to moment, loads and resources
balance and that transmission constraints are recognized. Second, the power must flow through
an interconnected transmission network from generators to end users.

Discussions of increased competition in electricity markets have paid little attention to the
myriad of serv1ces provided by the centralized dispatch of power plants and operation of the
transmission gnd A recent study noted that, “Too many of the current discussions of industry
restructuring pass over this complexity with a cursory reference to the control function or the need
to maintain operational reliability” (Cullen et al. 1994).

Some of the basic functions of the electric system are well defined, but many of the
ancillary functions are more elusive. A primary goal of those interested in restructuring the
electricity industry to increase competition should be to identify clearly the different functions that
are today buried within the vertically integrated utility and bundled into one price. Ideally, one
would like to identify a set of services provided by electric generating units and the transmission
system that is (1) exhaustive (covers all the services provided) and (2) mutually exclusive (no
overlap among identified services).

Achieving this ideal of offering unbundled services at appropriate prices will be difficult
because of utility accounting practices (Sammut 1994). Table 1 shows the allocation of utility
revenues using the FERC accounting formats. These categories do not include any specific cost

*See, as examples, comments filed by various parties with the California Public Utilities Commission
(1994) in response to its April 1994 order on industry restructuring and competition as well as the statements
of various parties before the U.S. House of Representatives (1994). Even Hogan (1993), a key architect of
industry restructuring, has said little about ancillary services.
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assignments for ancillary services. For example, FERC Form-1 includes the following categories
under transmission operation expenses: operation supervision and engineering, load dispatching,
station expenses, overhead-lines expenses, underground-lines expenses, transmission of
electricity by others, miscellaneous transmission expenses, and rents (FERC 1992). None of these
categories relates directly to the ancillary services discussed here. Figure 1 illustrates the
discrepancy between these accounting categories and actual utility operations.

Table 1. Allocation of 1992 revenues for major U.S. investor-owned electric utilities

% of total % of total, with fixed costs
revenue allocated to key functions®
Operations and maintenance (58)
Generation 44 67
Transmission 1 6
Distribution 3 14
Customer service 3 4
Administrative and general 7 10
Fixed costs (42)
Depreciation and amortization 10
Income taxes 4
Other taxes 10
Interest payments 9
Net income 9

Source: Energy Information Administration (1993).

4Generation accounted, in 1992, for 54% of net utility plant, transmission for 11%,
distribution for 25%, and customer service and administrative and general for 10%. The numbers
do not sum to 100% because of rounding errors.

In addition, cleanly unbundling these services will be difficult because some services draw
on multiple pieces of equipment and because individual pieces of equipment often contribute to
more than one service (Fig. 2). For example, a generating unit provides real power and energy
(the kW and kWh outputs that are the primary purpose of the machine). In addition, generators
produce reactive power, which contributes to operation of the transmission system. The mass of
generators plus the ability to control voltage and frequency help maintain a stable electric system.
Transmission lines provide the transportation link between generators and consumers. In addition,
these lines absorb reactive and real power, thereby consuming services.
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Fig. 1.  Differences in accounting treatment and actual operation of the integrated
electric-system equipment.

REAL POWER (kW) AND
ENERGY (kWh)

—— REACTIVE POWER (kVAR)
— VOLTAGE AND FREQUENCY
» INERTIA (STABILITY)

GENERATOR

Fig.2.  Example of joint production from one type of equipment. A generating unit
provides reactive power, voltage support, frequency control, and inertia, as well
as the basic outputs of real power and energy.

The electrical system is highly integrated, so actions in one location can affect service at
many other locations. A December 14, 1994, outage of the 500-kV Pacific Intertie illustrates this
integration uncomfortably well. Although the outage was short and restoration operations went
well, it affected 1.5 million people in 11 western states and British Columbia (Electric Light &
Power 1995). Two months after the outage, the Western Systems Coordinating Council was still
investigating the cause of the disturbance.

Finally, information asymmetries may complicate analysis of these ancillary services
(Kahn 1995). Utilities, because they currently control and operate electrical systems, have more



information on the costs of some of these services than do customers, independent power
producers, or power brokers. Because utilities are competing with these other parties, they have
an incentive to shift costs to them. This potential conflict of interest and information asymmetry
complicate the task for regulators (as well as for researchers). To the extent that some of the
ancillary services discussed here can be provided competitively (e.g., by nonutility entities), the
problem is greatly reduced. However, regulators will have to pay close attention to those services
that can be provided only by the system operator. '

PURPOSE OF THIS PROJECT

This report, the first output from a larger Oak Ridge National Laboratory (ORNL) project
on unbundling generation and transmission services, examines the various services that are
provided by generators, electric-power control centers, and transmission networks. (We do not
deal with distribution-system services in this report.) Identifying, quantifying, costing, and pricing
these services is essential to the efficient operation of a competitive electricity market. Absent
information on what these services are, their costs, and alternative pricing strategies, customers
cannot make the kinds of informed choices that are the foundation of a competitive market.
Similarly, providers, without this information, cannot decide what services to offer and what
prices to charge.

This report identifies and defines the various functions provided by centralized dispatch
and transmission services. Later activities in this project will include case studies of several utility
control centers and power pools. We will simulate power fléws across various transmission
configurations for different amounts and locations of generation and demand to quantify the
services identified in earlier tasks. Finally, we will determine the extent to which these generation
and transmission services can be unbundled and separately costed, whether and how they might
be separately priced, and whether they can be provided by third parties.

This report is aimed primarily at senior staff and executives at electric utilities, state and
federal regulatory commissions, environmental groups, industrial customers, and power marketers
and brokers. Our semitechnical approach suggests that electrical engineers and system operators
may already know much of what we present here.

For each of these basic and ancillary services we seek to identify:

. What the service is
N The equipment and/or people used to provide the service
L Whether that service must be obtained from the system operator (i.e., must be under the

operator’s control) or can be obtained from a third-party provider
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u Whether that service is required or optional for the end user

= Whether alternative ways exist to provide the service

n Whether customer use of the service can be controlled or metered by the system operator
= Whether a standard for this service exists

= A rough indication of its cost, relative to that of the other services identified

u On what basis the service might be priced (e.g., $/kW peak demand)

Determining whether a service is required depends on the consequences to the system if
the customer does not use the service. A customer might want to do without the economic-
dispatch service and instead always obtain power from a specific generating unit. This will not
harm the system, although it may result in higher costs (and possibly lower reliability) for the
customer.

Determining whether a service must be obtained from the system operator depends on the
information and control required to provide the service. If there is sufficient information available
at the customer’s location, then it is possible for the customer to provide the service itself or to
contract with a third party for the service. If the information and control ability is available only
to the system operator, then the service must be obtained from the system operator.

For example, because a customer can meter its own load, it can conceivably provide for
load-following spinning reserve itself by directly controlling its load to eliminate fluctuations, by
installing generation to compensate for the fluctuations, or by contracting with someone else to
provide generation that compensates for fluctuations. It must obtain reliability spinning reserves
from the system operator, however, because only the system operator knows when the area
generation and load are out of balance because of the failure of a generator. This is true even if
the customer is providing generation to the system that is dedicated to reliability spinning reserve.
It 1s the system operator and his automatic equipment that tell the reliability spinning reserve
when to respond.

Because of the complications associated with pricing transmission services [see, as
examples, Hogan (1992) and Oren et al. (1994)], we do not suggest specific pricing formulas or
mechanisms 1n this report. Also, while the primary purpose of this report is to identify the
ancillary services, for completeness we describe the basic services as well.

We take no position in this report on the pros and cons of the debate in California over
the structure of wholesale electricity markets. Specifically, we do not favor either the Poolco



proposals advanced by Southern California Edison and San Diego Gas & Electric or the bilateral-
contracts approach advanced by Pacific Gas and Electric and Enron. Similarly, we take no
position concerning the pros and cons of retail wheeling.

However, we believe that the work presented here (and to be developed throughout the
course of this project) will be valuable to the participants in discussions about the future structure
and operation of the electricity industry. As an example, consider alternative estimates of the costs
of transmission services. The embedded cost of transmission averaged over all large investor-
owned utilities is 0.44¢/kWh (Energy Information Administration 1993). On the other hand,
Detroit Edison’s retail-wheeling tariff proposes a charge of about 2.0¢/kWh for transmission and
ancillary services (Musial 1994). The utility’s proposal includes charges for administrative
services; transmission-system reservation; generation support; substations; power-system voltage
control; system control and load dispatch; capacity and energy losses; spinning reserve;
supplemental reserve; reactive support; standby reservation; daily backup demand; backup
energy; unauthorized demand and energy uses; plus customer-specific charges for metering,
special services, redispatch, and economic priority. These two estimates (0.4 vs 2.0¢/kWh) differ
dramatically in part because they represent different services.

Unbundling may lead to higher prices for the same package of services that was previously
provided in a bundled fashion. Two factors drive this judgment. First, unbundling increases
transaction costs. More variables need to be measured, costed, and priced. Second, unbundling
may lead to a loss in economies of scope. Offsetting these cost increases, however, is the
possibility that greater choices will allow customers to pick and choose exactly those electrical
services they want and need, no more and no less. Customers will have an economic incentive
to minimize the use of services that they either do not need, that they can provide for themselves,
or that they can obtain from another supplier at a lower cost. Similarly, competition among
suppliers for those services that need not be provided by the system operator will likely lower
their costs. The overall economic efficiency of the electric system might therefore improve.

We use the terms ancillary services, unbundled services, and services provided by the
system operator or control area somewhat loosely in this report. Ancillary services are auxiliary
or supplemental to other, basic services. In the present context, ancillary services are those that
support the basic services of generating capacity and energy and power delivery. Unbundled
services are those that have been taken out of a package that would otherwise aggregate several
services into one. In that sense, unbundled 1s a more general term than is ancillary. Services
provided by the system operator, as discussed throughout this report, might include some or all
of the ancillary services. Thus, these three terms overlap and are likely to shift in meaning as
electric-industry competition and markets evolve. Also, we include as services functions
performed by the system operator that customers may not see directly, such as stability
enhancement. These functions may be visible to other suppliers or may be integral to operation
of the electric-power system.




Chapter 2 describes the basic energy and capacity services provided by generating units
and the transmission network. Chapter 3 describes the ancillary services provided primarily by
the generating units, and Chapter 4 discusses those services provided primarily by the
transmission system. Although we separate services into generation and transmission in this
report, the split is artificial; many services require both generation and transmission equipment.
Chapter 5 compares the list of services developed here with those developed by other utilities.
Chapter 6 summarizes the status of the various ancillary services defined here and offers
conclusions.
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CHAPTER 2

BASIC SERVICES

The electric system provides customers two basic services, capacity (measured in MW)
and energy (measured in MWh). The distinction between capacity and energy might diminish in
the future, with today’s separate demand and energy charges being replaced by energy charges
that vary from hour to hour. Nevertheless, delivering electric services to customers requires both
generating units and the transmission and distribution system.

GENERATING CAPACITY

Capacity refers to the amount of service (i.e., the ability to deliver electric energy) that a
system or system component is capable of delivering. The most important and most expensive
component that provides capacity is a generating unit. These facilities stand ready to provide
electricity whenever customers want it.

While the service has historically been provided by the vertically integrated utility, it can
be provided by any entity with generating capacity connected to the grid as long as there 1s
sufficient transmission capacity to move the generation output to the customer.

Capacity margin is the amount of generating capacity available to provide for scheduled
maintenance, emergency outages, system operating requirements, and unforeseen electricity
demand. Utilities typically maintain a margin of 15 to 20% of peak demand. Only an amount of
generation equal to the peak load is required for this basic generating capacity service, however.
We discuss generating reserves in Chapter 3 and transmission reserves in Chapter 4.

Nonresidential customers are often billed for capacity on the basis of their highest power
use (typically based on the customer’s maximum hourly demand) in a month. Many variations
exist, such as using the highest monthly demand for the year, measuring demand only during on-
peak hours, or adjusting for the coincidence of a customer’s demand with the system peak.

Most customers will want this service, but it is not strictly required. A customer could
avoid using this service by consuming electricity only when the utility had excess generating
capacity available. The customer would place its load under the control of the system operator
to ensure that the load was fully dispatchable and never placed a capacity burden on the utility.
In other words, this customer would contract only for nonfirm (or interruptible) energy. More
realistically, a customer might place part of its load under the system operator’s control.

The cost of capacity is primarily the capital cost of the generating units used to meet
demand at the time of system peak. The price customers pay for capacity is generally based on
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the utility’s cost of meeting system peaks, usually expressed in $/kW, where the demand reflects
either the customer’s maximum demand or the customer’s demand at the time of system peak.
A capacity charge thus reflects a “reservation” of the supplier’s generating units.

ENERGY SUPPLY

Energy is the basic output of the generating units that customers use to provide light, heat,
and mechanical power at their facilities. Like capacity, this service has historically been provided
by the vertically integrated utility. But it is increasingly being provided by others with generating
capacity connected to the grid. Most customers will want this service, although it is not strictly
required. A customer might need generating capacity but no energy supply to back up reliable
local generation.

The accounting assignment of costs to energy and capacity is detailed and intricate,
primarily because the same equipment provides both services. The cost of energy always includes
the variable cost of the generating plants. For most plants, these costs are dominated by fuel costs
but also include the labor and maintenance costs that vary with unit use. Some portion of the
capital cost of power plants is also assigned to energy costs, primarily to reflect the higher capital
cost of baseload power plants relative to peaking units (e.g., $1500/kW vs $500/kW). The price
for nonfirm energy is usually somewhat higher than the variable cost but might not include the
full contribution to the capital cost that a standard energy rate might include. Utilities charge
customers for their energy consumption on a ¢/kWh basis.

POWER DELIVERY

The basic transmission service is the capacity to move power and energy from one place
to another. The equipment used to perform this function includes transmission lines; substations
(including switches, circuit breakers, transformers, and other equipment); communications,
metering, and relaying equipment; and the control center from which the system is monitored and
operated.

Utilities design their transmission systems as networks rather than as a set of point-to-
point connections. This design allows utilities to coordinate dispatch of multiple generators and
loads and to reduce reliance on any single transmission component. Coordination reduces costs
and increases generation reliability by spreading the reserve requirements (as discussed in Chapter
3). This design also allows utilities to take advantage of the temporal diversity among the peak
demands of multiple customers. Customers are generally charged for transmission capacity based
upon their peak-demand requirements (in terms of $/kW-month). Alternatively, the transmission
capacity charge could be based on the customer’s demand at the time of system peak to reflect
the coincidence of customer and system demands.
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CHAPTER 3

GENERATION-RELATED ANCILLARY SERVICES

ECONOMIC-MANAGEMENT SERVICES

Table 2 lists a range of economic-management services that the system operator could
provide to generators and customers. Within this category, only unit dispatch to instantaneously
and continuously match generation and load and automatic protection of the grid are required
services that can be provided only by the system operator. The other services could be performed
by another party. These other services include long-term planning (1) to meet growing customer
demands with new resources, (2) to provide fuels for generating units, and (3) to expand the
transmission system to meet reliability requirements and to increase capacity. For the midterm,
the system operator or another entity could coordinate maintenance scheduling of the generating
units in a control area to levelize reliability (e.g., loss-of-load probability) and minimize cost over
all hours of the year. In the short term, the operator or another entity could schedule generating
units for the week ahead and dispatch those units on a minute-by-minute basis. However, the
system operator must manage the transmission grid and some generating units to control
frequency and voltage levels to maintain system reliability and stability. This reliability/stability
function is mandatory because it is needed to maintain an electrical system and it requires
centralized monitoring and control. This chapter and the next one discuss several services implicit
in this notion of centralized monitoring and control.

Three ancillary services—unit commitment, economic dispatch, and emissions manage-
ment—deal strictly with managing assets (primarily power plants) to minimize overall system
costs. In all three cases, few resources are required, the cost of providing the service is low, and
the economic consequence of not providing the service can be very high.

Unit Commitment

Unit commitment is a decision-making function in which the system operator attempts to
ensure that sufficient generating resources are available to meet customer demands at the lowest
possible cost while meeting NERC reliability requirements. The utility uses a combination of
personnel, computer models, communication systems, and controls to provide this service.

Unit commitment has several time dimensions, ranging from a few hours to several years.
In the broadest sense, unit commitment starts with the initial planning of the generation resources.
The least-cost units are selected for construction based upon many factors, including forecast load
growth, future fuel prices, and reliability requirements. We do not consider such long-term
planning an ancillary service in this report.
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Table 2. Services that the system operator might provide

Service Time scale Description

Resource 10 to 30 Develop a least-cost mix of new generating units,

planning years retirements, life extensions, repowering, and demand-side-
management programs

Fuel planning 5tolOyears  Develop least-cost fuel supplies, contracts, and delivery
schedules

T&D Stol5Syears  Design system additions to maintain reliability and to

planning minimize cost

Maintenance 1 to 3 years Schedule interutility sales and planned equipment

scheduling maintenance to maintain reliability and to minimize cost

Unit Upto 1 week Decide when to start up and shut down generating units,

commitment respecting unit ramp-up and -down rates and minimum
runtimes and loadings

Economic Milliseconds  Adjust committed units to maintain voltages, frequency,

dispatch to minutes and the generation/load area-interchange balance at
minimum cost

Automatic Instantaneous Minimize damage to equipment and service interruptions

protection caused by faults and equipment failures

Source: adapted from Hobbs (1994)

On an annual basis, the system operator coordinates maintenance schedules for all of the
generating units to ensure that expected loads are met at the lowest cost while maintaining
reliability. This scheduling generally takes advantage of the lower loads in the spring and fall but
avoids having too many units out of service at any one time. Alternatively, the owners of
individual generating units or a third party could coordinate and schedule unit maintenance.

On a monthly and weekly basis, the utility forecasts expected load hour-by-hour and then
schedules generation to supply that expected load. This procedure is necessary because some
units require several hours to be brought online. The utility selects from among the generation
resources available (both facilities that it operates itself and facilities or systems from which it can
purchase) to obtain the lowest-cost mix of generation resources. Unit commitment is constrained
by unit startup costs, startup times, minimum operating loads, minimum operating times, etc. It
can also be constrained by transmission limitations, reliability requirements, and restrictions on
the operation of hydro units. Decisions are made as to which units should be used throughout the
week, which units should be kept warm for possible use, and which units can be turned
completely off.
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The weekly schedule is usually reexamined daily to determine which units to bring on-
and offline to serve the expected load for the following day. This process primarily
accommodates an updated forecast of the following day’s load (based largely on a better weather
forecast). It also accommodates changes in unit availability (caused by forced outages or early
returns to service). Changes in the external power market can also influence the unit commitment
if someone unexpectedly has power for sale at a low price or may be willing to pay a high price
for additional power.

These functions do not have to be performed by the owner of the generation equipment;
they can be performed by anyone with sufficient information about the costs of each unit,
communications links among generating units and transmission-system components, expectations
for the load, reliability requirements, and transmission-system configuration and constraints.

Unit commitment is not strictly a necessary service because power can be delivered
reliably without least-cost scheduling. Without it, however, the cost of electricity will likely be
higher. The cost of coordinated scheduling is low relative to its benefits because it is a decision-
making function with few equipment expenses (other than computers, monitors, and telemetry
equipment) and a small number of people involved. This service could be priced on a demand
(kW) or energy (kWh) basis or as a fixed charge.

Customers who use the service are readily identifiable by the type of service contract they
have. System customers automatically use the service. Conceivably, a competitive market could
perform essentially the same function via bilateral contracts, although this would require a great
deal of communication among each of the generators and customers.

Economic Dispatch

Economic dispatch is a continuous real-time decision-making function in which the
system operator, given the actual mix of generating units and power purchase/sell opportunities,
attempts to meet current customer demands at the lowest variable cost while meeting NERC
reliability requirements, emissions restrictions, and the terms of customer and interutility
contracts. The system operator adjusts the output from each unit to minimize the total variable
cost of generation.

In addition to scheduling units to meet the utility’s own demand, the system operator may
coordinate with the operators in other utilities. Most utilities are members of a power pool for the
purpose of sharing emergency and reserve responsibilities. This sharing improves reliability by
allowing a utility to call on its neighbors for assistance during local emergencies. Some power
pools extend coordination to include joint econornic dispatch of some or all the units in the pool.
In addition, the system operator can engage in economy transactions with other utilities separate
from any pool dispatch. All these activities ensure that the least-cost units are used to provide
power throughout a region larger than a single utility.
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The unit-commitment, economic-dispatch, and emergency-protection functions are
currently performed centrally on a utility or power-pool basis for the benefit of all customers.
Utilities in “tight” power pools plan and operate their individual generation and transmission
systems as a single system. There are three “tight” power pools operating today: the New England
Power Pool (NEPOOL), the New York Power Pool, and the Pennsylvania, New Jersey, Maryland
pool (FERC 1994b). Looser pools perform some of these functions for their members.

Economic dispatch is not strictly a necessary service, because power can be delivered
reliably without least-cost dispatch. Without it, however, the cost of electricity will likely be
higher. The cost of economic dispatch is low relative to its benefits because it is a decision-
making function with few equipment expenses (other than computers, monitors, and telemetry
equipment) and a small number of people involved. Like unit commitment, this service could be
priced on a demand (kW) or energy (kWh) basis or as a fixed charge.

Similar to unit commitment, customers who use economic dispatch service are readily
identifiable by the type of service contract they have. System customers automatically use the
service.

It is conceivable that a free market could perform essentially the same function via
bilateral contracts. This practice would require significantly more communication among
generators and customers and might not be practical. For example, NEPOOL recalculates the
appropriate output for each generating unit every two minutes.

Emissions Management

With the passage of the 1990 Clean Air Act Amendments and the establishment of
allowance trading, utilities moved into an era of economic management of emissions. Rather than
simply establishing standards for devices (as with automobiles) where total emissions would still
be unlimited if new sources were added, the U.S. Congress placed limits on total emissions. This
approach encourages polluters to find the least-cost ways to cut emissions. Emissions can be
dispatched as part of economic dispatch. Creation of an allowance-trading market allows for the
coupling of emissions management and economic dispatch.

As with unit commitment and economic dispatch, emissions management is a decision-
making function with few resources required but with large impacts on the economics of
electricity generation. While not strictly necessary, the economic consequences of failing to
perform the function are significant because the penalties for exceeding allowance limits are
severe. Standards for allowance limits are enforced by the U.S. Environmental Protection
Agency. The dispatching agent would likely charge for this service on the basis of ¢/kWh or $/ton
of emissions.
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RESERVE GENERATING CAPACITY

Because utility equipment (generators, transmission lines, etc.) is not 100% reliable and
because it is not possible to predict what future loads will be with 100% accuracy, utilities keep
extra generating capacity available in reserve. These reserves are split into categories based upon
how rapidly they can respond. Below, we classify generation reserves as load-following spinning,
reliability spinning, unscheduled energy, supplemental operating, stability enhancement, time
correction, local-area security, and nonoperating (Table 3). As the electric industry evolves,
customers and suppliers may choose to aggregate some of these reserve functions.

Table 3. Types and uses of reserve generating capacity

Type Description Unbundled??
Spinning reserve Fully available within 10 minutes
- Load-following - Used to meet time-varying customer loads Yes
- Reliability - Used to compensate for generator outages No
Unscheduled- Used to make up discrepancies between scheduled No
energy reserve power deliveries and customer use and actual power
deliveries and customer use
Supplemental Used to meet unplanned generating requirements in Yes
operating reserve 10 to 30 minutes
Stability Used to maintain dynamic stability of the electric No
enhancement system
Time correction Used to ensure that electric-system frequency No
averages 60 Hz
Local-area security Used to compensate for local transmission constraints No
Nonoperating The difference between total capacity and that needed Yes
reserve to meet planned system peaks plus other reserves

2Services cannot be unbundled if they are both required for customers and must be under
the control of the system operator.

Some generation is kept online and operating (i.e., spinning) so that it can begin
responding to imbalances between generation and load within seconds. Such generation, which
can reach full output within 10 minutes, is used for two purposes. Load-following spinning
reserve is needed to follow fluctuations in customer loads. Reliability-spinning reserve is required
to be instantaneously available in the event that generation or transmission equipment fails.
Although there are many similarities between these two spinning reserves (both immediately
respond to an imbalance between load and generation), we make a distinction here because they
differ in the service they provide to customers and suppliers and in which customers require them.
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Generation may also be kept online to provide local-area-security, time-correction, and stability-
enhancement services, which are discussed later in this section.

Generating units differ in their ability to provide these spinning-reserve services. Some
equipment is quite valuable because it can change output very quickly. For example, the proposed
Mt. Hope pumped-storage project will be able to ramp up at 210 MW/sec (Liodra and
Depenbrock 1994). By comparison, a baseload steam plant might require several minutes to
change output by this amount. Some renewables, such as wind and photovoltaics, are intermittent
and therefore cannot be dispatched at all. Such generators may impose a spinning-reserve burden
on the system, much as a time-varying load does.

Additional generation capacity is kept available and ready to be online beyond ten minutes
if the spinning reserves prove to be inadequate. This reserve is called supplemental operating
reserve, and it is intended to be fully available within 30 minutes of need. As with spinning
reserves, supplemental reserve could be split into load-following and reliability components but
we have not done so.

Still more generating resources need to be available over a longer time if either the load
grows unexpectedly (e.g., because the local economy is growing rapidly) or a major failure
occurs. Planning and constructing additional generating facilities takes significant time, from as
short as two years for small gas turbines to as long as a decade for a large coal unit. Thus, it is
necessary to have additional generating facilities available that can be called upon if they are
needed. Also, not all generating units are operational all the time. Periodically, units need to be
taken offline for planned maintenance, and units occasionally suffer unexpected (forced) outages.
Thus, available capacity is always less than installed capacity. The installed reserve minus the
capacity dedicated to the spinning, unscheduled-energy, supplemental-operating, stability-
enhancement, time-correction, and local-area-security reserves is available to fill this need

(Fig. 3).

While it may be tempting to think of a particular generator as providing a particular
service, it is generally preferable (for reliability reasons) to spread services over several
generators. A 500-MW unit might dedicate 400 MW tc basic energy production and leave 100
MW for a combination of load-following spinning reserve, reliability spinning reserve, serving
unscheduled energy, stability enhancement, and time correction.

Load-Following Spinning Reserve

Utilities must supply energy whenever customers require it, generally with no advance
warning from customers; we expect the light to turn on as soon as we flip the switch.
Aggregating customer loads yields a total load that behaves in a statistically predictable manner,
greatly reducing fluctuations but not eliminating them (an example of the law of large numbers).
To accommodate the fluctuations in load, utilities dedicate a portion of their online generation
to providing load-following spinning reserve (sometimes called regulating margin). The output
of this generation is adjusted continuously and automatically to compensate for these changes in
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Fig.3.  Schematic showing temporal variation in loads and generating capacity.
Operating reserves include both spinning reserves and supplemental operating
reserves. Outages include both forced outages and planned maintenance outages.

the aggregated customer load. Appendix A describes how utilities control generation to provide
both load-following spinning reserve and reliability spinning reserve.

This service is required by most customers. A customer could completely avoid placing
a load-following burden on the utility by always presenting a constant load to the utility. All the
information required to provide this service is available at the customer meter. This could be
accomplished by strictly controlling the load, by having energy storage available, or by having
dedicated generation compensate for load fluctuations. This storage or dedicated generation could
be owned by the customer or could be contracted for directly by the customer. Load can be
metered to ensure compliance with utility requirements; the utility likely would impose a penalty
if the customer failed to control its load.

Under NERC guidelines, load-following spinning reserve is spread over as many units as
is practical because it is easier to get the required rapid response by adjusting several units a small
amount rather than by adjusting a single unit a large amount. Any generating unit within the
control area equipped with a governor and automatic generation control (AGC) can help provide
this service.

Each NERC region sets the required amount of load-following spinning reserve that a
utility must provide. This reserve is normally sized to meet the historical maximum absolute
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deviation of actual load from expected load for a scheduling period (e.g., an hour). The sum of
load-following spinning reserve and reliability spinning reserve is based on the size of the largest
generating unit (typically 3 to 6% of the expected peak load). The cost of providing the service
is a combination of the fixed costs of the generating units plus the variable costs for the actual
energy provided. This reserve is used regularly. The cost of this service will depend on the actual
units used to provide this service. If spinning reserves are provided by the unused portion of
operating units, the cost will be low. On the other hand, if spinning reserves are provided by units
that are kept hot but are delivering minimum power to the grid, the cost could be much higher.

Billing for this service should probably be based on the volatility of the customer’s load
(e.g., the standard deviation of the load). An interesting question concerns the appropriate time
period over which to determine such temporal variations. The usual 30- or 60-minute interval may
be too long to capture the effects of load volatility on utility costs. As shown in Fig. 4, different
customers impose different costs on the utility, depending on the variance of the customer’s load.
In this example, it costs the utility more to meet the time-varying loads of Customer 1 than to
meet those of Customer 2. For example, electric-arc furnaces impose enormously variable loads
on utilities. These variations not only require additional generation and transmission capacity, but
they also stress equipment, reducing operating lifetimes. Paper mills, on the other hand, operate
with nearly constant loads, thereby requiring much less load-following reserve.

Reliability Spinning Reserve

Reliability spinning reserve is required because utility equipment is not 100% dependable.
When failures occur, either of generators or of transmission components, additional generation
must be online (spinning) to respond immediately and to continue to meet the load. The way this
spinning reserve is controlled is essentially identical to the way load-following spinning reserve
responds. Both detect and respond to discrepancies between generation and load. An important
difference is that load-following spinning reserve is responding all the time to small changes in
system load while reliability spinning reserve responds to infrequent, but usually larger, failures
of generation or transmission (Appendix A).

One of the major benefits of interconnections with other neighboring utilities is the
reduction in required reliability spinning reserve. If each utility stood on its own, each would have
to be able to survive the loss of its largest generating unit at all times. For a utility with few units,
this need would represent a significant expense and a significant restriction on the use of larger,
cheaper, units. Interconnected utilities need only be able to survive the loss of the largest unit in
the interconnection. Additional generators, beyond those required for the expected peak load and
customer load fluctuations, are kept online to accomplish this.

Under NERC guidelines, reliability spinning reserve is spread over as many units as is
practical because it is easier to get the required rapid response by adjusting several units a small
amount rather than by adjusting a single unit a large amount. Any generating unit equipped with
a governor and AGC can help provide this service.
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Fig. 4.  The temporal nature of customer loads can differ substantially. These differences
affect the utility’s cost of service, especially for load-following spinning reserve.

With sufficiently sophisticated controls, a customer might also help supply reliability
spinning reserve to the system by allowing automatic tripping of part or all of its load.
Communications between customer and supplier may allow for tripping of the customer's load
in response to loss of the supplier's generating units. Alternatively, underfrequency relays,
installed just upstream of a customer’s load, may be set to detect small changes in system
frequency. If the frequency drops below a set level (e.g., 59.9 Hz), the customer’s load is
automatically disconnected from the grid. Only the system operator, however, has sufficient
information available (interchange flows as well as frequency deviation) to know if the reliability
problem is inside or outside the control area and how much response the control area should
provide to the event (see Appendix A). In this sense, the system operator provides the reliability-
spinning reserve even though he may contract with generators and loads for the resources to
provide the service under his control.

The required amount of reliability spinning reserve for a utility is set by each NERC
region, varies among control areas, and is tied to the size of the shared risk of losing the largest
generating unit. The cost of providing the service is a combination of the fixed and operating
costs for keeping the generating facilities online and unloaded. This can include the differential
in cost of having to operate more-expensive generating units to maintain sufficient capacity.

The billing for this service would probably be based on peak demand, either the
customer’s maximum demand or the demand at the time of system peak.
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Unscheduled Energy

If a customer takes more energy from the grid than has been contracted for, the utility must
either supply the energy or have sufficient control over the load to be able to stop the excess
consumption. Because of the difficulty in controlling each load and because the unplanned
consumption may be caused by an emergency, utilities are reluctant to automatically cut off
customer loads.

Historically, unscheduled energy was not an issue because vertically integrated utilities
generally agreed to meet all their customers” electrical demands. In the future, if customers obtain
generation capacity and energy from sources other than their local utility, unscheduled energy
could be an issue.

Instead of controlling the load directly, utilities could charge a high price per kWh for this
unplanned service. The high price would discourage customers from “leaning on” the system and
ensure that customers and their suppliers meet their contractual obligations. Alternatively,
customers could buy standby service from their local utility. Technically, this service is the same
as load-following spinning reserve; but, contractually it is quite different.

Because metering use of this service is easy, billing could easily be based on a penalty for
use. Alternatively, it could simply be a requirement that all customers contract for some level of
load-following spinning reserve.

Supplemental Operating Reserve

Utilities maintain additional generation reserves to cover times when the spinning reserves
are insufficient. Such reserves are expected to be available within 10 to 30 minutes. Each utility’s
supplemental operating reserves are set by its NERC region and generally total about 3% of the
expected daily peak load. These reserves not only back up spinning reserves but are also used to
restore the generating mix to a least-cost configuration. Any generating unit or interruptible load
could help supply this service if it is available within 10 to 30 minutes. Only the system operator,
with his knowledge of all of the conditions within the control area, knows when and how much
supplemental reserves are required.

The cost of providing the service is a combination of the fixed costs for providing the
generating facilities and any operating costs associated with being able to operate on 10- minute
notice. This expense could include the differential cost of having to operate a more expensive unit
to maintain sufficient capacity or a unit that could be started by remote control (a hydro unit for
example). Because of the similarity between spinning and supplemental reserves, the billing for
this service would likely use the same method as that used for spinning reserves.
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Stability Enhancement

Almost all power-system generators operate synchronized to the power-system frequency
of 60 Hz. Consequently, all of the generators operate in lock step with one another. When a short
circuit or fault occurs on the transmission system, the generating units closest to the fault cannot
transmit their full output through the short circuit and begin to speed up. When the fault is cleared
and the transmission system re-established, these machines are no longer in step with the rest of
the machines in the system and must be slowed down to be brought back into synchronism. If the
transmission system is capable of handling the resulting power-flow surges, the errant generators
will return to normal, and the disturbance will pass. If the transmission system is too heavily
loaded to handle the surge, the generators will continue to speed up and will have to be tripped
off the system to prevent being damaged, causing a loss of generation and another disturbance
as the reliability spinning reserves are called upon.

The obvious cure for inadequate stability is additional transmission capacity, although this
remedy may be difficult and expensive. Active devices installed on the generator can enhance
system stability in various ways, often at costs considerably less than building additional
transmission capacity. The benefit received is usually specific to the location of the stabilizing
device in the system and the type of stabilizing device employed.

These devices can damp out oscillations by rapidly injecting and/or removing either real
or reactive power from the system in a controlled manner. (Appendix B explains reactive power.)
Fast throttling, dynamic brakes (i.e., aresistor brake to slow down the generator, absorb energy,
and prevent the unit from pulling out of step with the rest of the system), voltage regulators, and
field-forcing devices called power-system stabilizers all-can be placed on generators.

Storage devices such .as superconducting magnetic energy storage devices (SMES),
batteries, or flywheels with high-speed, solid-state controllers can be used. Transmission-system
devices, such as static-var compensators, DC lines, DC-DC links, and flexible AC transmission
devices, can all be used to dampen oscillations if they have appropriate controllers. A load with
a large solid-state drive could be equipped with a controller that stabilized the power system
without detriment to the controlled load. For most of these devices, at least a portion of the
capacity would have to be dedicated to stabilizing the power system and would be unavailable
for other uses. All these devices must be able to respond automatically and extremely rapidly
(within a few cycles) to dampen power-system oscillations and other short-term disturbances,
such as surges, sags, swells, and notches in the voltage and current waveforms. (See the
discussion of power quality in Chapter 4.)

The stability benefits provided by various devices can be determined through system-
stability studies. Such studies can determine the limits on operation of each generator and the
transmission system under various conditions. The provider of the service could be compensated
based on the economic benefit the stabilizing device provides to the system. This compensation
could be a share in the energy cost savings or a reimbursement for the increased reliability. In
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most cases, the benefits would be specific to the particular power system and the location within
the system where the device was installed.

Such services could be provided by the transmission system, generators, or loads. Anyone
with capital to invest in the device and access to an effective location on the system could provide
stability services. Ultimately, the system operator would decide how much of what services are
required and how much they are worth to the system.

Time Correction

Most electric clocks operate by counting the cycles in the power frequency. Although the
frequency is maintained within tight limits (often within 0.01 Hz of the 60-Hz reference), the
apparent time displayed by power-system-supplied clocks would drift if not corrected. A 0.01-Hz
average error would cumulate to 15 seconds a day. Generation must be adjusted periodically to
correct for this error.

American Electric Power, Southern California Edison, and the North Texas Security
Center monitor real and apparent time for the eastern interconnection, the western
interconnection, and Texas, respectively. When the difference between real and apparent time
reaches two to eight seconds, the time monitor notifies each control area in the interconnection.
All control areas then adjust their frequency setpoint of the AGC by 0.02 Hz from 60 Hz (up if
apparent time is behind real time or down if apparent time is ahead of real time). The frequency
set point is returned to 60 Hz when real and apparent time are once more synchronized. This is
a small, inexpensive, but important service.

Time correction is a mandatory service that can be provided only by the system operator
and therefore cannot be unbundled. However, its cost is very small.

Local-Area Security

A theoretically optimum economic dispatch may not be achievable because of
transmission constraints (i.e., voltage, thermal, or stability limits), sometimes referred to as
congestion. The lowest-cost production may come from a remote plant whose energy must be
imported into the load center over long-distance transmission lines. If the transmission system is
composed of a few high-capacity lines, loss of one of these lines may limit the import capacity
to the point that service reliability may be unacceptable. To resolve this problem, a utility may
reduce output from low-cost but remote units (said to be constrained off) and, instead, operate
more expensive generation units near the load center (said to be constrained on) to provide
backup for the transmission system. Generation required to be in service for this reason is said
to be providing local-area security. The exact nature of the constraint and the available remedies
are very case specific.

Any properly located generator can provide local-area security. If the transmission
limitation is thermal rather than stability, customers might help provide the service by allowing
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loads to be automatically interrupted, but it is generally only the system operator who has

sufficient information to know when control actions are requlred Compensation for local-area
security might be based on the difference in cost to operate the constrained-on units relative to
the cost to operate the constrained-off units.

Nonoperating Reserve

Because it takes several years to construct new generating facilities, it is important to have
sufficient additional facilities available should some of the existing units become unavailable
(either because of planned maintenance or a forced outage) or should the load grow faster than
expected. The nonoperating reserve is the difference between installed generating capacity and
the sum of actual system peak demand and the other reserves discussed in this section. If more
electricity consumers have the option of real-time pricing in the future, the amount of reserves
needed will likely go down. Price-responsive loads will reduce the need for reserve capacity.
Such a substitution of economics for engineering in setting reliability margins would also reduce
the need for the spinning-reserve services discussed above.

The cost of providing this service is essentially the same as the cost of providing basic
capacity, and is also based primarily on the construction cost of the generating facilities. If a
reserve of 15% is maintained, then its cost will be about 15% of the cost of basic capacity.
Significant variation can occur, however, because utilities use different types of generators to
supply different portions of this service. Generators with lower capital cost but higher operating
costs, such as combustion turbines, may reduce the cost of providing this service.

As with basic capacity, nonoperating reserve can be provided by anyone with generating
capacity connected to the grid as long as there is sufficient transmission capacity to move the
power to the load. This service need not be provided by the system operator.

Customers who have no reliability requirement and who can accurately predict their load
well into the future may not require this service. The customer’s load would have to be
interruptible by the system operator, however, to avoid using the installed reserve when
generation or transmission was out of service.

Because this service consists of capacity held out of production, billing for this service
could be the same as for basic capacity, based on the highest power consumption (determined by
measuring the energy consumption over short periods, such as a half hour) in a month. Billing
should not include charges for capacity that are recovered under the other reserve-capacity
services.

*Thermal overloads involve the excessive heating of transmission lines or other equipment from
excessive flows. Because the limitation is thermal, there is usually time (seconds to hours) in which control action
can be taken. Stability limits, on the other hand, involve the inability to keep rotating equipment synchronized.
Oscillations can build between generators within a few cycles, allowing little time for corrective action.
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BLACK START

Auxiliary services for an operating generating unit use about 2 to 5% of its output.
Bringing a generating unit online from a cold start, however, requires considerable electricity to
operate motors; perhaps to heat fuel oil; to convey fuel to the boiler; to pump water, steam, and
air throughout the plant; and for many other functions. Under normal circumstances, the
generating unit draws this power from the grid.

Under conditions of system collapse, it may not be possible to draw power from the grid.
Generating units that can restart without taking power from the grid are called black-start units.
A unit that is capable of black starting is inherently more valuable to the system. After the unit
starts itself, it can be used to start other units and to energize the transmission grid. Some units
black start using a small gasoline-driven generator that starts a larger diesel generator. The diesel
generator is used to start a combustion turbine that produces sufficient power to provide the
auxiliary services for a large fossil steam plant. Some combustion turbines can black start using
batteries and compressed air. Some hydro units can black start using only water pressure.

Almost any generator connected to the grid can be used to start other units if it has black-
start capability. Conceivably, emergency generators at a load could be used for this purpose,
although 1t would be a very rare case where this was economically viable.

Black start is yet another service that is vital although inexpensive. Its costs are primarily
the capital cost of the equipment used to start the unit, the cost of the operators, the routine
maintenance and testing of equipment, and the cost of fuel when the service is required. Because
the system requires this service to be viable, all customers who use the system require this service.

Customers could be charged for this service as part of the fee for connection to the grid.

Generators that provide this service could be paid a predetermined fee when the service is
provided or could be paid annually for being ready to provide the service.
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CHAPTER 4

TRANSMISSION-RELATED ANCILLARY SERVICES

TRANSMISSION-SYSTEM MONITORING AND CONTROL

The transmission system is both the means whereby electric service is delivered to
customers (through the distribution system) and the linkage among generators to increase
reliability, reduce generating costs, and make possible commercial trading in electric power. The
system must be monitored and adjusted continuously to accommodate changing flows, voltage
levels, and losses within the system and to respond to disturbances, such as lightning strikes and
outages. This management is accomplished through the use of central control facilities,
computers, communication equipment, sensors, remote actuators, and operators.

Most control centers use sophisticated system simulation and modeling capabilities to
conduct what-if analyses for projected system conditions. Computer-based state-estimation
analysis tools, which assess the status of the system in real-time, advise the operator when the
system is at risk of a disturbance. In some ways, transmission monitoring and control is the
transmission-system equivalent of economic dispatch of generation. In fact, to the extent that
transmission losses depend on the location of the generation, transmission losses are factored into
economic dispatch.

The capacity of the transmission network varies with the location of generation relative
to loads, the characteristics of the generation units online, and the availability of system reactive-
power-compensation devices. Changes in any one of these factors can change the performance,
and therefore the capacity, of the transmission system. Construction of new transmission lines to
strengthen the system is increasingly difficult because of public opposition. With the emphasis
on access to the system for economic reasons, the importance of the continuous transmission-
management function will increase as it is called upon to extract more and more capacity from
a finite resource.

Flows in the transmission network change continuously as generation and loads change.
In general, power flows through many paths when moving between two points. The flows along
different paths are inversely proportional to the impedance of each path. Contract arrangements,
on the other hand, often specify only a single path. Parallel flows that spill over onto the lines of
a third party can impose a burden on the third system. Such unplanned power flows, often called
loop flow, can fill a transmission line’s capacity, blocking the flow of electricity from other
sources. The Bonneville Power Administration (1994) notes that unscheduled power flows from
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the Southwest into California and on to the Northwest have forced Bonneville to purchase higher-
cost power from other sources.

Flows must be monitored continuously to ensure that lines are not overloaded and that
connectivity is maintained. Automatic equipment protects individual lines from damage by
removing them from service when flows are excessive. This protects the line in question but
frequently results in overloading other lines. Unfortunately, there are few devices on the
transmission system (exceptions include DC lines, back-to-back DC links, phase-angle regulators,
and flexible-AC transmission-system devices) that allow direct adjustable control of the flow over
a single line. Consequently, the system must be monitored and configured to accommodate
changing conditions. When the transmission system cannot be configured to accommodate the
required flows, generation must be taken off economic dispatch and adjusted. (See the discussion
of local-area security in Chapter 3).

Operators have some discretion in system configuration. Overall system performance can
sometimes be enhanced by removing a line from service or by opening a connection. If a low-
capacity line runs parallel to a high-capacity line, it may be better to remove the low-capacity line
from service and allow the high-capacity line to carry all of the load if the low-capacity line is
reaching its limit.

Moving power over long distances always results in real and reactive power losses; see
Fig. 5 and Appendix B. Loss management is performed both in planning and in operating the
transmission system. As with generation, designers must trade off the savings associated with
lower losses against the higher capital costs of larger or better transmission-line conductors that
have less resistance or more-efficient transformers. Losses are a function of the patterns of load
and generation. System operators can generally configure the network to minimize losses on a
daily basis. For example, high-loss network elements (transformers or lines) can be taken out of
service to force flows onto lower-loss elements when the capacity of the high-loss element is not
required. The optimal configuration can change as generation and load patterns change.

The operators, in the event of a sustained transmission contingency (the loss of a line or
another element in the transmission system), reconfigure the system to achieve two goals: (1)
prevent overloading other elements of the system and (2) minimize the number of customers that
experience an outage.* The effectiveness of these control actions depends on the flexibility built

*The length of time available for this decision depends on the overload condition the operator is trying
to mitigate. If the load on an overhead line has just passed its normal rating but not yet reached its emergency
rating, the operator may safely wait a few hours before taking action. A line’s 24-hour emergency rating might
be 10 to 30% higher than its normal thermal limit, while its 15-minute emergency rating might be 20 to 100%
higher than its normal thermal limit. With a transformer or an underground cable, a decision may be required in
minutes. Of course, if the overload is severe enough, the protective relaying will automatically remove the
equipment from service and present the operator with a new and potentially more difficult situation.
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into the system. Flexibility is a function of the quality of the planning (inexpensive) and the
redundancy built into the system (expensive).

REACTIVE
POWER (VAR)

POWER FACTOR = COS @
= W/VA

REAL POWER (W)

Fig. 5.  Apparent power is the vector sum of real and reactive power.

Transmission monitoring and control are necessary for the continued safe, reliable
operation of the electrical system and will become even more important to maximize use of
transmission capacity for power transfers. Compared to generation, monitoring and control are
inexpensive. All customers implicitly use this monitoring and control service whether the
response is to adjust the system and maintain their load or to interrupt their load in an effort to
help the system. Billing for this service could be on a peak-kW basis.

REAL-POWER-LOSS REPLACEMENT

Real power losses are the differences between generated real power and the real power
delivered to customers. Moving power over long distances always results in real losses because
of the resistance of each element. The losses depend on the network’s configuration, the
generators, and the loads.”

*For current-carrying elements, such as transmission lines, the loss is proportional to the square of the
current flowing through the conductor times its resistance (I2R); these are called load losses. For shunt devices
(placed from line to ground or from line to line), such as capacitors or inductors, the loss is proportional to a
power of the voltage across the device divided by its resistance (V%/R), where n depends on the nonlinearities of
the device); these are called excitation losses. Devices like transformers have both load and excitation losses.
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Losses are composed of the excitation and load losses of each element. Excitation losses
are voltage dependent and essentially load independent. Load losses for most devices are a
function of the square of the load. For a typical transmission system, losses average 2 to 3% of
the system load. However, losses vary greatly as conditions on the network change. In particular,
at times of system peak demands, losses are much higher than under average loading conditions
(Fig. 6). The nonlinear nature and temporal variations in losses make it difficult to compute their
costs and to assign them unambiguously to particular customers.

Real power losses must be made up by generators. The system operator could run its own
generators to compensate for the losses, he could contract with another supplier to provide for
the losses, or customers could contract with other suppliers to provide for the losses. Retail
customers usually pay for losses on a system-wide basis. Point-to-point transaction customers
(where a customer contracts with the system operator to move a block of power from one point
to another) can either pay the system operator for the losses or they can supply extra power to
make up for system losses.

Typically, energy losses are paid for on a ¢/kWh basis and vary with time based on the
variable operating costs of generating units. Demand losses are paid for on a $/kW-month basis
and reflect the costs of additional generating and transmission capacity. Determining costs and
prices is complicated because transmission-system losses are functions of both time and location.
“nly the system operator has sufficient information to know what the losses are at any time.

LOSSES AS PERCENT OF MONTHLY SYSTEM PEAK

10

| |
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Fig. 6. Transmission and distribution losses for the Detroit Edison system at the time
of monthly system peaks (Matusz 1994).
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REACTIVE-POWER MANAGEMENT AND VOLTAGE REGULATION

Because of the inductive nature of most power-system devices and most loads, reactive-
power management and voltage regulation are two aspects of the same problem. Reactive power
refers to the portion of apparent power that does no work (Appendix B). Reactive power must
be available to operate certain kinds of equipment (e.g., transmission lines, transformers, motors,
and fluorescent lamps) and to maintain voltage levels, reduce losses, and control the phase angle
between voltage and current within the transmission and distribution system. Reactive power is
consumed both by the transmission system and by customer loads. Apparent power is the
complex sum of real power (the portion that produces work) and reactive power (Fig. 5).

Reactive-power management and voltage regulation include both system and local
components, System reactive-power management and voltage control is used to maintain voltages
within prescribed limits at various points in the transmission grid and to compensate for the
reactive requirements of the grid. In that sense, it is analogous to reliability spinning reserve. We
consider local reactive-power management and voltage regulation to be a customer service,
intended to: (1) meet customer reactive-power needs and (2) control each customer’s impact on
system voltage and system losses and ensure that power-factor problems at one customer site do
not affect power quality elsewhere on the system. In that sense, local reactive-power management
and voltage control is analogous to load-following spinning reserve.

Reactive losses are much higher than real losses. Voltage drops are predominantly caused
by the inductance of the lines and transformers (rather than the resistance), and can be
compensated for by supplying reactive power. (Conversely, too much reactive power can produce
excessively high voltages.) Because of the high inductance of lines and transformers, reactive
power does not travel well through the transmission system, so reactive support must be provided
much closer to reactive loads than real power needs to be provided to real loads.

Voltage regulation is aimed primarily at maintaining voltages within certain ranges, but
is also concerned with minimizing temporal variations in voltage. Voltage regulation is generally
more of a local problem than is provision of real power for the reasons given above. Finally, most
devices (lines, transformers, breakers, etc.) are load limited by current rather than by real power.
If they are carrying significant reactive power and reactive current, they have less capacity
available to transport real power.

Most customer and utility equipment is sensitive to the power-supply voltage. Regulating
bodies and standards-setting institutions (such as the Institute of Electrical and Electronics
Engineers, NERC, the NERC regions, and state regulatory commissions) establish the range of
acceptable voltages to be delivered to customers. For example, voltages delivered to residential
customers are typically maintained in the range of 110 to 130 V. Most utilities set standards for
voltages throughout their transmission system whether a customer is connected at the point or not.
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Historically, power has generally been sold, either between utilities or to ultimate
customers, at a specified minimum power factor (the ratio of real power to apparent power). Once
the customer has fulfilled its power-factor obligation, the utility is responsible for maintaining
system voltage. While this process may remain the most effective way to split responsibilities
between customers and suppliers, in many instances the distinction does not necessarily lead to
the most efficient use of resources.” We split the services into a local component and a system
component because the customer has sufficient information at its location to control both local
reactive-power demand and the local voltage while only the system operator has sufficient
information to know what the voltage regulation and reactive-power requirements are throughout
the grid.

The cost of supplying reactive power is primarily the capital cost of the equipment (e.g.,
generators and capacitors). In addition, the operating cost of over- or under-excitation of
generating units should be assigned to reactive support. Voltage-control devices have additional
operation and maintenance expenses and generally have higher capital costs as well.

System Reactive-Power Management and Voltage Regulation

Voltage is controlled throughout the transmission system through the application and
operation of ratio-changing devices (e.g., transformer taps and voltage regulators) and reactive-
power-control devices (e.g., capacitors, reactors, static-var compensators, generators, and
occasionally synchronous condensers). The system operator must monitor and control these
voltages and supply the reactive-power requirements of the grid. At certain locations, it may be
more economic for the utility to purchase reactive support from a customer or other party than
it is for the utility to directly supply the reactive support it is responsible for (i.e., the customer
could sell VARSs to the system operator).

Because the cost of supplying system reactive power management and voltage regulation
is primarily a capital cost, billing could be tied to customer peak demand.

Local Reactive-Power Management and Voltage Regulation

The customer can correct the power factor of its load and control its voltage through the
application of reactive-power-control devices (usually capacitors but possibly reactors,
synchronous motors, synchronous condensers, static-var compensators, or customer-owned
generation). If the customer is unable to perform this function, the supplying utility can provide

*A lightly loaded transmission system might require the application of inductors at local substations to
keep voltages from being excessive. The traditional split in responsibilities that requires customers to meet
minimum power-factor standards while utilities control voltage would require a poor power-factor customer to
install capacitors to raise its power factor at the same location the utility was installing inductors to control
voltage.
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reactive power from devices installed on the transmission and distribution system. Some utilities
charge customers for reactive-power consumption at 20% of the rate charged for real power
consumption.,

TRANSMISSION RESERVES

Just as generation capacity is required for spinning reserve, frequency regulation, area
control, and automatic generation control, so must reserve capacity be available on the
transmission system. This extra transmission capacity is used to provide instantaneous
accommodation to replace the output from a disabled generator with generation from units in
other locations. Primarily because transmission systems are passive, we do not divide
transmission reserves into different elements, as we did for generation reserves.

Sufficient reserve transmission capacity must also exist to handle the increased flows
resulting from the outages of lines or transformers. Most transmission systems are designed and
operated so that they can survive the removal of any single element without loading any other
element above its emergency rating. System engineers refer to this as the N-1 criterion, where
N refers to the number of generation and transmission elements being considered.

Customers who require generation reserves also require the corresponding transmission-
reserve services. Because there is generally no load associated with these services there are few
losses. The primary cost of transmission reserves is the capital cost of the required equipment;
additional costs are associated with planning, monitoring, and maintaining the system.

Only customers with no reliability requirement at all do not require the extra transmission
capacity, but even they require the system operator to monitor the transmission system, identify
the need to take action, and take the control actions to interrupt their load. The loads of such
customers would have to be automatically interruptible to avoid using the transmission reserve.
In that sense, these customers would require the service from the system operator but would also
be supplying the system operator with the resource necessary to provide the service.

Billing for this service could be on a peak-kW basis. More generally, payment for
transmission reserves is likely to use the same approach as that used for generation reserves.

REPAIR AND MAINTENANCE OF NETWORK COMPONENTS

In the event of an outage, a maintenance force must be available 24 hours a day, along
with an inventory of equipment, to return damaged equipment to service quickly. Some outages
require that generators be redispatched (i.e., constrained on or off relative to the order for
economic dispatch). This redispatch can be expensive, depending on the duration of the outage.
Rarely, transmission outages disconnect customers completely. These outages must be restored
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as quickly as possible, but because the losses incurred are on the customer side, their costs are
usually more difficult to quantify.

Preventive maintenance must be performed on all elements of the transmission system to
minimize forced outages. Some elements, such as circuit breakers, relays, and transformers,
require service every few years. Other elements, such as transmission-line towers, require
painting only every decade or two.

All users of the transmission system require this service, although some require more rapid
response to outages than others. While the resources for providing the service may be obtained
from third parties (e.g., line crews), the service must be centrally coordinated by the system
operator with the operation of the rest of the transmission system. Billing would probably be on
a peak-kW basis.

METERING, BILLING, AND COMMUNICATIONS

Individual customer loads are most easily metered at the point of delivery. Interchanges
between utilities are metered at the points of interconnection. This function involves construction,
maintenance, and regular calibration of complex equipment able to measure high voltages and
currents continuously to an accuracy of better than 99% for years. The equipment must be
sufficiently sophisticated to accommodate the various tariffs offered (e.g., time-of-use metering,
demand and energy accounting, and real- and reactive-power charges). Billing also requires
record keeping and accounting.

All of the generators and loads receiving compensation (or reduced rates) because they
are capable of responding to central control require real-time communications. AGC, automatic
load-shedding, system-control and data-acquisition systems, operator voice communications, and
protective devices all require communications. Many means of communication are used,
including microwave, radio, leased telephone line, pilot wire, fiber optics (separately or carried
within a power-line conductor), and carrier current coupled directly to the power line. The
communications network is frequently integrated tightly into the transmission network.

System customers should pay for the communications required to operate the system.
Individual customers should pay for any special metering and communication equipment required
for their specific situation. Third-party generators that are compensated for their ability to respond
to central control should have that compensation adjusted to the extent that the transmission
system provides communication services for them.

As with many of these services, while the cost to the overall system is low, the cost of

specific installations can be quite large. In principle, this service need not be provided by the
system operator.
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POWER QUALITY (WAVE FORM)

Both customers and power suppliers desire to maintain the power supply as a perfect 60-
Hz sine wave. Many loads, especially electronic equipment, are sensitive to the input waveform.
Regulating bodies and standard-setting organizations establish limits for maximum allowable
deterioration in harmonic content. Disturbances to the waveform can originate on the utility
system (as a result of transformer excitation current or capacitor switching, for example) or on
the customer’s system (e.g., solid state power supplies and motor drives). Table 4 identifies some
common types of power-quality disturbances. Because harmonics generated by one customer can
adversely affect another customer, the utility seeks to ensure that the power delivered to each
customer meets standards for waveform quality. The utility must eliminate harmonic sources on
its system. It must also ensure that one customer does not propagate power-quality problems
through the power system to other customers. In some ways, this service is the transmission-
system complement to the generation service of stability enhancement.

Harmonics can be removed and power quality improved through the use of filters.
Inductive filters placed in series with the line can block the flow of harmonics. Capacitive filters
placed between line phases (delta) or between the line and ground (wye) can absorb harmonics.
Different filters are used to absorb different frequencies of harmonics.

Because system impedance rises with frequency, harmonics generally do not travel long
distances. Therefore, the problems they produce are localized, and filters designed to remove
harmonics from the system must be located near the source of the harmonics.

The cost of filtering equipment required to clean up the harmonics produced by power-
system equipment necessary for system operation (static-var compensators, SMES, DC lines, DC-
DC connections, flexible-AC transmission systems, etc.) should be borne by all the users of the
power system (or at least all of the users who benefit from the equipment producing the
harmonics). The cost of filtering equipment that is necessary because a load is producing
harmonics should be borne by that particular customer. A customer can avoid the cost of these
latter filters by ensuring that it does not impose a harmonic burden on the system.

A third party could install filters to remove harmonics from the power system. For
example, a customer in an industrial park that required filters for its own load could install larger
filters to remove the harmonics produced by other loads within the industrial park. In this case,
the customer should be paid for the harmonic-removal service.

In general, the cost of harmonic filters, when spread over the entire system, is quite small,
but the costs for a specific installation can be large (millions of dollars).
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Table 4. Types of power-quality problems

Name Explanation

Surge Usually lasts less than 0.001 seconds, can jump to four times normal voltage,
and is often caused by lightning

Swell Usually lasts longer than 0.03 seconds, small voltage variations, and is often
caused by a large change in customer load or by the switching on or off of
utility equipment

Sag Usually lasts 0.05 to 0.2 seconds, with voltages up to 20% less than normal,

and 1s often caused by system overload

Notch Usually lasts less than 0.03 seconds, is characterized by a momentary loss of
power, and is often caused by starting loads or utility equipment failure

Source: adapted from Pacific Gas and Electric (1992).

36



CHAPTER 5

COMPARISON WITH OTHER DEFINITIONS

In this chapter, we compare the nomenclature and definitions developed in Chapters 3 and
4 with those used by several utilities. Specifically, we present the services suggested by Arizona
Public Service (Beals 1994), Consumers Power (Lefere 1994), Detroit Edison (Musial 1994),
Pacific Gas & Electric (Metague 1994), and Southern California Edison (Nunnally 1995); see
Table 5. ;

Arizona Public Service divided its list of “unbundled services” into the following classes:
firm and nonfirm requirements (generation), firm and nonfirm transmission, area control, and
standby services. Pacific Gas & Electric assigned functions to ancillary services, other control-
area costs, other grid-related enforcement mechanisms, and unbundled merchant services.
Southern California Edison included coordination, planning reserves, spinning reserves, and load
following as generation-related ancillary services plus losses and voltage support as transmission-
related ancillary services. Detroit Edison and Consumers Power, because they were required to
file retail-wheeling tariffs with the Michigan Public Service Commission, provided the greatest
detail on these services, their cost bases, and suggested tariff components. Detroit Edison
classified services as administrative, transmission, or ancillary.

The New England Power Pool (1995) identified ten services that “must be provided by
the control area,” including: (1) tie-line/frequency regulation, (2) inadvertent-energy management,
(3) time-error management, (4) interchange-schedule implementation, (5) administration of inter-
control-area emergency transactions, (6) online-capacity management, (7) operating-reserve
margin, (8) planned-transmission-outage coordination, (9) planned-generation-outage coord-
ination, and (10) transmission-system operation. NEPOOL identified 15 additional services that
need not necessarily be provided by the system operator. The operating (nonplanning) functions
in this list include: generation-unit commitment, online-generation dispatch, contract scheduling,
provision of operating reserves, dispatchable-load management, transmission-facility scheduling,
voltage control, and system restoration after loss of power. Because the NEPOOL analysis
focused on the “central dispatch and the services which central dispatch provides,” mapping the
NEPOOL functions onto the services described above, which focus more on the services that
customers receive, is difﬁcul't.

Because the utilities had different purposes in mind when they identified these various
services, their coverage differed. For example, only Arizona Public Service and Southern
California explicitly identified the basic generation capacity services that we discussed in
Chapter 2. The other utilities presumably did not include these services because their focus was

37




ssuerdwosuou uonengar agejoA
yoddns aanoeay poddns sAnjoear poddns pue jusuadeusw
poddns a3ejjop ‘woddns a3ej0p  pue [onuod a8e0A wasAs Jo ued yoddns Yy A Jomod-oAnoeay
A310u0 Jusuesefdar
§95S0'] 9S50 pue Ajoedeo sso]  Juswsoedar ssof-sur] $9SS0 sso[-1amod-[eay
SOOIASPp  [0UOd pue Jurojrowt
[01)U00 MO[,] UOISSTWISURI |
soAtosar Suuued  saAtasal Surzeradouoy -
yojedsip orwouosaun) yojedsipay AILMO3S BAFE-]8O01T -
poddns wesdg  sjutensuoo wieisAg  Juswsoueyus AN[IqRIS -
Jomod AouoSiowrg  oAresar ejucwarddng dunerado
Jomod pajseoalojun) asn pazuoyneun) [oNU0d W)SAS 1ejuawojddng -
soatosal Suruuidg  9A1esar Surumidsuou aA19sa1 Sunundg ‘uoddns Lousnbaxy A315u pampayosu -
pue Suruudg ‘uonerngai :suondo Suruuids Anniqeney -
Sumoloy peo uonemsay uonen3ar peo| Jonuos-eary Surunds
uonerouad Aqpueig UOIJBAISSAI AQpuelg Bumojjoy-peor -
s|qereAe ‘Apear Aroedes
‘Buruuds :soAtes9Yy Sunerouss oA1s0Y
JUSUNTWWOD
Suiq yoyedsip peoj sag.reys Jawoysno jum ‘Suryozedsip yojedsIp onuouody
UoNRUIPIOO)) pue Surnpayog pue [O1jU0d WIAISAS  pue oFueyd SMpPaYdS ‘Burmpatog JusURIIWOY) Jrun)
yoddns
uoneroua3 pue S901AIDS
9IAIOS  “QOTAISS UOISSTUISURT) UOISSTWISURT) pue
SOAI0SaI SuTUUR|] uoIssfusuen oiseq  ‘uonjeAsasar Ajoede)  uonearssar-Ayoede)) UOISSTUISUR.] WLIL] AIAT[Op JoMOg
A313U9 90mMOsaYy A1ddns A31oug
SoAIasa1 SuTuue]d Aoedes somosay Aoedeo uonelosuan
uosipg polnoalg 201AI0G
BIULIOJI[E)) WIAINOG 2 sen) syoey LUOSIPH Nonag ioMOd SIoUmsuoy) J1[qng BUOZLIY <INNO

SIIIAIIS UOISSIWISULI) PUB UONBIIUIS I0) SIWEU JUIIDJJIP JO uostiedwo]) - o[qe].

38



"JoIu0d pue
Suroueyeq o1pAy pue 98e103s AZI0US [UOIIBIIJISSE[O TN SY} Ul PAISAOD JOU SIOIAISS OM) PIPN[OUI OLIJOSH 29 SeD) oyIoed,
"A313u2 pue puewsp dnxjoeq pue A11011d SIIOUODS :BAOGE PIIIPISUOD JOU SIDIAISS SUIMO[[OF SU} PAPN|OUT OS[e UOSIPH NoNd(,
‘ose 3500 Lunypoddo papnjout Jamod slownsuo),
"9]qe} SIy} Ul PIJSI| JOU AI0JIIY) SJe pue SN JSYI0 oY) 4q
P31JIIUaPI JOU AIIM cﬁ:mzv Jomod pue e)s Jor|q ‘UoNoaLI00 S JuswSTeur SUOISSIWS FUIPN|oUl ‘S301AISS TN [BISASS,
‘(6661 Ajjeuun)) uosipg BIWIONI[E)) UIDYINOS pue @mmﬁ angejpN) O109]g pue
sen) oi1oRd (p661 [RISNIN) UOSIPH Hona( (Y661 219J9) 19MO( S1oWNSUO)) ‘(Y661 S[eaq) 90IAIS O1[qNnJ BUOZLIY S30INOS

Surejoura[e) SUOLBITUNUIIOD
pue SuLisjey SuuolppN  pue ‘Furjjiq ‘Sunojop
JjIomiou Jo
UOIRI0)SAI PLID) souruUIRW pue Jeday]
SOAIISOI UOISSTWUSURI ],
uosIpg poHIoa[g 901AI0g

BIUIOJI[R)) WIAINOS 29 sen) ofIoeg SUOSIPA J1onoQg G1OMO{ SIUMSUO)) oMqng BUCZLIY <INNO

N
o

i
!
i
|
|

X

,wﬁ




on wholesale or retail-wheeling services, in which customers would provide their own generation.
All five utilities, however, included basic transmission services (what we call power delivery).

The utilities differed in the services they included under what we call unit commitment
and economic dispatch. Arizona Public Service included unit scheduling, commitment, and
dispatch, but the other utilities included only the scheduling services. That is, the other utilities
apparently consider unit commitment and scheduling a service to be provided by the customer
or its supplier, not by the system operator.

The names for and purposes of extra generating capacity differed among the sets of
definitions. We found it difficult, based on the limited information from these utilities, to
determine whether the services covered the same functions as those discussed in Chapter 3.

All five utilities identified transmission-system losses and VAR support as services, but
most did not explicitly identify transmission monitoring and control, transmission reserves, and
repair and maintenance of the transmission system.

These similarities and differences among the names and services identified by different
organizations emphasize the importance of the current ORNL project. Absent clear names and
definitions for the various services provided by the integrated electric-power system, it will be
difficult to design, cost, and price these services. The Electric Power Research Institute is
conducting a major project on transmission-services costing, which will contribute to the
development and use of standard definitions (Wakefield, Limmer, and Graves 1994).
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CHAPTER 6

CONCLUSIONS

We developed an initial list of services that are provided by electric-power systems. We
defined each service and indicated whether it was mandatory or optional for end-use customers
and whether or not customers could supply the service themselves or obtain that service from an
entity other than the system operator (Table 6). We expect that the names and definitions of these
services will change with time as both markets and technologies evolve. For example, some
services that we now consider mandatory and under the control of the system operator may, in
a few years, be optional and obtainable from various sources.

Comparing the NERC Operating Manual with a recent filing before FERC (Coalition for
a Competitive Electric Market 1995) illustrates well these possible changes. The NERC
standards, based on electrical-engineering principles, are detailed and specific. The Coalition’s
petition, based on marketing principles, calls for complete unbundling of transmission services
and prices.

This report is the first step in a larger project. Future activities in this project include onsite
visits with utilities and power pools that operate control areas as well as with users of such
systems (especially power brokers and marketers). Using the nomenclature and definitions
developed here, we will use these meetings to clarify the details of each service and to identify
its underlying cost basis. We will see if common methods can be developed to estimate the costs
and establish prices for different services. In a later report, we plan to publish a refined version
of Table 6, which will provide greater clarity and specificity concerning these ancillary services.
In particular, we plan to assess each service to see whether its costs can be identified and
separated from the costs of other services and whether the cost of the service is high enough to
warrant the transaction costs associated with its measurement and billing.

Three leading economists receritly addressed the role of unbundling in a competitive
electricity industry (Baumol, Joskow, and Kahn 1994):

If we can successfully unbundle the transmission functions, identifying all of the
monopoly grid services now being provided, assigning clear property rights to the
facilities that supply them, measuring what is supplied from whom to whom and
properly pricing each, we can permit more thoroughgoing competition 1in
generation without concern about its causing inefficiencies. If we are unable to do
so, it is entirely possible that the efficiency benefits flowing from competitive
generation could be entirely dissipated or indeed more than entirely offset by the
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Table 6. Preliminary assessment of ancillary services

Required or Must be Relative  Control
Service optional obtained from cost or
system metered?
operator??
Generation capacity Optionalb No High M
Energy supply Optionalb No High M
Power delivery Optional Yes Medium C
Unit Commitment Optional No Low
Economic dispatch Optional Yes Low
Reserve generating capacity
- Load-following spinning Required No Medium M
- Reliability spinning Required® Yes Medium C
- Unscheduled energy Required Yes Low M
- Supplemental operating Optional Yes Medium C
- Time correction Required Yes Low
- Stability enhancement Required Yes Medium
- Local-area security Required Yes Medium
- Nonoperating reserve Optional No Medium M
Black start Required Yes Low
Transmission monitoring and Required Yes Low
control
Real-power-loss replacement Required Yes Medium M
System reactive-power Required Yes Medium M
management and voltage
regulation
Local reactive-power Required No Medium C
management and voltage
regulation
Transmission reserves Required® Yes Low C
Repair and maintenance of Required Yes Low
network
Metering, billing, and Required Yes Low
communications
Power quality Optional No Medium M

3“Obtained from the system operator” means that the service must be under the control
of the system operator, who can either provide that service or contract with another party to
provide the service.
ile generating capacity and energy supply are both optional, a customer will certainly
want at least one of these services.
“These services are optional only for fully interruptible customers.

42



deteriorated coordination between that sector and transmission. Insuring against these possible
consequences is an extremely important responsibility of policy makers, and it can not be sensibly
postponed. This should be a key topic for policy makers as they contemplate industry
restructuring, the role of competition, and how the industry will be organized to promote efficient
competition.

Customer choice is the essence of competition. Therefore, customers must know what the
different services are and from whom they can obtain them. Electricity-service providers need to
understand much better their cost structures to determine which services to offer and how to price
them. This report is a step in those directions.
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APPENDIX A

CONTROL OF GENERATION

Interconnected utilities use a two-level system of automatic controls to coordinate the
operation of thousands of generators spread across North America and grouped into about 150
control areas. [Much of the material in this appendix is from NERC (1994).] Because electric
power cannot be practically stored in large quantities, it is necessary to continuously match the
generation to the load. Local control is exercised by governors on individual machines. Automatic
generation control (AGC) coordinates the actions of the individual machines to control each area
and the interactions among areas. Both the individual generator governors and the AGC system
are used to maintain the balance between generation and load. The control actions are the same
for a loss of generation as for an increase in load, although load changes will generally be smaller
and more frequent than unexpected generation changes.

GOVERNOR CONTROL

Because the vast majority of generators and most heavy loads rotate, system electrical
frequency and load are strongly coupled. Most generators are equipped with governors that
regulate the unit output in an attempt to maintain constant frequency (60 Hz). The governors are
given a slight “droop” (AMW/AHz, typically 5%) that allows the power output to drop as the
frequency increases. This droop allows coordination among many generators.

For an isolated generator with its load, if the load decreases but the energy (typically,
steam) being supplied to the prime mover does not decrease, the generator will naturally
accelerate. The generator’s governor will detect this slight increase in frequency (speed), and will
call for reduced output from the machine (because of the droop) by reducing the energy supply
to the turbine. The system behaves analogously when loads increase. The net effect is that the
frequency will change slightly but the electric generation will match the load. This response is
continuous and very rapid (within milliseconds to seconds, depending on the generator).

AUTOMATIC GENERATION CONTROL

Govemor action alone is not sufficient in an interconnected system, however, because all
of the generators on the system would respond to every change in load whether they were
responsible for meeting that load or not. Utilities increase the accuracy of control and assure that
each utility provides for its own load by defining subdivisions of the grid called control areas
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across whose boundaries power flows are measured and controlled. Any deviation of net flow
into or out of a control area from the net scheduled flow reflects an imbalance between load and
generation. This imbalance is called area control error (ACE) and is measured in MW. NERC
guidelines require that the flows be measured and that ACE be computed at least once every four
seconds. Utilities dedicate a portion of their online generation to ensure frequent zero crossings
of ACE and to control the interchange between control areas. They do this without operator
action using AGC. AGC monitors the ACE and adjusts the MW-output set point of the generator
governors to minimize ACE.

For example, if load increases (but the generation does not), then all of the generators on
the system will begin to decelerate because more energy is being removed from the system than
is being put into it. As frequency drops (slightly), all the governors automatically call for
increased output from their generators. Some of the responding generators will be outside the
local control area. AGC notes that more power is coming into the area than was scheduled
(ACE). To eliminate this ACE, the AGC will increase the set points of each of the generators
under AGC within the control area so they will be producing more power at the 60-Hz set point.
AGC does not adjust the droop, it simply raises the MW output being called for at the 60-Hz set
point. AGC control action is slower than governor action but is generally effective within two to
three minutes in driving ACE to zero. The system is once more in balance, with area interchanges
at scheduled levels and generators running at 60 Hz.

These activities ensure that load and generation are matched in each control area.
Frequency can vary slightly however. To reduce frequency variations, the calculation of ACE also
includes a frequency-bias term. Each control area calculates a frequency bias (expressed in
MW/0.1 Hz) that is as close as practical to the control area’s actual frequency-response
characteristic at peak load. The frequency-response characteristic is the combined effect of
governor action and the change in load in a control area associated with a frequency change. The
area frequency-response characteristic can be determined by observing the net change in tie-line
loading when there is a sudden change in frequency. The frequency bias is then added into the
ACE calculation. The frequency bias for. TVA for 1994, for example, was 236 MW/0.1 Hz. If the
frequency were to drop to 59.9 Hz, then the ACE calculation for TVA would call for TVA to
generate 236 MW more than if the frequency were 60.0 Hz. Since each control area participates
in this control, the frequency is regulated quite close to 60.0 Hz (usually within +0.01 Hz).

An additional refinement is made to AGC. Frequency and tie-line flow deviations are
sensitive to fluctuations in generation or load throughout the system. By watching both the tie-line
flows and the frequency deviation, it is possible to determine if the generation/load imbalance is
inside or outside the control area (Table A-1). For example, if the frequency is rising (generation
exceeding load) and the tie-line flows are greater than scheduled (more power is leaving the area
than is scheduled), the imbalance is inside the control area. (The control area has more generation
than is required, and it is exporting the excess to the system.)
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Table A-1. Source of generation/load imbalance as a function of frequency and tie line

flows
Direction of excess tie-line flow Frequency
> 60 Hz <60 Hz
Out Internal load loss External generation loss
In External load loss Internal generation loss

For imbalances inside the control area, the AGC operates and adjusts generation to correct
the imbalance. For imbalances outside the control area, however, AGC action is suppressed, and
the AGC of the control area where the imbalance exists is expected to correct the problem.
Governors on all machines respond independent of the location of the imbalance. This response
provides support to an area with a sudden loss of generation by allowing all machine governors
to respond by raising generation without having the AGC in neighboring areas attempting to
reduce flows into the affected area. The AGC in the affected area will raise generation as much
as possible to compensate for the loss. Operators may negotiate changes to intertie schedules if
further generation is needed.

Utilities generally spread AGC over as many generators as possible because there are
physical limits to the rate at which each unit can respond to AGC commands. Having more
generators under AGC control allows for faster overall response. Any generating unit equipped
with a governor and AGC can provide spinning reserve.
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APPENDIX B

REACTIVE POWER

To understand reactive power and the relationship between power factor and voltage
support, it is necessary to understand alternating current (AC). The voltage and current produced
by a generator oscillate 60 times a second with the shape of a sine wave. The sine wave is the
natural motion of a rotating circle and is produced because generators rotate at constant speed.
Both the voltage and the current vary as sine waves.

Power is the product of voltage (V) and current (I): P =V x I. Figure B-1 shows that this
product is always positive if the voltage and current oscillate together, even though both the
voltage and the current are negative half the time. The power pulsates for a single phase (one set
of voltage and current). Power systems use three phases offset by 120 degrees from each other
(delayed by 1/3 of a cycle) so that the total power from all three phases is constant.

If the current wave is delayed slightly from the voltage wave, the two are no longer in
phase, and the current is said to lag the voltage. The resulting power is sometimes positive (the
generator is delivering power to the load) and sometimes negative (the generator is taking power
from the load ). In this case, there is a net transfer of energy (power flow) from the generator to
the load but there is also an oscillation of energy 120 times a second between the generator and
the load. If the current lags the voltage by 90 degrees, the power oscillates but there is no net
energy transfer from the generator to the load (Fig. B-2).

INDUCTORS AND CAPACITORS

Power oscillations between the generator and the load occur whenever the load has the
ability to instantaneously store energy. Both inductors and capacitors store energy. Inductors store
energy in a magnetic field, which results from the current flowing in the wire of an inductor.
Capacitors store energy in an electrostatic field, which results from the voltage difference
between the plates of a capacitor.

This storage of energy and oscillation of power can be explained by considering an
inductor connected to an AC generator. When the generator voltage is at its maximum, current
begins to build in the inductor (point A on Figure B-3), storing energy in the inductor’s magnetic
field. When the voltage reverses (point B), the current is still flowing in the inductor in the
positive direction because energy has built up in the inductor’s magnetic field. The energy flows
out of the inductor and into the generator because of the negative generator voltage and the
positive inductor current. As the magnetic field in the inductor collapses, energy leaves the
inductor and the current drops. Once the energy, magnetic field, and current drop to zero (point

53

RN E ARG R SOt Al v N A o A



C), the current and magnetic field start building in the opposite direction, driven by the
generator’s negative voltage. Power flows from the generator to the inductor again because both
the voltage and the current are negative, storing energy in the inductor. This lasts only as long as
the voltage remains negative. When the generator reverses voltage again (point D), the positive
generator voltage and negative inductor current send power from the inductor to the generator,
teducing the stored energy in the inductor. At point E, the generator voltage has again reached
a maximum and the process repeats itself.
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- Py \\\ /
/ \u‘ N
. ] _ ) \\
P = a - _\\ ///

n M _of .

] | | | | 1 |

0 45 90 135 180 225 270 315 360
ANGLE (degrees)
Fig. B-1. The relationship between current and voltage to produce power.

Capacitors behave the same way except that the current leads the voltage by 90 degrees
and the energy is stored in the electrostatic field (depending on voltage). The power flows
between the AC generator and the capacitor are opposite from the power flows between the
generator and the inductor. That is, when power is flowing from the generator to the inductor
(between points A and B in Fig. B-3), power is flowing from the capacitor to the generator.
When the energy stored in the inductor is at its lowest (points A, C, and E in Fig. B-3), the energy
stored in the capacitor is at its highest.

None of this would be important except that nearly all power-system components have
capacitance and/or inductance associated with them. In fact, inductance is the dominant
characteristic of most power-system components (e.g., generators, overhead lines, transformers,
and motors). Underground cables and, to a lesser extent, overhead lines have significant
capacitance, as well. Consequently, these oscillations occur all the time.
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Fig. B-3. Power transfer and energy oscillations in the presence of an inductor.
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POWER FACTOR

Current associated with transferring energy back and forth between the AC generator and
the inductor or capacitor does not deliver useful energy to the load. The concept of power factor
was developed to express how much of the total current supports the transfer of useful energy to
the load (real power) and how much supports oscillations (reactive power). Because reactive
power results from current that is out of phase with voltage by 90 degrees (either lagging because
of inductance or leading because of capacitance) and real power results from current that 1s in
phase with voltage, the two add geometrically to form apparent power. Power factor is defined
as the ratio of real power to apparent power. Real power is measured in watts (W), reactive
power is measured in volt-amps reactive (VAR), and apparent power is measured in volt amps
(VA).

Transmission-system components, such as transmission lines and transformers, have to
carry the total current or the apparent power. Load losses (e.g., the losses associated with the
resistance of transmission lines) also result from the total current. The lower the power factor and
the greater the reactive load, the higher the losses.

Most transmission-system equipment is limited in the amount of current it can carry
because high currents passing through the small resistance of the equipment generate heat that
must be removed.” So poor power factor lowers the capacity of the transmission system to move
useful energy to the load by consuming some of the limited current-carrying capacity with
reactive current.

Because inductive current lags voltage and capacitive current leads voltage, the two can
be used to cancel each other. If a load is inductive (as nearly all loads are because of motors,
fluorescent light ballasts, transformers, etc.), it can be compensated for with capacitors so the
total load presented to the power system has a power factor of 100% (or any other desired value).
Most industrial and many commercial power contracts require the customer to maintain a power
factor above some minimum level (often 95%). Customers can install capacitors to adjust their
power factor if it is below this limit.

VOLTAGE DROP

Voltage drop results from the interaction of the current with the impedance (resistance,
capacitance, and inductance) of the transmission line or transformer. Current (I) passing through

*For overhead transmission lines, the current creates heat, which expands and weakens the conductor.
The thermal limit of the line is reached when the line either sags too low to be safe or weakens and pulls apart.
For transformers, the current heats transformer mass and eventually damages the insulation. In both cases, the
thermal time constants of the equipment, the amount of the overload, and the ambient temperature determine how
long the overload can be tolerated.
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aresistor (R) produces voltage drop (AV): AV =1 x R. If the load is real (100% power factor),
the voltage at the load plus the resistive voltage drop in the transmission lines equals the generator
voltage. If the transmission-line impedance is inductive rather than resistive, the voltage drop
across the inductor is rotated 90 degrees from the load current. The line voltage drop is the same
magnitude as in the resistive case, but because it is not aligned with the supply voltage, the
resulting load voltage is higher than in the resistive case (although it now lags the supply voltage).
If the load current is inductive itself and therefore lags the supply voltage by 90 degrees, the
resulting voltage drop in the inductive line is once again aligned with but opposite to the supply
voltage. So inductive loads supplied through inductive lines have higher voltage drops than do
real loads supplied through inductive lines (Fig. B-4).

Load Current

Generator Voltage

A Inductance A

Load

AC Generator
N
’ \
-
&/

Voltage Drop From A Real Load
Attached To An Inductive Line

/
Generator Voltage
Load Voltage

Generator Voltage

>

- >4
Inductive Load Voltage Inductive Line
Voltage Drop

Voltage Drop From An Inductive Load
Attached To An Inductive Line

Fig. B-4. Voltage drop caused by a real load and an inductive load supplied through
an inductive line.

Overhead lines and transformers have series inductive reactances that are on the order of
10 times their series real impedances (i.e., the inductance is 10 times the resistance). This
difference is because resistance is related to the properties of the conductor and the amount of it
that is used, while the inductance and capacitance are related to the geometry of how the
equipment 1s constructed. Conductors are made from copper or aluminum because these materials
have low resistance and not from steel (except to carry weight) because it has higher resistance.
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Resistance can be further reduced by using a bigger conductor. For an overhead transmission line,
the inductance depends on the geometry of the conductors. The dominant factor is the spacing
between the conductors, with higher inductance resulting from greater spacing. Large spacing
is required, however, to insulate high-voltage conductors from each other. Because of this
spacing, the reactive load (lower power factor) interacts with the higher inductive impedance to
produce most of the voltage drop seen throughout the power system.

REACTIVE COMPENSATION

The fact that loads and transmission-system components have inductance, capacitance,
and resistance leads both to a reduction in transmission-system capacity and to increased voltage
drops. As alluded to above, capacitors can be used to compensate for the inductive demands of
loads and transmission-system components. (Inductors can also be used to compensate when
excessive capacitance is present on the system.) Compensating for the reactive demands of a load
with capacitors increases the power factor, reduces the voltage drop, restores the transmission
capacity, and reduces the need for generators to supply reactive current.
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