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Synopsis

An interconnected electric power system is a complex system that must be operated within a safe
frequency range in order to reliably maintain the instantaneous balance between generation and
load. This is accomplished by ensuring that adequate resources are available to respond to
expected and unexpected imbalances and restoring frequency to its scheduled value in order to
ensure uninterrupted electric service to customers. Electrical systems must be flexible enough to
reliably operate under a variety of “change” scenarios. System planners and operators must
understand how other parts of the system change in response to the initial change, and need tools
to manage such changes to ensure reliable operation within the scheduled frequency range.

This report presents a systematic approach to identifying metrics that are useful for operating and
planning a reliable system with increased amounts of variable renewable generation which builds
on existing industry practices for frequency control after unexpected loss of a large amount of
generation. The report introduces a set of metrics or tools for measuring the adequacy of
frequency response within an interconnection. Based on the concept of the frequency nadir, these
metrics take advantage of new information gathering and processing capabilities that system
operators are developing for wide-area situational awareness. Primary frequency response is the
leading metric that will be used by this report to assess the adequacy of primary frequency
control reserves necessary to ensure reliable operation. It measures what is needed to arrest
frequency decline (i.e., to establish a frequency nadir) at a frequency higher than the highest set
point for under-frequency load shedding within an interconnection. These metrics can be used to
guide the reliable operation of an interconnection under changing circumstances.

The frequency response metrics introduced here can be used not just to manage the integration of
variable renewable generation but also to guide and gauge the extent and success of reliable
integration of any new resource into an interconnection.” It can be used to map a transition path
when major changes are made to existing resources such as conventional plant retirements or de-
ratings.

Wind is expected to be a major new source of electricity generation to each of the
interconnections in the near term, so this study tested and validated the frequency response
metrics in simulations of the generation and transmission infrastructures that system operators
expect to have in place in 2012. Wind generation presents challenges for the reliable operation
of the electric power system, in part because the electricity generated from wind is more variable
than electricity generated from conventional sources. The purpose of this report however, was
not to specifically determine the theoretical amount of wind generation that can be reliably
integrated into an interconnection nor of other types of generation that industry may decide to
build. Rather, it presents and validates a tool that can be used to assess and plan for the
operational requirements for reliable integration of variable renewable generation. In order to
validate the concept, it was applied to each of the interconnections. This approach showed that
the wind generation capacity projected for 2012 in the Western and Texas interconnections can
be reliably integrated. If higher levels of wind generation are integrated, this tool can be used to

! The term variable renewable generation refers to electricity generation facilities whose energy source: 1) is
renewable; 2) cannot be stored by the facility owner or operator; and 3) has variability that is beyond the control of
the facility owner or operator. This includes wind and solar generation facilities and certain hydroelectric resources.
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determine changes in primary and secondary frequency controls that will be required in addition
to transmission identified by other studies. The tool can also be used in operating and planning
the transmission system and designing markets to fully integrate and reliably operate the mix of
generation and transmission resources that are deployed in the future. Further, the metrics can be
used to identify the appropriate use of new technologies such as demand response and energy
storage devices in achieving reliable operation.

As part of its responsibility to oversee the reliability of the nation’s bulk power system, the
Federal Energy Regulatory Commission (FERC) staff commissioned Lawrence Berkeley
National Laboratory (LBNL) to determine if frequency response is an appropriate predictive
metric to assess the level of renewable resources that can be reliably added to the power grid. ?

FERC staff commissioned LBNL to study how a critical aspect of reliability -- the control of
power system frequency during the period immediately following the sudden loss of a large
conventional power plant —can be better measured to assess the adequacy of frequency control in
the interconnections currently and be used to manage the reliable integration of new resources,
including variable renewable generation. Specifically, the objectives of this study are:

1. To determine whether metrics for frequency response® could be used to assess the
reliability impacts of integrating variable renewable generation;

2. If so, to use these metrics to assess the potential reliability impact of new variable
renewable generation on the electric power system, by interconnection, following the
sudden, instantaneous loss of large conventional power plants;* and

3. To identify what further work and studies are necessary to quantify and address any
reliability impacts associated with the integration of variable renewable generation.

Several aspects of this scope must first be clarified in order to understand the study’s methods,
findings, and recommendations:

1. FERC did not ask LBNL to study the type, amount, cost or timing of transmission
investments required to integrate variable renewable generation reliably because it is
already understood that physically integrating increased wind generation will require
significant transmission infrastructure investment. Other studies have and will continue to
examine these requirements. This report complements these studies by focusing on the
operational requirements necessary to ensure that whatever transmission system is in place
can be operated reliably.

2. FERC asked LBNL to study frequency response, or primary frequency control.
Accordingly, this study focuses on the resiliency of the power system following the sudden,
instantaneous loss of large conventional power plants. Other studies have and will
continue to examine requirements for managing the variability of wind generation output

% The scope of this project was broadened from the original scope announced in May, 2009 as the research
progressed, revealing the general applicability of frequency response metrics to analyze a broad range of changes
that a complex interconnected electric system must manage to ensure reliability.

® Frequency response is a technical term used by the industry to describe how a power system has performed in
responding to the sudden loss of generation, which is one of the most important threats to reliability.

* This assumes that the system is designed and operated such that a common mode transmission failure will not
result in the loss of large quantities of either variable renewable or conventional generation.
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through secondary frequency control reserves, which occurs much more slowly than the
sudden and unexpected events analyzed here. This study, however, complements these
studies by introducing the additional measures that must be taken to ensure that power
systems with large amounts of wind generation can withstand the sudden loss of large
amounts of conventional generation.

3. FERC asked LBNL to study wind generation because it is expected to be the dominant
form of variable renewable generation over the near term. The methods and metrics
employed by this study can and should be applied to study the operational requirements for
reliability posed by all anticipated changes to the electric power system.

Key Findings

1. Reliability practices seek to ensure that, following the sudden and unplanned loss of large
conventional generators, an interconnection will continue to deliver electricity to
customers without interruption. Ensuring reliability in these circumstances depends on
the continuous availability of a critical component of operating reserves called primary
frequency control.”

2. The requirements for primary frequency control can be assessed using three metrics that
measure how primary frequency control reserves are expected to perform (in planning
studies) as well as how they have performed (in after the fact analysis) in arresting and
stabilizing frequency following the sudden loss of conventional generation.® The first
metric, called frequency nadir, is a direct measure of how close a system has come to
interrupting the delivery of electricity to customers. The second metric, called nadir-
based frequency response, relates the amount of generation lost to the decline in
frequency until arrested. The third metric, called primary frequency response, measures
the power delivered by primary frequency control during critical periods before and after
the frequency nadir is formed.

3. The requirements for adequate primary frequency control reserves depend on: 1) the
events (i.e., the amount of conventional generation that might be lost) that the
interconnection is expected to withstand; 2) the frequency set points at which under-
frequency load shedding’ is deployed within an interconnection; and 3) the efficacy of
primary frequency control actions in arresting the rapid frequency decline following these
events before these set points are reached.

4. Increased variable renewable generation is not expected to affect the first two of these
factors. The rapid ramping® of variable renewable generation output is not considered an
event comparable to the sudden loss of large conventional generators and variable
renewable generation is not expected to affect the set points for under-frequency load
shedding.

> See Section 2.2 for a description of primary frequency control.
® See Section 2.4 for descriptions of the frequency response metrics.
" See Section 2.2 for a description of under-frequency load shedding.

8 Variable renewable generation output can be expected to decrease each day during the morning time frame when
electrical demand is increasing. The combination can produce ramps higher than what has been experienced in the
past.
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5. Increased variable renewable generation will have four impacts on the efficacy of
primary frequency control actions:

a.  Lower system inertia.” While this effect is expected to be minor compared
to the other three discussed next, other things being equal, lower system inertia
would increase the requirements for primary frequency control reserves in order
to arrest frequency at the same nadir following the sudden loss of generation.

b.  Displacement of primary frequency control reserves. The amount of
primary frequency control reserves that are on line and always available may be
reduced as the conventional generation-based sources for these reserves are
displaced by variable renewable generation, which currently does not provide
primary frequency control.

c.  Affect the location of primary frequency control reserves. Related to b
above, the resulting re-dispatch of available conventional generation that currently
provides primary frequency control may lead to transmission bottlenecks that
prevent effective delivery of primary frequency control when it is needed.

d.  Place increased requirements on the adequacy of secondary frequency
control reserves.® The demands placed on slower forms of frequency control,
called secondary frequency control reserves, will increase because of more
frequent, faster, and/or longer ramps in net system load caused by variable
renewable generation. If these ramps exceed the capabilities of secondary
reserves, primary frequency control reserves (that are set-aside to respond to the
sudden loss of generation) will be used to make up for the shortfall. We
recommend greater attention be paid to the impact of variable renewable
generation on the interaction between primary and secondary frequency control
reserves than has been the case in the past because we believe this is likely to
emerge as the most significant frequency-response-based impact of variable
renewable generation on reliability.

6. The declining quality of frequency control in the U.S. interconnections is currently a
significant reliability concern. It is widely understood that the integration of variable
renewable generation is not related to and therefore has not been a cause or contributor to
the declines observed over the past decade.

7. Recent studies of renewables integration within the U.S. have focused on increased
requirements for secondary frequency control (regulation and load following), but only to
a limited extent if at all on requirements for primary frequency control.

8. International experiences, in particular from countries with large wind penetrations,
provide selected, yet important insights for the U.S. Still, the interconnections within
which these countries operate and the operating practices of the interconnections differ
from those in the U.S.

9. The academic literature has begun to document frequency response implications of the
very low amounts of inertia provided by currently installed wind generation technologies,
but no studies of these impacts have been performed using validated models of U.S.
interconnections.

® See Section 2.2 for a description of system inertia.

19 See Section 2.2 for a description of secondary frequency control.
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Renewable Generation

For the Western Interconnection, assuming operating reserve conditions that are
representative of current practices and that are used in daily operations (which are higher
than the minimum levels that are allowable under current operating procedures), our
simulation studies confirm that the interconnection can be reliably operated with the
amount of wind generation and supporting transmission expected by 2012. The system
model we studied included 9 GW of installed wind generation capacity, which based on
an assumed 35% capacity factor and the North American Electric Reliability
Corporation’s (NERC) estimate of electricity demand in 2012 could supply
approximately 3 percent of the interconnection’s expected electricity requirements in
2012.

For the Texas Interconnection, assuming operating reserve conditions that reflect the
lower range of the current operating practices, our simulation studies confirm that the
interconnection can be reliably operated with the amount of wind generation and
supporting transmission expected by 2012. The system model we studied included 14.4
GW of installed wind generation capacity, which based on an assumed 35% capacity
factor and NERC’s estimate of total electricity demand could supply approximately 13
percent of the interconnection’s expected electricity requirements in 2012. Notably, the
results depend on the completion of significant portions of the new transmission that has
been planned through the Competitive Renewable Energy Zone process.

Our study of the Texas Interconnection also confirms the effectiveness of the
interconnection’s reliance on a specialized form of demand response to control frequency
following the sudden loss of generation. Our simulation studies find that this program,
whose principles may also be applicable within the Western and Eastern
Interconnections, is an effective complement to the primary frequency control reserves
currently provided by generators.

For the levels studied, a principle finding from our simulation for the Western and Texas
Interconnection is that the rapid delivery of power via primary frequency control actions
is more important than the amount of wind generation in determining the frequency nadir.
The effect of increased wind generation in lowering system inertia is not significant
compared to the effects of primary frequency control actions. The ERCOT simulations
also suggest that focused attention on the quality of primary frequency control actions,
provided by generator governors and, in the Texas Interconnection, frequency-responsive
demand response, can readily off-set the effects of increased wind generation on system
inertia.

We were not able to conduct simulation studies of increased levels of variable renewable
generation in the Eastern Interconnection. We found that, using the system model that
was provided, we could not reproduce the frequency response of the Eastern
Interconnection to a recent recorded event involving the sudden loss of a large amount of
generation. The simulation results predict that the frequency response of the
interconnection is much more robust than the frequency response that has been observed
based on measurements of real events.

In lieu of a formal simulation-based study, we used information on the observed
frequency response of the interconnections, and insights on the technical underpinnings
of frequency control to develop an approximate analytical representation of the frequency
response of the Eastern Interconnection. Applying our approach along with the
frequency response metrics developed earlier suggests that that Eastern Interconnection
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should be able to be operated reliably with the levels of wind generation output expected
in 2012, which represents approximately 1% of the total expected electricity requirements
of the interconnection.

Recommendations

1.

Efforts should be accelerated now to better understand interconnection- and balancing
authority-specific requirements for frequency control, especially in the Eastern
Interconnection, considering among other things the frequency response metrics validated
in this study.

Interconnections must schedule adequate primary and secondary frequency control
reserves to both manage variations in net system load caused by increased levels of wind
generation and withstand the sudden loss of generation, which can occur at any time.

The frequency control capabilities of the interconnections should be expanded, as
follows:

a. Expanded use of the existing fleet of generation (improved generator governor
performance, increased operating flexibility of baseload units, faster start-up of
units, etc.);

b. Expanded use of demand response (potentially including smart grid applications),
starting with broader industry appreciation of the role of demand response in
augmenting primary and secondary frequency control reserves;

c. Expanded use of frequency control capabilities that could be provided by variable
renewable generation technologies (primary frequency control, etc.); and

d. Expanded use of advanced technologies, such as energy storage and electric
vehicles.

Comprehensive planning and enhanced operating procedures, including training,
operating tools, and monitoring systems, should be developed that explicitly consider
interactions between primary and secondary frequency control reserves, and address the
new source of variability that is introduced by wind generation.

Requirements for adequate frequency control should be evaluated in assessments of the
operating requirements of the U.S. electric power system when considering new potential
sources of generation, such as solar and additional nuclear generation and the retirement
of existing generation.

A Call to Action

The physical limits to the reliable integration of variable renewable generation are already well
understood to be the transmission infrastructure required to deliver this generation to load. This
study has focused on the important requirements related to interconnection frequency response
that must also be addressed to ensure reliable operation.

This study has confirmed the validity of using frequency response as predictive metrics to assess
the reliable operation of interconnected systems that are managing major changes in generation
resources, particularly such as the integration of variable renewable generation. The concept will
work however, with other changes in generation mix, and changes to existing resources such as
plant retirements. Although transmission operators have conducted a number of studies to
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address many of the operating issues related to the integration of variable renewable generation,
these studies have not focused on primary frequency control or on the interaction between
reserves for primary and secondary frequency control. At the same time, there is a separate
growing industry concern regarding the declining quality of frequency control. As the amount of
variable renewable generation grows and other changes are made to the generation resource mix,
it is essential to understand and address the root causes of this trend and take actions to ensure
that adequate frequency control reserves are scheduled by balancing authorities.

Ultimately, the technical and institutional issues that must be addressed in integrating variable
renewable generation and other types of generation depend on the unique features of and
resources available within each interconnection, the ability to predict the operation of these
generation resources, and the availability of new sources of frequency control such as demand
response and energy storage. Therefore, careful study, planning, and deliberate actions will be
required by each interconnection to ensure continued reliability within the United States
interconnections.
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Executive Summary

An interconnected electric power system is a complex system that must be operated within a safe
frequency range in order to reliably maintain the instantaneous balance between generation and
load. This is accomplished by ensuring that adequate resources are available to respond to
expected and unexpected imbalances and restoring frequency to its scheduled value in order to
ensure uninterrupted electric service to customers. Electrical systems must be flexible enough to
reliably operate under a variety of “change” scenarios. System planners and operators must
understand how other parts of the system change in response to the initial change, and need tools
to manage such changes to ensure reliable operation within the scheduled frequency range.

This report presents a systematic approach to identifying metrics that are useful for operating and
planning a reliable system with increased amounts of variable renewable generation which builds
on existing industry practices for frequency control after unexpected loss of a large amount of
generation. The report introduces a set of metrics or tools for measuring the adequacy of
frequency response within an interconnection. Based on the concept of the frequency nadir, these
metrics take advantage of new information gathering and processing capabilities that system
operators are developing for wide-area situational awareness. Primary frequency response is the
leading metric that will be used by this report to assess the adequacy of primary frequency
control reserves necessary to ensure reliable operation. It measures what is needed to arrest
frequency decline (i.e., to establish a frequency nadir) at a frequency higher than the highest set
point for under-frequency load shedding within an interconnection. These metrics can be used to
guide the reliable operation of an interconnection under changing circumstances.

The frequency response metrics introduced here can be used not just to manage the integration of
variable renewable generation but also to guide and gauge the extent and success of reliable
integration of any new resource into an interconnection.™* It can be used to map a transition path
when major changes are made to existing resources such as conventional plant retirements or de-
ratings.

Wind is expected to be a major new source of electricity generation to each of the
interconnections in the near term, so this study tested and validated the frequency response
metrics in simulations of the generation and transmission infrastructures that system operators
expect to have in place in 2012. Wind generation presents challenges for the reliable operation
of the electric power system, in part because the electricity generated from wind is more variable
than electricity generated from conventional sources. The purpose of this report however, was
not to specifically determine the theoretical amount of wind generation that can be reliably
integrated into an interconnection nor of other types of generation that industry may decide to
build. Rather, it presents and validates a tool that can be used to assess and plan for the
operational requirements for reliable integration of variable renewable generation. In order to
validate the concept, it was applied to each of the interconnections. This approach showed that
the wind generation capacity projected for 2012 in the Western and Texas interconnections can
be reliably integrated. If higher levels of wind generation are integrated, this tool can be used to

1 The term variable renewable generation refers to electricity generation facilities whose energy source: 1) is
renewable; 2) cannot be stored by the facility owner or operator; and 3) has variability that is beyond the control of
the facility owner or operator. This includes wind and solar generation facilities and certain hydroelectric resources.
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determine changes in primary and secondary frequency controls that will be required in addition
to transmission identified by other studies. The tool can also be used in operating and planning
the transmission system and designing markets to fully integrate and reliably operate the mix of
generation and transmission resources that are deployed in the future. Further, the metrics can be
used to identify the appropriate use of new technologies such as demand response and energy
storage devices in achieving reliable operation.

As part of its responsibility to oversee the reliability of the nation’s bulk power system, the
Federal Energy Regulatory Commission (FERC) staff commissioned Lawrence Berkeley
National Laboratory (LBNL) to determine if frequency response is an appropriate predictive
metric to assess the level of renewable resources that can be reliably added to the power grid. *?

FERC staff commissioned LBNL to study how a critical aspect of reliability -- the control of
power system frequency during the period immediately following the sudden loss of a large
conventional power plant —can be better measured to assess the adequacy of frequency control in
the interconnections currently and be used to manage the reliable integration of new resources,
including variable renewable generation. Specifically, the objectives of this study are:

1. To determine whether metrics for frequency response™ could be used to assess the
reliability impacts of integrating variable renewable generation;

2. If so, to use these metrics to assess the potential reliability impact of new variable
renewable generation on the electric power system, by interconnection, following the
sudden, instantaneous loss of large conventional power plants'*; and

3. To identify what further work and studies are necessary to quantify and address any
reliability impacts associated with the integration of variable renewable generation.

Several aspects of this scope must first be clarified in order to understand the study’s methods,
findings, and recommendations:

1. FERC did not ask LBNL to study the type, amount, cost or timing of transmission
investments required to integrate variable renewable generation reliably because it is
already understood that physically integrating increased wind generation will require
significant transmission infrastructure investment. Other studies have and will continue
to examine these requirements. This report complements these studies by focusing on the
operational requirements necessary to ensure that whatever transmission system is in
place can be operated reliably.

2. FERC asked LBNL to study frequency response, or primary frequency control.
Accordingly, this study focuses on the resiliency of the power system following the
sudden, instantaneous loss of large conventional power plants. Other studies have and
will continue to examine requirements for managing the variability of wind generation

12 The scope of this project was broadened from the original scope announced in May, 2009 as the research
progressed, revealing the general applicability of frequency response metrics to analyze a broad range of changes
that a complex interconnected electric system must manage to ensure reliability.

3 Frequency response is a technical term used by the industry to describe how a power system has performed in
responding to the sudden loss of generation, which is one of the most important threats to reliability.

1 This assumes that the system is designed and operated such that a common mode transmission failure will not
result in the loss of large quantities of either variable renewable or conventional generation.
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output through secondary frequency control reserves, which occurs much more slowly
than the sudden and unexpected events analyzed here. This study, however,
complements these studies by introducing the additional measures that must be taken to
ensure that power systems with large amounts of wind generation can withstand the
sudden loss of large amounts of conventional generation.

3. FERC asked LBNL to study wind generation because it is expected to be the dominant
form of variable renewable generation over the near term. The methods and metrics
employed by this study can and should be applied to study the operational requirements
for reliability posed by all anticipated changes to the electric power system.

The Development of Frequency Response Performance Metrics and Rationale for their Use
to Assess the Reliability Impacts of Integrating All Forms of Generation, including
Variable Renewable Generation

Reliability practices seek to ensure that, following the sudden and unplanned loss of large
conventional generators, an interconnection will continue to deliver electricity to customers
without interruption. Ensuring reliability in these circumstances depends on the continuous
availability of a critical component of operating reserves called primary frequency control
reserves. These reserves are normally provided by generating units that are on line and operating
below their full generating capability. ™ Following the sudden loss of a large conventional
generator, the automatic, autonomous, and immediate increase in output from these resources
seeks to quickly arrest and stabilize the frequency of an interconnection, usually within 10
seconds or less. If the actions of these primary frequency control reserves are inadequate,
frequency will continue to decline, and customer loads will be interrupted through the automatic
actions of an extreme measure of last resort, called under-frequency load shedding. Under-
frequency load shedding involves interrupting electric service to large, pre-set groups of
customers; these customers will experience a blackout. Shedding large amounts of load in this
manner is a drastic action (because customers’ electric service is interrupted) that can have
unintended consequences (because it may lead to an even wider spread blackout).*® Operators,
therefore, strive to ensure that primary frequency control reserves are always adequate to arrest
frequency decline following the sudden loss of large conventional generators and prevent the
triggering of under-frequency load shedding.

The reserves that are required to provide primary frequency control will depend on the size and
composition of a power system, the size of the loss of generation events the power system is
expected to withstand, and the set points for under-frequency load shedding, which establish the
lowest acceptable frequency nadir following the sudden loss of conventional generation. The
adequacy of reserves maintained to provide primary frequency control can be assessed using
three metrics that measure how these reserves will perform in arresting and stabilizing frequency
following the sudden loss of conventional generation.”” The first metric, frequency nadir, is a
direct measure of how close a system has come to interrupting delivery of electricity to

15 See Section 2.2 for a more detailed description of primary frequency control.
16 See Section 2.2 for a more detailed description of under-frequency load shedding.

17 See Section 2.4 for more detailed descriptions of the frequency response metrics.
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customers. The second metric, nadir-based frequency response, relates the amount of generation
lost to the decline in frequency until arrested. The third metric, primary frequency response,
measures the power actually delivered by primary frequency control actions during critical
periods before and after the nadir is reached.

The usefulness of these performance metrics does not depend on the composition of generating
plants within an interconnection or the size of the interconnection. They can be used to assess
the capability or performance of any power system to deliver electricity uninterrupted following
the sudden loss of generation. Consequently, they are appropriate metrics to use to study and
plan for changes in any interconnection and to assess success in reliably integrating new
resources such as variable renewable generation.

Using Frequency Response Metrics to Guide and Gauge Success in Reliably Integrating
Variable Renewable Generation

As discussed in Section 2, the requirements for adequate primary frequency control reserves
depend on: 1) the events (i.e., the amount of conventional generation that might be lost) that the
interconnection is expected to withstand; 2) the frequency set points at which under-frequency
load shedding is deployed within an interconnection; and 3) the efficacy of primary frequency
control actions in arresting the rapid frequency decline following these events before these set
points are crossed.

Increased variable renewable generation is not expected to affect the first two of these factors.
The rapid ramping™® of variable renewable generation output is not considered an event
comparable to the sudden loss of large conventional generators and variable renewable
generation is not expected to affect the set points for under-frequency load shedding.

We find, however, that increased variable renewable generation will have four impacts on the
efficacy of primary frequency control actions and that primary frequency response metrics can
be tools to plan for and manage reliable operation following the sudden loss of large
conventional generators:

1. Lower system inertia.”® If the total amount of generation on line remains the same, the
system inertia of the interconnections will be lowered by increased variable renewable
generation because the dominant form of variable renewable generation currently does
not contribute the same inertia to the interconnection as the conventional generation it
replaces. While this effect is expected to be less significant compared with the other
three discussed next lower system inertia increases the requirements for primary
frequency control reserves in order to arrest frequency at the same nadir following the
sudden loss of a conventional generator.

18 variable renewable generation output can be expected to decrease each day during the morning time frame when
electrical demand is increasing. The combination can produce ramps higher than what has been experienced in the
past.

19 See Section 2.2 for a description of system inertia.
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2. Displacement of primary frequency control reserves. The amount of primary frequency
control reserves that are on line and available may be reduced as the conventional
generation-based sources for these reserves are displaced by variable renewable
generation, which currently does not provide primary frequency control. As a result,
planning and operating procedures may need to be strengthened to ensure adequate
primary frequency control reserves are on line and available at all times. In addition, new
sources of primary frequency control should be sought (e.g., from demand response and
energy storage).

3. Affect the location of primary frequency control reserves. Related to 2 above, the
resulting re-dispatch of the resources (generation and demand response) that are expected
to provide primary frequency control may lead to transmission bottlenecks that prevent
effective delivery of primary frequency control when it is needed. As a result, planning
and operating procedures must ensure that adequate primary frequency control reserves
are deliverable and are therefore properly located and dispatched within the transmission
system. The dispatch must ensure that the reserves can respond immediately to the
sudden loss-of-generation events the interconnection is expected to withstand without
overwhelming the ability of the transmission system to deliver this response.

4. Place increased requirements on the adequacy of secondary frequency control reserves.
The demands placed on slower forms of frequency control, called secondary frequency
control reserves, will increase because of more frequent, faster, and/or longer ramps in
net system load caused by variable renewable generation. If these ramps exceed the
capabilities of secondary frequency control reserves, primary frequency control reserves
(that are set-aside to respond to the sudden loss of conventional generation) will be used
to make up for the shortfall. The remaining primary frequency control reserves may be
inadequate to prevent operation of under-frequency load shedding following either the
sudden loss of a large conventional generator. As a result, planning and operating
procedures must ensure that the required primary frequency control reserves are always
protected (and thereby available to respond to loss-of-generation events) by ensuring
adequate secondary frequency control reserves.

All four potential impacts are within the scope of responsibility of the planning and operating
processes involved in assessing, forecasting, scheduling, and dispatching generation and demand
response resources in order to meet system demand reliably. All four require careful study and
are the focus of this report. The metrics introduced here are designed to provide a tool to guide
and gauge the extent and success of these operational processes.

The Motivation for Using Primary Frequency Response Metrics to Study the Reliability
Impacts of Integrating Variable Renewable Generation

The declining quality of frequency control in the U.S. interconnections is currently a significant
reliability concern. It is widely understood that the operational integration of variable renewable
generation is not related to and has not been a cause or contributor to the decline observed over
the past decade. System operators report that the operational issues related to renewable
integration have been manageable. They also report that they do not currently view frequency-
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response-related reliability impacts of variable renewable generation as a significant operational
concern.

Recent studies of renewable integration within the U.S. have focused on increased requirements
for secondary frequency control (regulation and load following), but only to a limited extent if at
all on requirements for primary frequency control. International experiences, in particular from
countries with large wind penetrations, provide selected, yet important insights for the U.S. Still,
those countries’ interconnections and operating practices differ from those in the U.S. The
academic literature has begun to document frequency response implications of the very low
amounts of inertia provided by current wind generation technologies, but no studies of these
impacts have been performed using validated models of U.S. interconnections.

Dynamic Simulation Studies to Assess the Frequency-Response-based Reliability Impacts
from Integration of Variable Renewable Generation

We studied the frequency response of each of the three U.S. interconnections using the same
dynamic simulation tools and system models used by the industry. These tools and models were
developed to assist the industry in analyzing, among other things, the effectiveness of operating
reserves in stabilizing power system frequency following the sudden loss of generation. These
tools and models are used routinely by the industry to anticipate and address emerging reliability
issues that they expect to face.

We preface our findings by noting that we were only able to study the generation (including
wind) and transmission system that was represented in the system models developed and
provided to us by industry. In addition, the tools and models available today cannot be used to
predict the fourth potential impact of variable renewable generation on frequency response (the
erosion of primary frequency control reserves as secondary frequency control reserves are fully
deployed). Hence the findings from our simulation studies must be further prefaced with the
following caveat: ““Subject to the adequacy of secondary frequency control reserves, we find the
following with respect to the adequacy of primary frequency control reserves...”

For the Western Interconnection, assuming operating reserve conditions that are representative of
current practices and that are used in daily operations (which are higher than the minimum levels
that are allowable under current operating procedures), our simulation studies confirm that the
interconnection can be reliably operated with the amount of wind generation and supporting
transmission expected by 2012. The system model we studied included 9 GW of installed wind
generation capacity, which based on an assumed 35% capacity factor and NERC’s estimate of
electricity demand in 2012 could supply approximately 3 percent of the interconnection’s
expected electricity requirements in 2012. We were not able to study higher levels of wind
generation capacity (consistent with the amounts and locations suggested by current
interconnection queues for years after 2012) because the transmission system represented in the
model provided for our study could not accommodate these higher levels of wind generation
capacity without additions or upgrades.

However, we also find that there could be risks to reliability under certain operating conditions
involving times of minimum system load, high levels of wind generation, and with operating
reserves near the minimum that is allowable under current operating procedures and standards.
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We note that, according to staff at the Western Electricity Coordinating Council, these operating
reserve conditions are rarely observed in daily operations. Still, because these conditions are
permissible under current operating procedures and standards, they are a cause for concern,
which we address in our recommendations.

For the Texas Interconnection, assuming operating reserve conditions that reflect the lower range
of the current operating practices, our simulation studies confirm that the interconnection can be
reliably operated with the amount of wind generation and supporting transmission expected in
2012. The system model we studied included 14.4 GW of installed wind generation capacity
which, based on an assumed capacity factor of 35% and NERC’s estimates of electricity demand
in 2012 could supply approximately 10 percent of the interconnection’s expected electricity
requirements in 2012. Notably, the results depend on the completion of significant portions of
the new transmission that has been planned through the Competitive Renewable Energy Zone
process.

Our study of the Texas Interconnection also confirms the effectiveness of the interconnection’s
reliance on a specialized form of demand response to control frequency following the sudden
loss of generation. The interconnection’s “Load acting as a Resource” program pays customers
to activate controls that automatically curtail selected loads whenever low-frequency conditions
are sensed on the interconnection. Our simulation studies find that this program, whose
principles may also be applicable within the Western and Eastern Interconnections, is an
effective complement to the primary frequency control reserves currently provided by generating
units. We address expanding the supply of sources of primary frequency control reserves,
including this specialized form of demand response, in our recommendations.

For the levels studied, a principle finding from our simulation for the Western and Texas
Interconnection is that the rapid delivery of power via primary frequency control actions is more
important than the amount of wind generation in determining the frequency nadir. The effect of
increased wind generation in lowering system inertia is not significant compared to the effects of
primary frequency control actions. The ERCOT simulations also suggest that focused attention
on the quality of primary frequency control actions, provided by generator governors and, in the
Texas Interconnection, frequency-responsive demand response, can readily off-set the effects of
increased wind generation on system inertia.

We were not able to conduct simulation studies of increased levels of variable renewable
generation in the Eastern Interconnection. We found that, using the system model that was
provided to us by industry, we could not reproduce the frequency response of the Eastern
Interconnection to a recent recorded event involving the sudden loss of a large amount of
generation. The simulation results predict that the frequency response of the interconnection was
much more robust than the actual frequency response that has been observed based on
measurements of real events. We concluded that it would not be meaningful to conduct a
simulation-based study of the Eastern Interconnection with higher levels of wind generation
without system models that are better calibrated to reproduce the actual performance of the
interconnection.

In lieu of a formal simulation-based study, we used information on the observed frequency
response of the interconnections, and insights on the technical underpinnings of frequency
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control to develop an approximate analytical representation of the frequency response of the
Eastern Interconnection. Applying our approach along with the frequency response metrics
developed in this report suggests that that Eastern Interconnection should be able to be operated
reliably with the levels of wind generation output expected in 2012, which, assuming a 35%
capacity factor, represents approximately 1% of the total expected electricity requirements of the
interconnection in 2012.

The Reliability Impacts of Integrating Variable Renewable Generation on the Interaction
between Primary and Secondary Frequency Control Reserves

Variable renewable generation will affect the interaction between primary and secondary
frequency control reserves. We recommend greater attention be paid to the impact of variable
renewable generation on the interaction between primary and secondary frequency control
reserves than has been the case in the past because we believe this is likely to emerge as the most
significant frequency-response-based impact of variable renewable generation on reliability.

This interaction has not been fully examined in prior studies of the secondary frequency control
requirements associated with managing power systems with increased variable renewable
generation, in part, because the focus of these studies has been on estimating overall increases in
requirements for regulation and load-following on a year-round or average expected basis. As a
result, the aspects of these requirements most important for ensuring adequate frequency
response — namely, the potential for depletion of secondary frequency control reserves to then
deplete primary frequency control reserves — during extreme (not only average or routine)
circumstances has not been a focus of these studies.

Recent studies have made great strides in assessing the increased requirements for secondary
frequency control reserves (i.e., increased requirements for regulation and load following). This
report has not sought to improve upon these estimates although it has pointed to areas where
greater clarity in future presentations of results will aid in assessing the impacts on reliability.
This study has shown however, that we cannot conduct definitive studies following the
traditional approach embodied in today’s dynamic simulation tools.

Deterministic studies will never replicate the inescapable role that operator discretion can,
should, and, we expect, will always play in proactively deploying secondary frequency control
reserves in the face of new and less familiar operating conditions involving extreme wind
ramping events. Consequently, the focus should expand to include development of tools that can
rapidly assess a wide range of “what if” operating scenarios and operator training using these
tools, as well as to improving short-term forecasting, and providing better real-time information
on the current capabilities of the resources available to provide primary and secondary frequency
control. The frequency response metrics developed in Section 2 should be used to help guide
these activities.
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Further Work and Studies are Required to Address the Reliability Impacts Associated
With the Integration of Variable Renewable Generation and Other Generation Resource
Development

Efforts should be accelerated now to better understand interconnection- and balancing
authority-specific requirements for frequency control, especially in the Eastern
Interconnection, considering among other things the frequency response metrics validated in
this study

It is widely acknowledged that the industry, especially in the Eastern Interconnection, is
currently grappling with the implications of the declining quality of frequency control within the
interconnection (NERC 2009d, NERC 2010a, NERC 2010b). Progress in improving our
understanding of and addressing the root causes of declines in frequency response is important
for protecting reliability both today and in the future as the nation’s mix of generation sources
changes. The potential impacts of variable renewable generation on interconnection frequency
discussed in this study reinforce the need to address these issues proactively while levels of
variable renewable generation are still modest. We recommend an acceleration of efforts to
determine the root causes of the declining quality of frequency control, assess the risks posed for
reliability, and take all actions necessary to ensure adequate frequency control is available in real
time operation to ensure reliability. Improved data collection and ongoing monitoring of trends,
in addition to empirically verified, calibrated system models for dynamic simulation studies,
should be essential elements of these activities.

Interconnections must schedule adequate primary and secondary frequency control reserves to
both manage variations in net system load caused by increased levels of wind generation and
withstand the sudden loss of generation, which can occur at any time.

Our analytical and simulation studies have highlighted the essential roles that primary and
secondary frequency control reserves play in ensuring reliability, especially the rapid and
sustained provision of power from primary frequency control reserves immediately following the
sudden loss of generation. Our simulations indicate that frequency control will be adequate in
the Western and Texas interconnections for the generation and transmission infrastructure that
system operators are expecting to be in place in 2012. Moreover, with adequate reserves for
primary and secondary frequency control and additional transmission, our simulations suggest
that significant levels of variable renewable generation can be integrated reliably. Therefore,
interconnections must schedule, commit, and maintain adequate primary and secondary
frequency control reserves during normal operation in order to assure reliable operations after
credible contingencies and to restore reserves after such contingencies.

The frequency control capabilities of the interconnections should be expanded by increasing

capabilities available within the current generation fleet and by pursuing new opportunities
offered by wind generation, demand response, and energy storage.
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The economic dispatch? of variable renewable generation may displace generation that
otherwise would have provided primary and secondary frequency control reserves. Conventional
generation is currently the principal source of reserves for primary and secondary frequency
control. This study has identified displacement of these sources as a potential reliability impact
of increased variable renewable generation. However, there are many currently under-utilized
and potential future sources of primary and secondary frequency control available in addition to
the conventional generation fleet that might be displaced. Tapping these sources will facilitate
reliable integration of increased amounts of variable renewable generation. These sources
include:

1. Expanded use of the existing fleet of generation (improved generator governor
performance, increased operating flexibility of baseload units, faster start-up of units, etc.);

2. Expanded use of demand response (potentially including smart grid applications), starting
with broader industry appreciation of the role of demand response in augmenting primary
and secondary frequency control reserves;

3. Expanded use of frequency control capabilities that could be provided by variable
renewable generation technologies (primary frequency control, etc.); and

4. Expanded use of advanced technologies, such as energy storage and electric vehicles.

We recommend accelerated efforts, including, for newer, less familiar sources, research,
development, and especially demonstration, to increase the supply of reserves that can provide
primary and secondary frequency control. This includes all necessary reinforcements and
additions to the transmission system to ensure deliverability. It may also require examination of
current market incentives and compensation to provide primary and secondary frequency control
reserves. The frequency response metrics developed in this study can be used to guide the
development of these sources in contributing to the adequacy of frequency response.

Comprehensive planning and enhanced operating procedures, including training, operating
tools, and monitoring systems, should be developed that explicitly consider interactions
between primary and secondary frequency control reserves, and address the new source of
variability that is introduced by wind generation.

Increased variable renewable generation presents substantial new schedule, commitment, and
dispatch challenges for power system operators. Although operators have extensive experience
anticipating and managing regular diurnal ramping requirements to meet system load from
conventional generation resources, integrating variable renewable generation will at times
require much greater commitment and dispatch flexibility or fleet maneuverability than has
previously been required. The characteristics of what is required and how it should be deployed
may differ significantly and are currently less predictable than the requirements for managing
familiar daily load ramps. Yet, as this study has demonstrated, it is essential that this
maneuverability be provided in ways that safeguard reliability by ensuring the adequacy of

2 Economic dispatch in the context of this report refers to the practice of dispatching generation in merit order based
on increasing variable (not total) production cost.
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primary and secondary frequency control reserves during normal operations.** We recommend
aggressive development and adoption of comprehensive planning and enhanced operating
procedures, including training and specific operating tools. These tools should anticipate
minimum requirements for primary and secondary frequency control reserves, explicitly consider
the interactions between these two types of reserves, and continuously monitor their adequacy
during operations. Continued collection and analysis of variable renewable generation data is
essential for anticipating and preparing for all operating conditions.

Requirements for adequate frequency control should be evaluated in assessments of the
operating requirements of the U.S. electric power system when considering new potential
sources of generation, such as solar and additional nuclear generation and the retirement of
existing generation.

This study has examined a case study of the frequency-response impacts of increased variable
renewable generation on the reliability of each of the three U.S. interconnections. In examining
the many ways increased variable renewable generation might affect the frequency behavior of a
power system following the sudden loss of generation, our study has demonstrated the
importance of frequency-response-based metrics for assessing the adequacy of primary and
secondary frequency control reserves. Frequency control is affected not only by the
characteristics of variable renewable generators, it also depends on the characteristics of the
remainder of the power system, which includes other forms of renewable generation,
conventional generation, the transmission system, and the customer loads served. Thus, our
study has been guided by the recognition that adequate frequency control is a fundamental
requirement for reliable operation of any power system. Going forward, new technologies,
economic considerations, and public policies will continue to alter the future composition of our
power system (including the addition of other forms of variable renewable generation, changes in
nuclear generation, retirements of generators, and changes in the electrical characteristics of
customer loads, among other factors). We recommend, therefore, that reliability studies of
frequency control using metrics developed here be conducted routinely on an interconnection
wide basis as important and ongoing inputs to the deliberations that will guide future
developments and decisions. We further recommend that these studies guide the development of
the systems and procedures needed to manage these changes to the power system.

A Call to Action

The physical limits to the reliable integration of variable renewable generation are already well
understood to be the transmission infrastructure required to deliver this generation to load. This
study has focused on the important requirements related to interconnection frequency response
that must also be addressed to ensure reliable operation.

This study has confirmed the validity of using frequency response as predictive metrics to assess
the reliable operation of interconnected systems that are managing major changes in generation
resources, particularly such as the integration of variable renewable generation. The concept will
work however, with other changes in generation mix, and changes to existing resources such as

2! Conventional unit scheduling, commitment and dispatch will need to take into account primary and secondary
frequency control capabilities in addition to the traditional economic and security constraints.

XXXI



Use of Frequency Response Metrics to Assess the Planning and Operating Requirements for Reliable Integration of Variable
Renewable Generation

plant retirements. Although transmission operators have conducted a number of studies to
address many of the operating issues related to the integration of variable renewable generation,
these studies have not focused on primary frequency control or on the interaction between
reserves for primary and secondary frequency control. At the same time, there is a separate
growing industry concern regarding the declining quality of frequency control. As the amount of
variable renewable generation grows and other changes are made to the generation resource mix,
it is essential to understand and address the root causes of this trend and take actions to ensure
that adequate frequency control reserves are scheduled by balancing authorities.

Ultimately, the technical and institutional issues that must be addressed in integrating variable
renewable generation and other types of generation depend on the unique features of and
resources available within each interconnection, the ability to predict the operation of these
generation resources, and the availability of new sources of frequency control such as demand
response and energy storage. Therefore, careful study, planning, and deliberate actions will be
required by each interconnection to ensure continued reliability within the United States
interconnections.

XXXii
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1. Introduction

An interconnected electric power system is a complex system that must be operated within a safe
frequency range in order to reliably maintain the instantaneous balance between generation and
load. This is accomplished by ensuring that adequate resources are available to respond to
expected and unexpected imbalances and restoring frequency to its scheduled value in order to
ensure uninterrupted electric service to customers. Electrical systems must be flexible enough to
reliably operate under a variety of “change” scenarios. System planners and operators must
understand how other parts of the system change in response to the initial change, and need tools
to manage such changes to ensure reliable operation within the scheduled frequency range.

This report presents a systematic approach to identifying metrics that are useful for operating and
planning a reliable system with increased amounts of variable renewable generation which builds
on existing industry practices for frequency control after unexpected loss of a large amount of
generation. The report introduces a set of metrics or tools for measuring the adequacy of
frequency response within an interconnection. Based on the concept of the frequency nadir, these
metrics take advantage of new information gathering and processing capabilities that system
operators are developing for wide-area situational awareness. Primary frequency response is the
leading metric that will be used by this report to assess the adequacy of primary frequency
control reserves necessary to ensure reliable operation. It measures what is needed to arrest
frequency decline (i.e., to establish a frequency nadir) at a frequency higher than the highest set
point for under-frequency load shedding within an interconnection. These metrics can be used to
guide the reliable operation of an interconnection under changing circumstances.

The frequency response metrics introduced here can be used not just to manage the integration of
variable renewable generation but also to guide and gauge the extent and success of reliable
integration of any new resource into an interconnection.® . It can be used to map a transition
path when major changes are made to existing resources such as conventional plant retirements
or de-ratings.

Wind is expected to be a major new source of electricity generation to each of the
interconnections in the near term, so this study tested and validated the frequency response
metrics in simulations of the generation and transmission infrastructures that system operators
expect to have in place in 2012. Wind generation presents challenges for the reliable operation
of the electric power system, in part because the electricity generated from wind is more variable
than electricity generated from conventional sources. The purpose of this study however, was not
to specifically determine the theoretical amount of wind generation that can be reliably
integrated into an interconnection nor of other types of generation that industry may decide to
build. Rather, it presents and validates a tool that can be used to assess and plan for the
operational requirements for reliable integration of variable renewable generation. In order to
validate the concept, it was applied to each of the interconnections. This approach showed that
the wind generation capacity projected for 2012 in the Western and Texas interconnections can
be reliably integrated. If higher levels of wind generation are integrated, this tool can be used to

%2 The term variable renewable generation refers to electricity generation facilities whose energy source: 1) is
renewable; 2) cannot be stored by the facility owner or operator; and 3) has variability that is beyond the control of
the facility owner or operator. This includes wind and solar generation facilities and certain hydroelectric resources.
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determine changes in primary and secondary frequency controls that will be required in addition
to transmission identified by other studies. The tool can also be used in operating and planning
the transmission system and designing markets to fully integrate and reliably operate the mix of
generation and transmission resources that are deployed in the future. Further, the metrics can be
used to identify the appropriate use of new technologies such as demand response and energy
storage devices in achieving reliable operation.

As part of its responsibility to oversee the reliability of the nation’s bulk power system, the
Federal Energy Regulatory Commission (FERC) staff commissioned Lawrence Berkeley
National Laboratory (LBNL) to determine if frequency response is an appropriate predictive
metric to assess the level of renewable resources that can be reliably added to the power grid. %

FERC staff commissioned LBNL to study how a critical aspect of reliability -- the control of
power system frequency during the period immediately following the sudden loss of a large
conventional power plant —can be better measured to assess the adequacy of frequency control in
the interconnections currently and be used to manage the reliable integration of new resources,
including variable renewable generation. Specifically, the objectives of this study are:

1. To determine whether metrics for frequency response®® could be used to assess the
reliability impacts of integrating variable renewable generation;

2. If so, to use these metrics to assess the potential reliability impact of new variable
renewable generation on the electric power system, by interconnection, following the
sudden, instantaneous loss of large conventional power plants; and

3. To identify what further work and studies are necessary to quantify and address any
reliability impacts associated with the integration of variable renewable generation.

Several aspects of this scope must first be clarified in order to understand the study’s methods,
findings, and recommendations:

1. FERC did not ask LBNL to study the type, amount, cost or timing of transmission
investments required to integrate variable renewable generation reliably because it is
already understood that physically integrating increased wind generation will require
significant transmission infrastructure investment. Other studies have and will continue to
examine these requirements. This study complements these studies by focusing on the
operational requirements necessary to ensure that whatever transmission system is in place
can be operated reliably.

2. FERC asked LBNL to study frequency response, or primary frequency control.
Accordingly, this study focuses on the resiliency of the power system following the
sudden, instantaneous loss of large conventional power plants. Other studies have and
will continue to examine requirements for managing the variability of wind generation
output through secondary frequency control reserves, which occurs much more slowly
than the sudden and unexpected events analyzed here. This study, however, complements

%% The scope of this project was broadened from the original scope announced in May, 2009 as the research
progressed, revealing the general applicability of frequency response metrics to analyze a broad range of changes
that a complex interconnected electric system must manage to ensure reliability.

2 Frequency response is a technical term used by the industry to describe how a power system has performed in
responding to the sudden loss of generation, which is one of the most important threats to reliability.
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these studies by introducing the additional measures that must be taken to ensure that
power systems with large amounts of wind generation can withstand the sudden loss of
large amounts of conventional generation.

3. FERC asked LBNL to study wind generation because it is expected to be the dominant
form of variable renewable generation over the near term. The methods and metrics
employed by this study can and should be applied to study the operational requirements
for reliability posed by all anticipated changes to the electric power system.

LBNL reviewed both domestic and international experiences with integration of variable
renewable generation and conducted a series of analytical investigations of the physical
principles involved in and current industry practices for managing or controlling power system
frequency. These investigations focused on how control of power system frequency could be
affected by increased amounts of wind generation. The investigations culminated in dynamic
simulation studies of the frequency response of each of the three U.S. interconnections, all of
which are expecting increased amounts of wind generation.”® The simulations used system
models developed and provided by industry. This is one of the first studies of the three U.S.
interconnections to consider the frequency-response-related reliability impacts of variable
renewable generation on an interconnection-wide basis using commercial-grade analysis tools
and industry-developed system models.

This report is organized in six sections following this introduction:

Section 2 defines and provides a rationale for the use of frequency response metrics to assess the
reliability impacts of integrating all forms of generation, including variable renewable
generation. The section begins with a non-technical overview of power system frequency
control concepts, processes, and terminology. The overview describes the resources on which
power system operators rely to control frequency and explains how these resources are deployed
during normal operations and following sudden large imbalances between generation and load,
such as those caused by the unexpected loss of conventional generation. The section then
defines and explains the usefulness of three metrics for assessing the performance of and
requirements for primary frequency control, which is the critical resource required to ensure
reliability following these sudden large imbalances. The remainder of this report refers to these
concepts and metrics to assess the potential reliability impacts of new variable renewable
generation on a power system’s ability to respond following the sudden, instantaneous loss of
large conventional power plants.

Section 3 describes how the frequency response metrics developed for this study can be used to
guide and gauge success in reliably integrating variable renewable generation. It first reviews
the factors that determine the adequacy of primary frequency control and clarifies that two of
these factors, the events the interconnection is expected to withstand and the set points for under-
frequency load shedding, will not be affected by integrating variable renewable generation.
Focusing on the third factor, the requirements for adequate primary frequency control, it then
identifies the four ways that system reliability might be affected by variable renewable

% The U.S. power system consists of three interconnections, called the Western, Eastern, and Texas
Interconnections. There are limited, asynchronous inter-ties between the interconnections, so each operates
separately from the other two.
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generation and discusses how each can be studied using frequency response metrics. Each of the
interconnections anticipates integration of new renewable generation resources, and in particular,
wind generators are the primary resources expected to be integrated in the near term.

Section 4 summarizes background research conducted on frequency control and operational
integration of variable renewable generation (mainly wind) in the U.S. and internationally. The
topics addressed include: the declining quality of frequency control of the U.S. interconnections,
industry experiences with and perspectives on the integration of variable renewable generation,
recent industry studies of the impacts of wind generation integration on the operation of the
power system, international experiences with integrating wind generation, and recent studies of
the impacts of wind integration on frequency control.

Section 5 presents findings on potential frequency-response-related impacts of increased variable
renewable wind generation on the three U.S. Interconnections by 2012. The assessment is based
on analysis conducted using commercially available, production-grade dynamic simulation tools
and industry-developed system models, which include the amount of wind generation capacity
the planners in each interconnection expect in 2012. This section first clarifies that the system
models were used “as provided.” The models are used to illustrate how the frequency response
metrics developed in this study can be used to guide and assess the reliable integration of
variable renewable generation. This section next introduces elements of the study that were
common to all three interconnections. Finally, it presents findings specific to each
interconnection.

Section 6 describes how variable renewable generation affects the interaction between primary
and secondary frequency control reserves. Study of this interaction is affected by several factors,
including, the absence of commercially available simulation tools that can realistically model the
interactions between these two types of reserves (which ranges over time frames of several
seconds to tens of minutes), the limited and short historical records available on extreme wind
ramping events and the inescapable role of human judgment in managing the resources that are
required for primary and secondary frequency control during operations. These considerations
represent important caveats for the initial findings presented in Section 5. Throughout these
discussions, we use the frequency response metrics developed in Section 2 and as explained in
Section 3 to guide future efforts to better understand and identify actions to address these
impacts.

Section 7 presents recommendations for further work and studies that are required now so that
appropriate operating procedures can be put in place in the near future to ensure reliability as
variable renewable generation increases and as other changes to the generation mix are
considered. It is imperative that we pursue these activities pro-actively to achieve the twin goals
of electricity reliability and increased resource diversity and security.
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The report is accompanied by five technical reports, published separately, that were prepared in
support of this project.
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2. The Development of Frequency Response Performance Metrics and Rationale for their
Use to Assess the Reliability Impacts of Integrating All Forms of Generation, including
Variable Renewable Generation

This section defines and provides a rationale for the use of frequency response metrics to assess
the reliability impacts of integrating all forms of generation, including variable renewable
generation. The section begins with a non-technical overview of power system frequency
control concepts, processes, and terminology. The overview describes the resources on which
power system operators rely to control frequency and explains how these resources are deployed
during normal operations and following sudden large imbalances between generation and load,
such as those caused by the unexpected loss of conventional generation. The section then
defines and explains the usefulness of three metrics for assessing the performance of and
requirements for primary frequency control, which is the critical resource required to ensure
reliability following these sudden large imbalances. The remainder of this report refers to these
concepts and metrics to assess the potential reliability impacts of new variable renewable
generation on a power system’s ability to respond following the sudden, instantaneous loss of
large conventional power plants.

The information in this section draws upon textbook references and two recent technical reports,
one of which was prepared specifically for this project (Kirchmeyer 1959, Cohn 1971, NERC
2009a, Undrill 2010). Throughout this section, technical terms that are defined in the glossary
provided at the end of this report are denoted in italics when they are first introduced.

2.1 System Frequency Reflects the Balance Between Generation and Load

The instantaneous balance between generation and load within an interconnected electric power
system is directly reflected in the frequency of the interconnection. Reliable operation of a
power system depends on maintaining frequency within predetermined boundaries above and
below a scheduled value, which, in North America, is normally 60 cycles per second or 60 Hertz
(Hz). Failure to maintain frequency within these boundaries can disrupt the operation of
customers’ equipment, initiate disconnection of power plant equipment (to prevent them from
being damaged), and lead to wide-spread blackouts.

Figure 2-1 illustrates how the relationship between generation and load determines the frequency
of an electric power system using the analogy of water level within a container. If generation
and load are exactly in balance (water inflow and outflow are equal), frequency is stable at 60
Hz. If generation begins to exceed load (inflow begins to exceed outflow), frequency will rise
above 60 Hz. If load exceeds generation (outflow exceeds inflow) frequency will fall below 60
Hz. If, in this last example, generation is not increased (to match the increase in outflow), then
frequency (water level) will fall until the power system collapses (the water in the container is
depleted).
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Figure 2-1. The Concept of Power System Frequency Explained Using the Analogy of Water Level
in a Container

Maintaining frequency at a scheduled value is challenging because load varies continuously
following well-understood patterns and sometimes unplanned events such as the sudden loss of
generation will abruptly alter the balance between load and generation. Both cause frequency to
deviate from its scheduled value.

Power system operators are responsible for ensuring that adequate resources are available to
respond to imbalances and restore frequency to its scheduled value, both when they are expected
and especially when they are large and unexpected. That is, the goal of power system frequency
control is to maintain frequency within safe boundaries around the scheduled value at all times
(in order to ensure uninterrupted electric service to customers).

2.2 Power System Frequency is Managed by Resources that Provide Primary and
Secondary Frequency Control

Power system operators manage or control frequency mainly through adjustments to the output
of generators;?° the goal of these adjustments is to restore the balance between generation and
load. When frequency is above the scheduled value, they rely on generators to decrease their
output. When frequency is below the scheduled value, they rely on generators to increase their
output. (The generator’s reaction is often referred to as “opposing [or reversing] the change in
frequency”.)

Generation resources are capable of taking two types of actions to control (i.e., to oppose
changes in) frequency: these two types of actions are known as primary and secondary frequency
control. The distinctions between the two types of actions are important because ensuring
reliability depends on having the proper amounts of each form of control. The proper amounts,
in turn, depend both on the variability of load during periods of normal operations and on the

%6 Specialized forms of demand response can be and in some instances are relied on for frequency control.
Currently, demand response is not fully developed nor widely used as resource for frequency control. Accordingly,
this discussion will focus on the dominant role of generation today for primary and secondary frequency control.
However, the concepts and metric discussed are analogous when the frequency control is provided by demand
response. Section 7 contains recommendations for expanding the supply of resources capable of providing
frequency control, including demand response.
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size of the abrupt imbalances caused by the sudden loss of conventional generation (or load),
which the power system is expected to withstand.

Primary frequency control involves the autonomous, automatic, and rapid action (i.e., within
seconds) of a generator to change its output to oppose large changes in frequency. Primary
frequency control actions are especially important during the period following the sudden loss of
generation because the actions required to prevent the interruption of electric service to
customers must be initiated immediately (i.e., within seconds).?” To be able to provide this
response, the resources that are to provide primary frequency control must be on line and
dispatched (e.g., below their maximum output) so that they are capable of increasing their output
immediately. The term head room is sometimes used to describe the difference between the
current operating point of a generator and its maximum operating capability. The primary
frequency control provided by an individual generator is commonly known as frequency
response (equipment).

Primary frequency control actions include governor response from generators and, more
recently, frequency-responsive demand response. Historically, virtually all generators were
relied upon to provide governor response.”® Today, the situation has changed. Some generators,
including all current nuclear generators, most wind turbines in North America, as well as many
new natural gas turbines do not provide governor response. Other generators, which may be
capable of providing governor response, are sometimes operated in ways that prevent them from
providing that response. For example, a generator operated at its maximum capability cannot
provide upward primary frequency control because it has no head room. Finally, some
generators have additional controls (discussed next) that override the sustained delivery of
governor response.

Secondary frequency control involves slower, centrally (i.e., externally) directed actions that
affect frequency more slowly than primary control (i.e., in tens of seconds to minutes).
Secondary frequency control actions can be initiated automatically or in response to manual
dispatch commands. Automatic generation control (AGC) is an automatic form of secondary
frequency control that is used continuously to oppose small deviations in system frequency
around the scheduled value. Manual dispatch commands, which take longer to implement, are
used to follow longer variations or trends in load, such as the morning ramp-up and the late
evening drop-off of load through an operating day.

Secondary frequency control is only one objective of the externally directed control of a
generator’s output. In this case, the objective is system wide: Manage system frequency toward
a scheduled value. Sometimes, generators are also directed to meet local objectives, such as

27 As discussed later in this Section, in order to preserve this fast-acting capability for use only during emergencies
(e.g., the sudden loss of conventional generation), primary frequency control is not allowed to act until the deviation
in system frequency exceeds a threshold called a dead-band.

%8 Governor response is expressed as a percentage change in power output for a given percentage change in
frequency. A typical governor response setting of 5 percent means that a 5 percent decline in frequency would lead
to a 100 percent increase in power output from a generator. For example, with a setting of 5 percent, a decline in
frequency of 0.3 Hz (which is 0.5 percent of 60 Hz) would lead to an increase in power output of 10 percent
(provided the generator was operating at 90 percent or less of its maximum output at the time of the frequency
decline).
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maintaining output at a constant, contracted level. The controls that effect these locally oriented
actions are referred to generically as plant secondary controls. It is important to recognize that
local objectives can conflict with and will sometimes override system-wide objectives. For
example, when plant secondary control actions override (i.e., withdraw) primary frequency
control actions, the effect may be detrimental to the stabilization of system frequency following
the sudden loss of generation (or load).

We turn next to a description of how the two forms of frequency control operate together to
manage system frequency, during periods of normal operation and following a large imbalance
caused by the sudden loss of large conventional generation. See Figure 2-2.
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Figure 2-2. Ranges of Power System Frequency During Normal Operations and Following the
Sudden Loss of Generation

Under normal conditions, power system operators, aided by automatic controls such as AGC,
adjust the output from generation resources on a more or less continuous basis to maintain
frequency within narrow boundaries around the scheduled value.? These efforts are planned and
organized around load variability over roughly two different time scales.

The largest variations in load take place in a daily cycle; mature day-ahead and hour-ahead load
forecasting play an important role in the scheduling and ramping up and down of generation
resources in anticipation of the diurnal rise and fall of load. Load following is sometimes used to
describe the coordination of generation output to follow these trends.

Smaller variations in load take place rapidly, in a matter of seconds or minutes, and continuously
throughout the day, resulting in near-instantaneous deviations from the scheduled frequency
value. Depending on the magnitude and speed of these deviations, secondary (and, sometimes,

 As discussed in Section 3, this report does not focus in detail on the deliverability of the replacement generation.
Deliverability, however, is an essential requirement and cannot be overlooked. New resources may likely require
not just interconnection facilities, but other network reinforcements to ensure the deliverability of primary and
secondary frequency control.
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primary) frequency control actions take place automatically, and continuously adjust the output
from generators to compensate. This form of generation control is known as regulation.
Secondary frequency control actions externally directed through AGC are the principal sources
of regulation under normal operations. When secondary frequency control actions alone are
insufficient to control frequency within pre-set limits (for example, in response to a large and
rapid change in system load), frequency deviation will exceed the dead-band setting and primary
frequency control reserves will then be engaged automatically to supplement secondary
frequency control actions. We will discuss the interaction of secondary and primary frequency
controls in more detail below.

Imbalances caused by the loss of large conventional generators are a special concern because
they are sudden and unexpected. The effect of the loss of a large generating unit is felt nearly
instantaneously throughout an interconnection as an immediate decline in system frequency.
Power system operators hold primary and secondary frequency control resources in reserve to
respond to these events. As discussed previously, primary frequency control actions provide
increased power quickly to make up for the lost generation that initiated the frequency decline.®
The objective is to rapidly restore balance between generation and load and thereby arrest the
decline in frequency.™

If, however, primary frequency control actions are unable to arrest the decline in frequency, an
extreme measure to arrest frequency decline, called under-frequency load-shedding, will be
initiated automatically. Under-frequency load shedding disconnects large, pre-set groups of
customers at predetermined frequency set points.*

Under-frequency load shedding is a blunt and drastic form of emergency frequency control.*® It
is intended to prevent damage to generators during the extreme imbalances in frequency that
result when the integrity of the interconnected power system has been so severely compromised
that portions of the system are operating as electrical “islands” distinct from one another.>* In

% Frequency-responsive demand resources, if available, would take load off the system nearly instantly in support of
this objective.

* Portions of the load served also respond automatically to changes in system frequency. This is called load
damping. Load damping depends on the composition of loads that are on line at the time of a imbalance. The
contribution of load damping to opposing changes in frequency is small compared to the contributions of primary
and secondary frequency control. In addition, load damping cannot be controlled in the same way that power
system operators manage the dispatch of resources that provide primary and secondary frequency control, so it is not
treated further in this discussion.

%2 Under-frequency load shedding is distinct from other, less drastic forms of load shedding that involve fewer
customers and that serve more localized reliability objectives. It is also distinct from voluntary demand response.

%% Governor actions are comparatively slower than the sudden interruption of electric service to large, pre-specified
groups of customers through under-frequency load shedding, which involves an immediate step change in the
balance between load and generation akin to (but acting in the opposite direction of) the sudden loss of generation.
In addition, governor actions are self-limiting because they inject (or withdraw) power to oppose changes in
frequency only to the extent frequency has deviated from the scheduled value. Loads disconnected through under-
frequency load shedding must be reconnected through specialized, operator-directed procedures.

% See, for example, the description of under-frequency load shedding contained in the 2003 Blackout Report:
“...automatic under-frequency load-shedding (UFLS) is designed for use in extreme conditions to stabilize the
balance between generation and load after an electrical island has been formed, dropping enough load to allow
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these situations, the purpose of under-frequency load shedding is to restore the balance between
load and generation (by removing load) before frequency declines even further to a point at
which generators disconnect automatically (in order to prevent being damaged), because once
generators disconnect, the imbalance will be even larger and a larger blackout is likely to ensue.

Under-frequency load shedding can also have unintended consequences. For example, if the
amount of load dropped by under-frequency load shedding is greater than the amount of
generation that was lost, frequency will quickly rise and exceed the scheduled value. When this
happens, other generators may disconnect themselves either automatically to protect themselves
because frequency is now too high or for other reasons. Frequency will then start to decline
again and an even larger blackout may ensue. See Text Box.

Therefore, it is important to recognize that under-frequency load shedding is an emergency
operating measure that is to be avoided in routine operations. It is expected to be held in reserve
as a safety net for use only when there are no alternatives left to arrest rapidly declining
frequency.

Indeed, the principal purpose served by primary frequency control is to avoid deliberately
interrupting customer loads through under-frequency load-shedding schemes. In other words,
primary frequency control actions are expected to be the principal means the power system relies
on to arrest rapid decline in frequency following the sudden loss of large conventional
generators.

Ensuring adequate primary frequency control is a routine operating measure to ensure reliability
because the sudden loss of a generator within an interconnection is not predictable, but occurs
with some regularity depending on the size of (and hence number of generators within an)
interconnection. In the very large Eastern Interconnection, events are recorded almost daily. In
the much smaller Texas Interconnection, events are recorded on average about once every week.
The very largest events, which pose the greatest threats to reliability, however, are rarely
recorded more than once or twice per year.

Reliability practices seek to ensure that, following sudden, unexpected imbalances, such as the
loss of large conventional generators, an interconnection will continue to deliver electricity to all
customers without interruption. Power system operations planners conduct extensive studies to
assess whether primary frequency control reserves are capable of arresting frequency before
under-frequency load shedding would be initiated following a variety of potential imbalances. In
other words, the criteria for adequacy of primary control reserves is whether or not the reserves
ensure continued delivery of electricity following these events. As we shall discuss, this
determination depends on the characteristics of the interconnection, the imbalance events the
interconnection is expected to withstand, and the set points or triggering frequency for under-
frequency load shedding.

frequency to stabilize within the island.” (U.S.-Canada Power System Outage Task Force. 2004). See, also, the
preamble for Reliability Standard PRC-007-0, “Assuring Consistency with Regional UFLS Program Requirements,”
which states, as its purpose: “Provide last resort system preservation measures by implementing an Under
Frequency Load Shedding (UFLS) program.” (NERC. 2009b)
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August 14, 2003 US-Canada Blackout

The August 14, 2003 blackout was not initiated by problems caused by system frequency. However, as a result
of the initiating events, the Northeastern portion of the Eastern Interconnection broke itself into a number of
electrically independent “islands.”

“Once the northeast became isolated, it lost more and more generation relative to load as more and more power
plants tripped off line to protect themselves from the growing disturbance. The severe swings in frequency and
voltage in the area caused numerous lines to trip, so the isolated area broke further into smaller islands. The
load/generation mismatch also affected voltages and frequency within these smaller areas, causing further
generator trips and automatic under-frequency load-shedding, leading to blackout in most of these areas.

The figure below shows frequency data collected by the distribution-level monitors of Softswitching
Technologies, Inc. (a commercial power quality company serving industrial customers) for the area affected by
the blackout. The data reveal at least five separate electrical islands in the Northeast as the cascade progressed.
The two paths of red diamonds on the frequency scale reflect the Albany area island (upper path) versus the
New York City island, which declined and blacked out much earlier.”

Source: U.S.-Canada Power System Outage Task Force. 2004. Final Report on the August 14, 2003 Blackout
in the United States and Canada: Causes and Recommendations. April.
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When a large conventional generator is lost unexpectedly (i.e., the power system experiences a
loss-of-generation event), system load immediately exceeds generation, and frequency begins to
decline immediately. See Figure 2-3. The rate (or slope) of this initial decline in frequency is
determined by two factors: 1) the inertia of the power system at the time the generator is lost,
and 2) the amount of power produced by the generator at the time it is lost. Inertia is a technical
term that describes the ability of the power system to resist changes in frequency. It is measured
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in MW-seconds. Inertia is an inherent property or characteristic of each generator and element
of load. The inertia of a power system is determined by the combined inertias of all of the
connected generators and loads that are directly coupled to the power system at any given time.

The relationship between system inertia and amount of generation lost is easiest to understand by
re-expressing each quantity as a percentage of a “normalizing” factor that is related to the total
size of the power system as follows: 1) normalized system inertia is total system inertia divided
by total connected generation; and 2) normalized generation loss is the amount of generation lost
divided by total generation. To a first approximation, the slope or initial rate of decline of
frequency is determined by the normalized generation lost divided by twice the normalized
system inertia.*®

The interpretation of this relationship is as follows: Holding the amount of generation lost fixed
(i.e., same normalized amount of lost generation), frequency will fall faster in a power system
that has lower normalized system inertia than it will in a power system that has higher
normalized system inertia. A power system with higher normalized system inertia is more
resistant to the change in frequency caused by the loss of a given amount of generation.

Holding normalized system inertia fixed, frequency will fall faster when more generation is lost
(higher normalized generation loss) than it will when less generation is lost (lower normalized
generation lost). For any power system, loss of a greater percentage of total generation causes
frequency to fall faster than loss of a smaller percentage of total generation.

These relationships are critical to understanding the requirements (discussed next) for arresting
frequency prior to triggering under-frequency load shedding. As will be discussed in Section 3
and 5, the normalized system inertias of the Eastern, Western, and Texas Interconnections are
relatively close in value to one another (roughly, 4 to 5 seconds). This is not a surprise. Despite
vast differences in the total number of generators within each interconnection, the composition of
generators is similar.*® On the other hand, due to the great differences in the sizes of the
interconnection, the loss of a given amount of generation represents very different percentages of
total generation within each interconnection. To illustrate, loss of 2 GW of generation at the
time of peak demands in the Texas Interconnection (about 60 GW) represents slightly more than
3% of total generation. Loss of 2 GW of generation at the time of peak demand in the Eastern
Interconnection (about 600 GW) represents slightly more than 0.3% of total generation.
Therefore, at the time of peak demand, loss of 2 GW of generation will cause frequency to fall
much faster in the Texas Interconnection than it will in the Eastern Interconnection. Therefore,
to arrest for a specific percentage generation loss and stabilize frequency at a given frequency
nadir (above the highest set point for under-frequency load shedding), a power system with
lower inertia will require faster provision of power from primary frequency control actions than
will a system with higher inertia.

* For the purpose of this illustrative discussion, we ignore the effects of load-damping, which refers to
comparatively small changes in the load that are caused by the change in system frequency. See Footnote 31.

% The aspects of generators that determine their contribution to system inertia depends on the types of turbines used
to generate electricity (e.g., steam turbines, combustion turbines, hydro-electric turbines, etc.), and not on the types
of fuels consumed (e.g., nuclear, coal, natural gas, and fuel oil can all be used to run a steam turbine). See Undrill
(2010) for a more information on the inertia contributed by different turbine types.
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Figure 2-3. The Sequential Actions of Primary, Secondary, and Tertiary Frequency Controls
Following the Sudden Loss of Generation and Their Impacts on System Frequency

If no corrective actions are taken after the sudden loss of a large conventional generator, system
frequency will decline until the power system collapses. The lower portion of Figure 2-3
illustrates the frequency controls used to prevent such a collapse. Primary frequency control
actions (and, in extreme circumstances, under-frequency load shedding) are the only frequency
control actions that can oppose the free-fall of frequency fast enough to prevent the entire power
system from going black. Following the sudden loss of generation, the automatic, autonomous,
and immediate increase in power output by resources providing primary frequency control
actions seeks to quickly arrest and stabilize the frequency of the interconnection, usually within
20 seconds or less. This is labeled the “arresting period” in Figure 2-3. Secondary frequency
control actions, because they are externally directed, are too slow to contribute to the arrest and
stabilization of frequency in the short time available. Thus, ensuring reliability (including
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avoiding under-frequency load shedding) depends on the availability of adequate primary
frequency control reserves.

It is important to recognize that frequency decline is arrested only by the portion of primary
frequency control actions that is actually delivered, usually within the initial seconds following
the sudden loss of generation. The point at which frequency decline is arrested is called the
frequency nadir. Once frequency decline has been arrested, continued delivery of primary
frequency control actions, if available, will stabilize frequency at a higher value but still lower
than the frequency prior to the loss of generation. This is labeled the “rebound” period in Figure
2-3. The point at which frequency is stabilized is called the settling frequency.

After the actions of primary frequency control reserves to arrest and stabilize frequency, the
initial goal of secondary frequency control reserves is to return frequency to the scheduled value
through the actions of AGC. Secondary frequency control actions do not contribute materially to
the restoration of frequency until 30 seconds or more following the loss of generation and can
take anywhere from about 5 to 15 minutes (or more) to restore frequency to the scheduled value.
This is labeled the “recovery” period in Figure 2.3. Consequently, sustained delivery of primary
frequency control actions after frequency has been stabilized is important during the recovery
period.

Tertiary frequency control refers to centrally coordinated actions (i.e., it is a form of what we
have called secondary frequency control) that operate on an even longer time scale (i.e., minutes
to tens of minutes) than primary frequency control and secondary frequency control provided
through AGC. The goal of these actions is to replace the reserves that have been used to provide
primary and secondary frequency control following a loss-of-generation event, in order to re-
position the power system so that it can respond to a subsequent loss-of-generation event.
Tertiary frequency control actions entail coordinated changes in generating unit loading and
commitment (e.g., dispatching one generator down to restore its reserve capability while
simultaneously dispatching another generator up to replace the power provided by the first
generator, all the while maintaining system frequency). The deployment of tertiary frequency
control represents the final stage of the recovery period indicated on Figure 2.3.

2.3 The Relationship between Operating Reserves and Primary and Secondary
Frequency Control

The importance of reliability has led the electric power industry to develop specialized terms and
procedures for ensuring that adequate primary and secondary frequency control reserves are
always available to manage load variability during normal operations as well as to respond to
sudden, large imbalances. Collectively, these forms of frequency control are encompassed in the
concept of operating reserves.*’

Generally speaking, operating reserves can be thought of as the difference between the collective
capability of the resources (both generation and demand response*®) available to serve load and

% The discussion in this subsection draws extensively from the presentation of these concepts contained in NERC
(2009a).

% Demand resources may also be used as operating reserves.
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the total load being served. Operating reserves are always positive (i.e., the resources available
must collectively exceed total load).

Operating reserves differ based on whether the resources are “on line” or “off line” and how fast
they are expected to respond. On-line reserves are resources that are running, connected, and
synchronized with the interconnection.®® They include spinning reserves, regulating reserves,
and other on-line reserves. Off-line reserves are resources that are not currently running and
therefore not synchronized with the interconnection but that can be made available to serve load
within a fixed period of time. They include non-spinning reserves and other off-line reserves.
See Figure 2-4.

Regulating Reserve

Other
On-Line ' On-Line Reserves

Spihning Reserve .

Re°
Off-Line Other

Non Spinning Reserve Off-Line Reserves

Must respond in Can, but not required to respond
10 Minutes or Less in 10 minutes or less
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Primary Frequency Control
Secondary Frequency Control
Tertiary Frequency Control
Contingency Reserves

Source: Based on NERC (2009a)

Figure 2-4. The Relationship Between Operating Reserves as Defined by NERC and Primary,
Secondary, and Tertiary Frequency Control as Defined in this Study

Contingency reserves are a component of operating reserves. These are reserves that have been
specifically designated to ensure timely response to loss-of-generation events. Accordingly, they
must be capable of responding quickly. Reliability standards require that they be deployed such

% Earlier, the term “head room” was introduced as a way to describe the reserve capability of an on-line resource, as
measured by its ability to increase output beyond its current operating point.
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that the balancing authority achieves the Disturbance Control Standard.” Both spinning and
non-spinning reserves are used to provide contingency reserves.*!

Regulating reserves are another component of operating reserves that provide regulation. As
discussed earlier, the output from generation resources that are explicitly designated for
provision of regulation is controlled centrally via dispatch signals from AGC systems.
Accordingly, these reserves must be on line.

The remaining reserves (called other on- and off-line reserves) consist of generation that is on
line and running at less than full capability or generation and demand response that can be
deployed quickly. These reserves might or might not be able to respond within 10 minutes or
less.

It is important to recognize that the formal definitions for the various forms of operating reserves
do not make explicit reference to the provision of primary and secondary frequency control
actions described earlier in this section. This can be a source of confusion, so it is useful to
clarify some of the relationships between operating reserves (as defined by NERC) and the
provision of primary and secondary frequency control actions (as defined in this study). See
Figure 2-4.

As we have discussed, only primary frequency control actions (and in extreme circumstances,
under-frequency load shedding) are capable of arresting and stabilizing frequency following the
sudden loss of generation. The spinning reserve component of contingency reserves is procured
specifically to respond to these events. Yet, the NERC Glossary of Terms Used in Reliability
Standards defining spinning reserves does not specifically require that the reserves must be
capable of providing primary frequency control actions.** As a result, spinning reserves may
also be composed of on-line resources capable of providing only secondary frequency control
actions.

In point of fact, following the sudden loss of generation, primary frequency control actions will
be provided by all on-line generating resources with operating governors and head room.
Therefore, if they are capable of doing so, regulating reserves and other on-line reserves will also
participate automatically and immediately in responding to a sudden loss of generation.

The important point here is that, following the sudden loss of conventional generation, frequency
decline will be arrested and stabilized by the combined effect of all sources that provide primary
frequency control, regardless of whether they are formally designated as on-line contingency

“0 Note that this description of the performance requirement for contingency reserves does not make reference to
either primary or secondary frequency control. This point is examined through simulation studies presented in
Section 5.

*1 We use the term “spinning reserves” to refer only to the component of contingency reserves that are synchronized

(i.e., on line). Spinning reserve is sometimes used to refer to all on-line operating reserves, including both those that
are relied on for regulation and contingency reserves, as well as other on-line reserves not specifically designated to

provide either regulation or contingency reserves.

*2 Spinning reserve is defined in the NERC Glossary as “Unloaded generation that is synchronized and ready to
serve additional demand.”
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(i.e., spinning) reserves. This recognition will figure prominently in our discussion of a primary
frequency response metric in the next subsection and in the analyses presented in Sections 3 and
5 of this report.

Similarly, generation that can be centrally dispatched by AGC is procured specifically to provide
regulation. As discussed, regulation provided via AGC is an automated form of secondary
frequency control. If, however, the amount of regulation procured is inadequate and cannot fully
address deviations in frequency, then primary frequency control reserves available from other
on-line sources (i.e., spinning reserves and other on-line reserves) will also be used
(automatically) to control frequency. When this happens, the reserves of primary frequency
control available to provide additional primary frequency control actions will be reduced. This
creates a reliability risk because primary frequency control reserves may be exhausted or
depleted to the point where they are no longer capable of arresting declining frequency following
the sudden loss of generation. This interaction between primary and secondary frequency
control reserves during normal operations will emerge as an important although not yet well-
recognized aspect of the reliability impacts of variable renewable generation and will be
discussed in Sections 3 and 6 of this report.

2.4 Introduction of Frequency Response Performance Metric to Assess the Adequacy of
Primary Frequency Control Reserves

As discussed throughout this section, the ability of a power system to withstand a sudden loss of
generation depends on the adequacy of operating reserves that are on line and capable of
providing primary frequency control. We now introduce the three frequency response
performance metrics that we will use to assess the adequacy of primary frequency control
reserves.

We first re-state our definition of adequacy formally in terms of the reliability objective served:
Primary frequency control reserves are adequate if they are capable of ensuring the uninterrupted
delivery of electricity following the sudden loss of generation.** In other words, reserves are
adequate, if, following a sudden loss of generation, the primary frequency control actions
provided by these reserves successfully arrest and stabilize frequency decline prior to the
dropping of firm customer loads through the extreme actions of under-frequency load shedding
(assuming there is adequate transmission to ensure deliverability).

* The amount of generation as used here is intended to be the largest experienced generation loss and not the
magnitude of the largest single generator. This is consistent with the North American Electric Reliability Council’s
(NERC) Procedure for Setting Interconnection Frequency Limits, which describes the determination of the number
of allowable contingencies as follows: “This should be a minimum of two contingencies, so that the Interconnection
is always at least one contingency away from an Under Frequency Load Shed, but may be greater based on a
statistical analysis of contingency probabilities.” (NERC 2003)
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The Use of Simulation Tools to Study the Frequency Response of Interconnections Following the Sudden
Loss of Large Conventional Generators

Simulation tools are routinely used by the industry to study, among other things, the dynamic performance of the
interconnections in response to system events that result in major perturbations of voltage, frequency, and flows
of power. The tools are used to conduct “what-if” studies of various scenarios of past, current and future
operating conditions of the power system. Industry uses these tools on an ongoing basis to assess system
capabilities in all the time frames to establish operating limits, which in turn affect generation dispatch,
transmission flows, and voltage profiles.

The tools contain detailed representations of the operation of generators and their automatic controls, the
transmission system, including under-frequency and other load shedding relays, and the response of loads to
changes in the power system. A typical dynamic simulation seeks to model the behavior of a power system over
about the first 20 seconds following a postulated “what-if” event, such as the sudden loss of a large conventional
generator. Twenty seconds is about the longest period of time over which the effectiveness of these controls,
acting alone (i.e., without the influences of other changes to the power system, including slower control actions),
can be modeled and assessed.

The modeling seeks to replicate the expected behavior of the power system at every instant of time following
this event, especially the actions of automatic controls, such as the generator governors that provide primary
frequency control. Simulations provide detailed information on the expected behavior of the power system at
much finer resolution than can be observed in the field with traditional grid monitoring technologies. For
example, simulations can be used to study the expected frequency nadir following a loss-of-generation event,
while traditional grid monitoring technologies can only reliably measure settling frequency.1 Thus, simulation
tools are a powerful and essential complement to field measurements in studying and establishing operating
limits to ensure reliability.

! Recent deployment of higher resolution grid monitoring technologies have proved invaluable in further validating
simulation results and promise to make these phenomena visible to power system operators and planners on a routine and on-
going basis. See, for example, http://www.naspi.org/

This definition allows us to focus on the most important aspect of frequency behavior following
the sudden loss of generation, namely, the point at which frequency is arrested or the frequency
nadir. If frequency nadir is greater than (i.e., frequency is arrested above) the highest set point
for under-frequency load shedding, then the primary frequency control reserves that were in
place at the time generation was lost were adequate. If, however, frequency decline is not
arrested and frequency crosses below the highest set point, firm customer loads will be dropped
through the actions of under-frequency load shedding. This means the primary frequency control
reserves that were in place were inadequate.

The first metric to be introduced here, frequency nadir, therefore, is a direct measure of the
adequacy of primary frequency control reserves. It is a lagging or after-the-fact metric because it
is based on the measured (or simulated) effects of primary frequency control. It determines
whether primary frequency controls were able to arrest the excursion before under-frequency
load shedding was triggered. See Text Box

Frequency response is the traditional metric used by the industry to describe how an
interconnection has performed in stabilizing frequency after the loss of generation. It, too, is a
lagging metric. The industry measures frequency response by relating the size of the loss-of-
generation event (the amount of generation lost) to the resulting net change in system frequency
once frequency has been stabilized (at Point B). See Figure 2-5. The units of frequency
response are megawatts (MW) per 0.1 Hz. Technically speaking, frequency response must by a
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negative number for an interconnection to be stable (increased power output in reaction to a
decrease in frequency). However, by convention, it is described as a positive number, such as
“1,500 MW/0.1Hz” (that is, the negative sign is assumed implicitly).
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Figure 2-5. Frequency Response Performance Metrics

Frequency response is a useful metric for examining trends in quality of frequency control by an
interconnection. Martinez (2010), in a technical report prepared for this project, presents a
historical analysis of the frequency response of the three U.S. Interconnections. Martinez et al.
(2010) report that the median frequency response of both the Eastern and Western
Interconnections declined by about one-fourth over the period 2002 to 2008. See Section 4.

For this study, we modify the definition of this traditional metric to focus on the aspect of
frequency control that, as discussed previously, is most important for reliability immediately
following a loss-of-generation event, which is the frequency nadir.** To distinguish our version
from the traditional definition, we label the second metric nadir-based frequency response. It is

“4 One reason the traditional definition of frequency response is based on settling frequency (Point B) is that until
recently power