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Abstract

The work described in this report was performed by Pacific Northwest National Laboratory (PNNL)
and funded by the Office of the Energy Efficiency and Renewable Energy, U.S. Department of Energy
(EERE DOE). This project is a joint project with National Renewable Energy Laboratory (NREL).

With the rapidly growing penetration level of wind and solar generation, the challenges of managing
variability and the uncertainty of intermittent renewable generation become more and more significant.
The problem of power variability and uncertainty gets exacerbated when each balancing authority (BA)
works locally and separately to balance its own subsystem. The virtual BA concept is based on various
forms of collaboration between individual BAs to manage power variability and uncertainty. The virtual
BA will have a wide area control capability in managing its operational balancing requirements in
different time frames. This coordination results in the improvement of efficiency and reliability of power
system operation while facilitating the high level integration of green, intermittent energy resources.

Several strategies for virtual BA implementation, such as Area Control Error (ACE) diversity
interchange (ADI), wind only BA, BA consolidation, dynamic scheduling, regulation and load following
sharing, extreme event impact study are discussed in this report. The objective of such strategies is to
allow individual BAs within a large power grid to help each other deal with power variability. Innovative
methods have been developed to simulate the balancing operation of BAs. These methods evaluate the
BA operation through a number of metrics — such as capacity, ramp rate, ramp duration, energy and
cycling requirements — to evaluate the performance of different virtual BA strategies.

The report describes a systematic framework for evaluating BA consolidation and coordination.
Results for case studies show that significant economic and reliability benefits can be gained. The merits
and limitation of each virtual BA strategy are investigated. The report provides guidelines for the power
industry to evaluate the coordination or consolidation method. Several related projects are underway to
work with regional BAs to evaluate the strategies defined in this report.






Executive Summary

The work described in this report was performed by the Pacific Northwest National Laboratory
(PNNL) and funded by the Office of the Energy Efficiency and Renewable Energy, U.S. Department of
Energy (EERE DOE). This project is conducted jointly with the National Renewable Energy Laboratory
(NREL).

Renewable variable generation (VG) will penetrate the power grid at a high level, as required by
different state’s Renewable Portfolio Standards (RPS). Twenty four states’ RPSs establish the goal of
reaching 10-40% of renewable energy integrated into the grid by 2015-2030. The DOE has modeled an
energy scenario in which wind would provide 20% of U.S. electricity by 2030. Because of the variability
and uncertainty of wind and solar generation, the high penetration of renewable generation makes it more
difficult for balancing authorities (BAs) to maintain balance between their load, interchange and
generation. Operating separately and locally, individual BAs would have to purchase more expensive
balancing reserves to accommodate the variability and uncertainty from high penetration of VG in the
future. Cooperation and consolidation between BA’s has been identified as one of the most important
strategies to facilitate high-level VG penetration while limiting requirement for generation reserves.

Consolidation of BA processes already takes place in the industry. For example, an actual
consolidation of 26 BAs in the Midwest Independent System Operator (ISO) area into a single BA took
place on January 6, 2009. In 2006-2007, four BAs' formed a new cooperation by combining their area
control error (ACE) in the Pacific Northwest. Later, the ACE diversity initiative (ADI) was extended over
a larger geographical region in the Western interconnection, by including 8 more BAs®. Similar
processes take place elsewhere in the world. In 2005, two Danish transmission system operators® (TSOs)
merged forming a consolidated TSO called Energinet.dk. All wind power production and its deviations in
Germany are combined virtually, and then distributed to each of four transmission system operators”.

To support these processes there is a need to develop a systematic and comprehensive framework in
order to evaluate the benefits and problems with current BA cooperation approaches. This report
describes such a framework and a set of essential tools which can be used to quantify the benefits and
limitations of different BA cooperation/consolidation approaches.

The goal of this work is to equip industry with tools and methodologies helping to select the most
appropriate BA cooperation methods and, by doing so, to facilitate high penetration of VG required by
RPSs without creating control performance, or reliability problems. To demonstrate the performance and
the usefulness of the tools and methodologies proposed in this work, they have been applied to real
system analyses, including the ones conducted for industry.

The project directly supports the EERE’s mission of “Bringing clean, reliable and affordable energy
technologies to the marketplace.” The project helps to achieve the national goal of having 20% of our
energy supply from renewable resources and possibly to exceed that goal by reaching a target of 33%.

! British Columbia Transmission Corporation, Idaho Power, Pacificorp East, Pacificorp West and Northwest
Energy.

2 Arizona Public Service, Nevada Power/Sierra Pacific Power, Public Service Company of New Mexico, Salt River
Project, Seattle City Light, Bonneville Power Administration (BPA), Public Service Colorado/Excel Energy and
Glacier Wind Farm (Naturener).

® Eltra and Elkraft.

* Amprion GmbH, 50Hetz Transmission Europe GmbH, Transpower Stromuebertragungs GmbH and EnBW
Transportnetze AG.



Challenges Facing Individual Balancing Authorities at High VG
Penetration Levels

In an electric power grid generation and load must remain balanced all the time. Significant
imbalances could result in significant interconnection frequency deviations, transmission system
violations, stability problems and so on. Ultimately, those problems could cause widespread system
blackouts. The load varies with time and is in large extent not controllable. Generation must be dispatched
to follow the load variation to ensure an adequate balance of supply and demand. To accommodate the
variability and uncertainty of the load, some generation must be reserved for reliable grid operation.

High penetration of VG increases the challenges of maintaining power system balance. VGs are not
dispatchable resources in the traditional manner. Wind power can only be produced when the wind blows.
Likewise, solar power can only be produced when the sun shines. Wind and solar generators usually
supply “must take” energy for BAs, which have little to no control over their power output. Quite often
the power generation from these resources is treated as negative load, so that the remaining generators are
committed and dispatched to balance against so called “net load,” which is the difference between the
BA’s load, interchange and the variable generation. Renewable power resources increase the power
variability and uncertainty which has to be balanced. Specific problems with system reliability and
control performance, which may occur because of the increasing VG, include increasing risk of system
imbalances potentially harming BA control performance, over-generation, fast unpredicted ramps,
unpredicted transmission overloads and loop flows, voltage deviations, decreasing system frequency
response and inertia, stability issues, adverse impact on conventional generators (including increasing
cycling, wear-and-tear and emissions and decreasing efficiency), and others.

Challenges of maintaining the load-generation balance become more significant when an
interconnected power grid is operated locally and separately by each individual BA. In North America,
power grids are divided into many balancing areas to allow autonomy in operation. For example, the U.S.
Western Interconnection is a large integrated and interconnected power system. Organizationally, it is
divided into 37 BAs. Within each BA, operators are responsible for maintaining the balance between
load and generation within their territory, as well as for following interchange schedules between BAs.
Metrics (e.g., area control errors and control performance standards) are used to evaluate the performance
of each BA in maintaining the balance. BAs that do not meet the balancing requirements could jeopardize
system reliability and are thus penalized financially. It has been proven that the impact of intermittency
and uncertainty caused by VGs becomes relatively smaller if these resources are lumped together over a
large geographical area and if they are more dispersed over a territory. The existing BA structure is
limiting the potential of wide-area integration of VGs because the BAs have to deal with their own local
variable generation individually. In addition, each BA must maintain balance with its own, sometimes
limited resources. A BA with limited balancing reserves and high wind and solar power penetration will
face significant problems. To maintain the balance, it frequently may have to resort to more expensive
resources. Sometimes, it may even run out of resources to maintain balance. Associated economic and
reliability concerns may create hurdles to high level penetration of VG under the existing BA structure
and operational practices.

Some additional problems associated with the operation of individual BAs are:
o Control area operators do not have a broad view of the system.

¢ Individual BAs do not have the authority or mechanisms to achieve maximum efficiency on a system-
wide basis.
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¢ Independent decisions by individual BAs may generate negative impacts on other control areas.

o Transmission system flexibility becomes increasingly insufficient to accommodate all variability of
power transfers.

e There is an increasing difficulty managing unscheduled flows on the transmission system, leading to
reliability risks.

Motivations for BA Cooperation

More VG can be integrated into the current power grid through the cooperation of BAs. BA
cooperation is, perhaps, the least expensive option among the other possible solutions helping to achieve
the RPS objectives. A recent General Electric Energy (GE) study, conducted for NREL, states explicitly
that to integrate 35% of wind and solar resources in the area served by the WestConnect group of utilities
and 25% of these resources in the rest of the WECC system, BA cooperation and consolidation is required
among the other measures. When BAs cooperate with each other in one form or another, the total
variability will be less due to the geographical diversity. Wind and solar generation as well as the
associated forecasts errors are generally not strongly correlated with each other over a wide geographic
area. Thus, the combined large-area power variation is smaller than the sum of variations for individual
BAs. Such variability reduction can be shared among the participating BAs. Problems with balancing the
system can be also mitigated through BA collaboration. The balancing generation resources in
participating areas can be shared and more effectively used to manage power variations through
coordination. Working together, BAs can balance reduced power variance with shared resources. This
approach benefits power system operation from both economic and reliability perspectives. In addition,
with the rapid development of information technology in the power industry, cooperation among
individual BAs is becoming more viable.

Benefits from BA Cooperation

Numerous benefits from the cooperation of individual BAs can be identified and evaluated:

¢ Reducing regulation requirements in terms of its required upward and downward reserved capacity,
actual use (energy), reduced impact on the regulation units (wear and tear, efficiency) and cost.

¢ Reducing load following requirements in terms of its required upward and downward capacity, actual
use (energy)

o Reducing ramping requirements. Fast and continuous ramps, especially unexpected, create problems
for grid operators. The ramping capability of the most thermal generators is limited, so to follow fast
ramps, more generators need to be used, which means more online capacity.

o Improving BA performance (Control performance standard (CPS1/2) indices).

The benefits of BA cooperation and consolidation increase when renewable generation penetration
increases.

Major BA Cooperation Strategies

Balancing authorities have been developing various measures to mitigate VG integration problems
including improved day-ahead, hour-ahead and real-time wind and solar forecasting systems (and wind
ramp forecasting systems); incorporating these forecasts into power markets, scheduling and real time
processes; increasing operating reserve requirements; grid codes requiring at least partial dispatchability
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from wind generators; additional energy storage; demand response programs; new regional markets for
the intra-hour balancing services; coordinated wide-area real-time; congestion management; building
special control centers for wind; transmission system enhancements; adding more flexible generation to
the system; increasing operating reserves (especially, intra-hour balancing reserves); dynamic scheduling
and pseudo-tie options to deliver more ancillary services from the neighboring BAs; and other measures.
Many of these methods are expensive options. BA cooperation and consolidation options are, perhaps,
among the least expensive measures to mitigate the impacts of wind and solar power variability, poor
predictability and uncertainty.

BA cooperation can be implemented using different strategies. Each strategy has its own advantages
and disadvantages. There is a minimum set of requirements that needs to be adopted by BAs to have
successful cooperation. The objective of such strategies is to reduce the overall variability and uncertainty
of the net load so that individual BAs within a large power grid can accommodate more VG without a
significant increase of generation reserves. The major cooperation strategies are briefly described below
(a more comprehensive list is provided and discussed in the report’s body):

BA Consolidation

The consolidation of individual BAs is the integration of two or more BAs into a single consolidated
balancing authority (CBA). There are multiple ways and cooperation levels that can be used to
consolidate BAs, e.g., full actual consolidation and virtual or partial consolidation.

The full actual consolidation implies the actual merging of BAs into a single CBA. Under this option,
the former BAs stop scheduling their individual interchanges except for the one between the common
CBA and the rest of interconnection, they introduce common unit commitment and dispatch procedures,
procure common operating reserves, common automatic generation control (AGC), and so on. The full
actual consolidation helps to maximally exploit the benefits of consolidation.

The virtual or partial consolidation option generally implies that the existing BAs and their certain
functions are preserved in the consolidated BA and remain separated from the corresponding other BAs
functions. For instance, participating BAs may select to schedule and dispatch their own generators and
provide intra-day and intra-hour balancing functions individually, based on sharing certain reduced
collective CBA requirements. For the partial consolidation option, it is important to underline which
features of the consolidated BA are important to fully exploit potential benefits of consolidated operation..

Area Control Error (ACE) Diversity Interchange (ADI)

The laws of physics requires the balance between load and generation to be achieved at the whole
power grid level (unless it causes transmission system violations). But the reality is that, working
separately, each BA needs to achieve local balance within its territory. Area control error is used to check
how well a BA balances its generation against the native net load and interchange schedule. Automatic
generation control systems are used to adjust special generation resources to achieve balance on a minute-
to-minute basis. There are times when a BA instructs its AGC-connected generators to produce more
power than the original schedule, while another BA in the same grid instructs its AGC-connected
generators reduce their output.. When the excessive power generated in one BA is equal to the excessive
power consumed in another BA, the whole power grid is well balanced. But, if there is no cooperation
between BAs, each BA still has to adjust its regulation generation to achieve local balance.

Regulation reserve is an expensive resource. The main idea of ADI is to let all participating BAs pool
excessive generation and consumption together to net out some collective adjustment requirement. The
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goal is to reduce the regulation required to balance the system. Relaxed control can be achieved because
of the ACE diversity.

Wind-only BA

Unlike a traditional BA — which includes generating units and load — wind-only BA includes only
variable generation (VG) resources. Wind-only BAs do not have to stay in one concentrated location.
VGs, which are distributed over a larger geographical region, can still be put together to form a wind-only
BA in order to benef from the geographical diversity factor. The wind-only BA is responsible for
controlling the interchange of its control area with the other BAs following a pre-determined interchange
schedule. BAs’ control performance is mandated by North American Electric Reliability Corporation
(NERC) and Western Electricity Coordinating Council (WECC) Control Performance Standards.
Generators participating in the wind-only BA will be required to provide their own balancing reserves or
purchase those services from external resources.

Dynamic Scheduling

Through telemetry, dynamic scheduling is a service which allows load or generation to be virtually
transferred from one BA to another BA. Dynamic scheduling allows the receiving BA to control the
generation or load in the sending BA as if the generation or load was physically located in that BA.
Dynamic scheduling could be used to bring more external renewable resources into a control area to meet
the RPS requirements while exploiting the geographic diversity factor. On the other hand, dynamic
schedules can be used to incorporate external balancing resources helping to deal with VG variability.

Methodologies to Evaluate BA Cooperation

Currently, there is no systematic way to evaluate the benefits and problems with different BA
cooperation approaches. It is hard for industry to determine which approach is better for their specific
situations. This report introduces new methodologies to evaluate BA cooperation approaches. The
methodologies include:

o Two sets of metrics to quantify the benefits of BA collaboration. Each set of metrics is defined by a
performance envelope.

— The first performance envelope represents BA balancing operations, hence it includes capacity,
ramp rate, ramp duration, and energy requirements for regulation, load following and scheduling.

— The second performance envelope represents the cycling of generating and storage units within
the BA to perform the needed balancing operations. It reflects the nature of using such units to
meet the variation of load and the output of intermittent generation resources.

¢ A methodology for building an incremental power flow model has been developed. It has been used
to evaluate the impact of various wide area wind integration options. It is also used in investigating
transmission congestions that can limit BA cooperation. The method has been implemented and
validated with WECC models.

o A method has been developed for evaluating the power system security region has been applied to
quantify the transmission system congestion with better accuracy. That results in improving the usage
of transmission system and minimizing the congestion cost under different wide area wind integration
options.

o Several strategies for BAs collaboration have been investigated such as ACE diversity interchange,
wind only BA, BA consolidation, dynamic scheduling, and regulation and load following sharing.
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o Two methods to optimize the advanced ACE diversity interchange have been developed. These
methods show improved performance compared with the current ADI method used in the western
interconnection.

¢ An analytical method has been developed to assess the benefits of the consolidation of individual
BAs. The method used the developed tools to determine the savings in regulation, load following and
scheduling requirements for the consolidated BA in comparison with individual BAs.

o A preliminary approach for dynamic scheduling evaluation is given. The main concept is to connect
external wind farms to specific balancing authorities and to provide ancillary services from external
resources.

¢ An optimization method for regulation and load following sharing amongst individual BAs has been
developed.

o A method for evaluating the benefits of creating a wind only BA has been investigated. A wind-only
BA is responsible for controlling the interchange of its control area with the other balancing
authorities following a pre-determined interchange schedule.

¢ An extreme event analysis method has been developed to evaluate the expectation of an extreme
event in the future and its impact on the operating reserves and transmission congestion.

o A procedure for loop flow analysis has been developed to be able to estimate the unplanned
additional power transfers caused by VGs as well as by BA cooperation options used.

¢ Two methodologies for cycling analysis have been proposed. The methodologies will help to evaluate
the impacts of VGs and BA consolidation options on conventional generators, evaluate the need in
flexible generation resources and energy storage.

e The virtual energy storage concept was proposed and proven through experiments. The concept
creates an opportunity to detect, predict, and use the unplanned randomly occurring cyclic exchanges
of energy between BAs as a virtual energy storage naturally existing in the system. By using this idea,
participating BA could reduce their cycling balancing requirement without investing in additional
generation or energy storage..

The Impact of the Project

This project showed the potential for the current electric power grid to accommodating more
renewable generation through BA cooperation. This project identifies viable cooperation options between
BAs by analyzing the benefits and implementation challenges with each option so that individual BAs can
choose the most suitable cooperation strategy that fits their regional circumstances. Innovative metrics
were developed to quantify BA cooperation benefits. In depth analysis for different BA cooperation
techniques is introduced with conclusions about the pros and cons of each strategy. Consequently, the
benefits of BA consolidation can be quantified and recognized. The significant economic and reliability
benefits from BA cooperation were revealed. The results have stimulated strong interest from industry.
PNNL has been contacted by its industrial partners (including WECC, Bonneville Power Administration
(BPA), California Independent System Operator (CAISO), Constellation Energy and Columbia Grid) to
extend the BA cooperation studies for some specific systems in subsequent projects.

Conclusion and Future Work

Through BA cooperation, more VG can be integrated into the U.S. electric power grid reliably and
efficiently. High renewable penetration will significantly increase power variability and uncertainty in
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power grid. More generation reserves are required to maintain balance if BAs work separately. Working
together, BAs only need to manage the netted out variability and uncertainty with shared resources.
Consequently, more VG can be integrated into the power grid with the same amount of resources. The
benefits of BA cooperation become more significant with higher VG penetration.

There are several BA cooperation approaches proposed in the power industry. Each approach has its
advantages and disadvantages. This report provides an overview and a systematic way of evaluating these
approaches. It helps individual BAs choose the most appropriate approach for their cooperation.

The project is an initial attempt to evaluate the benefits of BA cooperation in high renewable
generation penetration. It has generated significant interest in industry and paves the way for selection and
implementation of BA cooperation for specific industrial systems. The innovative methodologies
developed make it possible to compare the differences of BA cooperation strategies. Consequently, the
benefits of BA consolidation can be quantified and recognized.

Future studies aim to evaluate BA cooperation benefits in terms of reducing generation production
cost with high renewable generation penetration. Funded by DOE, PNNL, in cooperation with NREL and
the WECC variable generation subcommittee, has started a project to analyze the BA consolidation
benefits for the entire US Western Interconnection. The study will quantify the benefits of BA
consolidation at different levels of renewable generation penetration up to 30%. It will also evaluate the
effects of transmission congestion and the benefits of intra-hour scheduling.
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Glossary

Term

Meaning

Area Control Error

The instantaneous difference between a Balancing Authority’s net actual and
scheduled interchange, taking into account the effects of frequency bias and
correction for meter error.

ACE Diversity
Interchange

ADI or ACE Diversity Interchange is the pooling of area control errors (ACE) to
take advantage of control error diversity (momentary imbalances of generation
and load).

Automatic Generation
Control

Equipment that automatically adjusts generation in a balancing authority area
from a central location to maintain the balancing authority’s interchange
schedule plus frequency bias. AGC may also accommodate automatic
inadvertent payback and time error correction.

Balancing Authority

The responsible entity that integrates resource plans ahead of time, maintains
load-interchange-generation balance within a balancing authority area, and
supports Interconnection frequency in real time.

Bonneville Power
Administration

The Bonneville Power Administration, headquartered in Portland, Oregon, is a
federal agency under the U.S. Department of Energy. BPA serves the Pacific
Northwest through operating an extensive electricity transmission system and
marketing wholesale electrical power at cost from federal dams, one non-federal
nuclear plant and other nonfederal hydroelectric and wind energy generation
facilities.

Contingency Analysis

Contingency Analysis (CA) runs automatically on a real-time basis to determine
which branch and generator outages pose the most severe threat to the system.
CA supports complex contingencies (more than one device outage) and cascaded
relay actions, providing an accurate representation of the power system
following the outage. Outages can be ranked and branch overloads and voltage
limit violations are listed, along with identification of associated contingencies.

California Independent
System Operator

The California ISO is a nonprofit public benefit corporation charged with
operating the majority of California’s high-voltage wholesale power grid.
Balancing the demand for electricity with an equal supply of megawatts, the 1ISO
is the impartial link between power plants and the utilities that serve more than
30 million consumers.

California Energy
Commission

The California Energy Commission is the state's primary energy policy and
planning agency. The Commission responsibilities include: 1) Forecasting
future energy needs and keeping historical energy data. 2) Licensing thermal
power plants 50 megawatts or larger. 3) Promoting energy efficiency by setting
the state's appliance and building efficiency standards and working with local
government to enforce those standards. 4) Supporting public interest energy
research that advances energy science and technology through research,
development, and demonstration programs. 5) Supporting renewable energy by
providing market support to existing, new, and emerging renewable
technologies; providing incentives for small wind and fuel cell electricity
systems; and providing incentives for solar electricity systems in new home
construction. 6) Implementing the state's Alternative and Renewable Fuel and
Vehicle Technology Program. 7) Planning for and directing state response to
energy emergencies.

California Institute of
Energy Environment

A University of California partnership of energy agencies, utilities, building
industry, non-profits, and research entities designed to advance energy efficiency
science and technology for the benefit of California and other energy consumers
and the environment. CIEE is a branch of the University of California Energy
Institute.
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California—Oregon
Intertie

Path 66 (also called the California Oregon Intertie or abbreviated COI) is the
name of several 500 kV power lines. It is the northern half of a set of three 500
kV lines that makes up the Pacific AC Intertie which is the AC portion of a
greater project linking power grids in the Southwest with the grids in the Pacific
Northwest. Also, this is the larger and older of the two segments of the Pacific
AC Intertie, the other is the Los Banos-Gates third 500 kV wire of Path 15. The
set of three 500 kV wires is mostly located in the Modoc Plateau.

Control Performance
Standard

The NERC reliability standard that sets the limits of a Balancing Authority’s
Area Control Error over a specified time period.

Disturbance Control
Standard

The reliability standard that sets the time limits following a Disturbance within
which a Balancing Authority must return its Area Control Error to within a
specified range.

the U.S. Department of
Energy

The United States Department of Energy (DOE) is a Cabinet-level department of
the United States government concerned with the United States' policies
regarding energy and safety in handling nuclear material. Its responsibilities
include the nation's nuclear weapons program, nuclear reactor production for the
United States Navy, energy conservation, energy-related research, radioactive
waste disposal, and domestic energy production. DOE also sponsors more basic
and applied scientific research than any other US federal agency; most of this is
funded through its system of United States Department of Energy National
Laboratories.

Dynamic Schedule or
Dynamic Interchange
Schedule

A telemeter reading or value that is updated in real

time and used as a schedule in the AGC/ACE equation

and the integrated value of which is treated as a schedule for interchange
accounting purposes..

Commonly used for scheduling jointly owned generation

to or from another balancing authority area.

The office of Energy
Efficiency and
Renewable Energy

The Office of Energy Efficiency and Renewable Energy (EERE) is an office
within the United States Department of Energy that invests in high-risk, high-
value research and development in the fields of energy efficiency and renewable
energy technologies. The Office of EERE is led by the Assistant Secretary of
Energy Efficiency and Renewable Energy, who manages several internal EERE
offices and ten programs that support research, development, and outreach
efforts.

Energy Management
System

A computer control system used by electric utility dispatchers to monitor the real
time performance of the various elements of an electric system and to control
generation and transmission facilities.

Frequency Response
Standard

(Equipment) The ability of a system or elements of the system to react or
respond to a change in system frequency.

(System) The sum of the change in demand, plus the change in generation,
divided by the change in frequency, expressed in megawatts per 0.1 Hertz
(MWI/0.1 Hz).

Institute of Electrical
and Electronics
Engineers

An international non-profit, professional organization for the advancement of
technology related to electricity. IEEE is the world’s largest professional
association advancing innovation and technological excellence for the benefit of
humanity.

Independent System
Operator

An Independent System Operator (ISO) is an organization formed at the
direction or recommendation of the Federal Energy Regulatory Commission
(FERC). In the areas where an 1SO is established, it coordinates controls and
monitors the operation of the electrical power system, usually within a single US
State, but sometimes encompassing multiple states.

Mean Absolute Percent
Error

Mean absolute percentage error (MAPE) is measure of accuracy in a fitted time
series value in statistics, specifically trending. It usually expresses accuracy as a
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percentage.
MAPE = £ 3 A B

nia Ay
where A; is the actual value and F; is the forecast value.
The difference between A; and F, is divided by the actual value A; again. The
absolute value of this calculation is summed for every fitted or forecast point in
time and divided again by the number of fitted points n. This makes it a
percentage error so one can compare the error of fitted time series that differ in
level.

MATLAB ™

MATLAB is a numerical computing environment and fourth generation
programming language. Developed by The MathWorks, MATLAB allows
matrix manipulation, plotting of functions and data, implementation of
algorithms, creation of user interfaces, and interfacing with programs in other
languages. Although it is numeric only, an optional toolbox uses the MuPAD
symbolic engine, allowing access to computer algebra capabilities. An
additional package, Simulink, adds graphical multidomain simulation and model-
based design for dynamic and embedded systems.

Market Redesign and
Technology Upgrade

Market Redesign and Technology Upgrade, a program owned by the California
Independent System Operation (CAISO). MRTU is a comprehensive redesign
and upgrade of the 1ISO market structure and its supporting technology. MRTU
was fully implemented on 1% April, 2009.

North America Electric
Reliability Corporation

NERC’s mission is to improve the reliability and security of the bulk power
system in North America. To achieve that, NERC develops and enforces
reliability standards; monitors the bulk power system; assesses future adequacy;
audits owners, operators, and users for preparedness; and educates and trains
industry personnel. NERC is a self-regulatory organization that relies on the
diverse and collective expertise of industry participants. As the Electric
Reliability Organization, NERC is subject to audit by the U.S. Federal Energy
Regulatory Commission and governmental authorities in Canada.

National Renewable
Energy Laboratory

The National Renewable Energy Laboratory (NREL), located in Golden,
Colorado, as part of the U.S. Department of Energy, is the United States'
primary laboratory for renewable energy and energy efficiency research and
development.

Probability Density
Function

A real-valued function whose integral over any set gives the probability that a
random variable has values in this set. Also known as density function;
frequency function.

Pacific Northwest
National Laboratory

U.S. Department of Energy Laboratory located in the Pacific Northwest. The
Laboratory is run by Battelle Memorial Institution.

Power Transfer
Distribution Factors

In the pre-contingency configuration of a system under study, a measure of the
responsiveness or change in electrical loadings on transmission system facilities
due to a change in electric power transfer from one area to another, expressed in
percent (up to 100%) of the change in power transfer.

Reserve Sharing Group

A group whose members consist of two or more balancing authorities that
collectively maintain, allocate, and supply operating reserves required for each
balancing authority’s use in recovering from contingencies within the group.
Scheduling energy from an adjacent balancing authority to aid recovery need not
constitute reserve sharing provided the transaction is ramped in over a period the
supplying party could reasonably be expected to load generation in (e.g., ten
minutes). If the transaction is ramped in quicker (e.g., between zero and ten
minutes) then, for the purposes of disturbance control performance, the areas
become a Reserve Sharing Group.

Regional Transmission

A Regional Transmission Organization (RTO) in the United States is an
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Organization

organization that is responsible for moving electricity over large interstate areas.
Like a Transmission system operator (TSO), an RTO coordinates controls and
monitors an electricity transmission grid that is larger with much higher voltages
than the typical power company's distribution grid. TSO's in Europe cross state
and provincial borders like RTOs.

Truncated Normal
Distribution

In probability and statistics, the truncated normal distribution is the probability
distribution of a normally distributed random variable whose value is either
bounded below or above (or both).

Transmission System
Operators

In electrical power business, a transmission system operator (TSO) is an operator
that transmits electrical power from generation plants to regional or local
electricity distribution operators.

Western Electricity
Coordinating Council

WECC is responsible for coordinating and promoting electric system reliability
in the Western Interconnection. WECC supports efficient competitive power
markets, assure open and non-discriminatory transmission access among
members, provide a forum for resolving transmission access disputes, and
provide an environment for coordinating the operating and planning activities of
its members as set forth in the WECC Bylaws.
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1.0 Background and Introduction

A successful power grid must maintain the balance between its generation, net load and interchange
schedule. Significant imbalances can result in significant interconnection frequency deviations,
transmission system violations, stability problems and other problems that could disrupt service, and
ultimately result in wide-spread system blackouts. Dispatchable generators must be committed and
dispatched ahead of time and controlled in real time to follow the load variation and ensure an adequate
balance of supply and demand. They constitute additional balancing reserve and so called flexibility
characteristics including the available maneuverable capacity, ramping capability, start up time, cycling
characteristics (number of available start ups and shut downs during a day), and others. The task of
balancing systems becomes more difficult with increasing penetration of intermittent resources, such as
solar and wind generation, which produce variable and hardly predictable power.

Traditionally, the system balance is achieved through the balancing efforts of multiple balancing
authorities (BAs), which are responsible for controlling their areas, or parts of interconnection. For
example, the U.S. Western Interconnection is operated by 37 balancing authorities. Each BA is
responsible to maintain the balance within its territory so that the combined effort of all BAs will keep the
entire Western Interconnection balanced. Various metrics (e.g., Area Control Error [ACE], Control
Performance Standards [CPS1 and CPS 2], Disturbance Control Standard [DCS], Frequency Response
Standard [FRS], Balancing Authority ACE Limit [BAAL], frequency deviation limits) are introduced by
NERC as standards to check how well a BA balances generation against load, wind and solar generation
and interchange [36]. Generation reserves are needed to achieve the control performance objectives. The
generation reserves are expensive and may be limited. BAs, which do not meet these requirements, could
jeopardize the system reliability and are thus penalized financially.

Renewable variable generation (VG) will penetrate the power grid at a high level, as required by
different state’s Renewable Portfolios Standard (RPS). Twenty four states’ RFPs establish the goal of
reaching 10-40% of renewable energy to be integrated into the grid by 2015-2030 [49]. The DOE has
analyzed a modeled energy scenario in which wind would provide 20% of U.S. electricity by 2030 [50].
Because of the variability and uncertainty of the wind and solar generation, the high penetration of
renewable generation makes it more difficult for balancing authorities (BAs) to maintain balance between
their load, interchange and generation. Operating separately and locally, individual BAs would have to
purchase more expensive balancing reserves to accommodate the variability and uncertainty from high
penetration of VG in the future. It has been observed that additional balancing requirements, caused by
renewable intermittent resources, could be reduced, if their collective impact is accumulated over a large
geographic area, taken from multiple distributed resources, and for all sources of variability and
intermittency (including system load). BA’s cooperation and consolidation are identified as one of the
most important strategies to facilitate high-level VG penetration while limiting the requirement of
generation reserves [44], [33]. A recent General Electric Energy (GE) study, conducted for NREL, states
explicitly that to integrate 35% of wind and solar resources in the area served by WestConnect group of
utilities and 25% of these resources in the rest of the WECC system, BA cooperation and consolidation is
required among the other measures [33].

Balancing authorities have been developing various measures to mitigate VG integration problems
including improved day-ahead, hour-ahead and real-time wind and solar forecasting systems (and wind
ramp forecasting systems); incorporating these forecasts into the market, scheduling and real time
processes; subhourly schedules, increasing operating reserve requirements; grid codes requiring at least
partial dispatchability from wind generators; additional energy storage; demand response programs; new
regional markets for the intra-hour balancing services; coordinated wide-area real-time; congestion
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management; building special control centers for wind; transmission system enhancements; adding more
flexible generation to the system; increasing operating reserves (especially, intra-hour balancing
reserves); dynamic scheduling and pseudo-tie options to deliver more ancillary services from the
neighboring BAs; and other measures. Many of these methods are expensive options. BA cooperation and
consolidation options are, perhaps, among the least expensive measures to mitigate the impacts of wind
and solar power variability, poor predictability and uncertainty.

Consolidation processes already take place in the industry. For example, an actual consolidation of 26
BAs in the Midwest Independent System Operator (1SO) area into a single BA took place on January 6,
2009 [18]. In 2006-2007, four BAs' formed a new cooperation by combining their area control error
(ACE) in the Pacific Northwest [48]. Later on, the ACE diversity initiative (ADI) was extended over a
larger geographical region in the Western interconnection, by including 8 more BAs® [12]. Similar
processes take place elsewhere in the world. In 2005, two Danish transmission system operators® (TSOs)
merged forming a consolidated TSO called Energinet.dk. All wind power production and its deviations in
Germany are combined virtually, and then distributed to each of four transmission system operators* [2].

PNNL is running a study for several BAs in the Western Interconnection who are willing to evaluate
the benefits of creating one single BA. Funded by DOE, PNNL, in cooperation with NREL and the
WECC Variable Generation Subcommittee (VGS), has started a project to analyze the consolidation
benefits for the entire U.S. Western Interconnection. Nevertheless, essentially, most of the approaches are
trying to find ways of consolidating intermittency impacts, balancing efforts, and reserves to solve this
problem without creating a single supper balancing authority. This can be done through different
approaches shown and analyzed in Table 1.1.

! British Columbia Transmission Corporation, Idaho Power, Pacificorp East, Pacificorp West and Northwest
Energy.

2 Arizona Public Service, Nevada Power/Sierra Pacific Power, Public Service Company of New Mexico, Salt River
Project, Seattle City Light, Bonneville Power Administration (BPA), Public Service Colorado/Excel Energy and
Glacier Wind Farm (Naturener).

® Eltra and Elkraft.

* Amprion GmbH, 50Hetz Transmission Europe GmbH, Transpower Stromuebertragungs GmbH and EnBW
Transportnetze AG.
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Table 1.1. Various BA Consolidation Options

Category

Explanation

Options

Explanation

Comments

Actual BA
consolidation in a
single Balancing
Authority in
WECC

Wind only BA

Sharing or
globalization of
some of the
balancing functions

Participating BAs
form a single
Balancing Authority

Wind power
producers form their
own BA
Participating BA
share some of the
balancing functions,
but do not form a
single Balancing
Authority

Full actual
consolidation

Virtual or partial
consolidation

Primary reserve
(frequency response)
sharing and
coordination

ACE sharing (or
ADI)
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BAs merge and all
balancing functions
are centralized

Participating BAs
or utilities perform
some or all
balancing functions
individually based
on certain sharing
agreements

BAs determine and
provide frequency
response based on
the system wide
standard and share
the amount of
response provided
by each BA based
on certain sharing
agreement

Participating BAs
calculate a common
ACE in real time
and share the ACE
diversity based on
certain sharing
principles

Example: Actual
consolidation of 26
BAs in the MISO
area into a single
BA on January 6,
2009 [12].

Example :Glacier
Wind [29].

European
transmission system
operators use this
option for primary
reserves (frequency
response) [2].

Examples:

(1) Simple ADI (like
in WECC [12]).

(4) ADI with
globalized use of
regulation resources
(like in Germany
[2D).

Some possible
variants:

(1) Bilateral market
or agreements (e.g.,
using dynamic
schedules)

(2) Spot market



Table 1.1. (contd) Various BA Consolidation Options

Category Explanation Options Explanation Comments
Flexibility market or  Participating BA Some possible
other similar use market or other variants:

Sharing balancing
services and
resources

Globalization and
sharing of
unscheduled
deviations

The balancing
services can be
provided by
resources outside of
the BA that needs
these services. Also,
the same resource
could provide
services to multiple
BAs.

Participating BAs
agree to globalize
unscheduled
deviations and
balance only against
some share of these
deviations

globalization options
for load following
services (intra-hour
balancing)

Coordinated
scheduling process

Dynamic schedules

Globalization of
balancing services in
a wide area

Regulation resource
sharing

Globalization and
sharing of
unscheduled
deviations of wind
and solar resources
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mechanisms to
provide wide area
intra-hour balancing
service

Participating BAs
build and optimize
their generation and
interchange
schedules in a
coordinated fashion
based on their load,
wind and solar
generation forecasts

A balancing
resource is
scheduled and/or
controlled from an
outside BA. Its
output is telemetered
to the BA where this
resource is
accounted for.

BAs have access and
can use balancing
resources outside
their Balancing
Authority

A regulation
resource provide
regulation services
for 2 or more BAs

The arrangement
covers only wind
and solar station
errors

(1) Bilateral market
or agreements (e.g.,
using dynamic
schedules)

(2) Spot market

Currently, thisis a
widely used option.

Example: regulation
(secondary reserve)
market and
globalization in
Germany

PNNL project
funded by BPA and
CEC

Example: Germany



Table 1.1. (contd) Various BA Consolidation Options

Category Explanation Options Explanation Comments
Globalization Note differences
includes all with sharing the

Sub-hour scheduling
within each
participating BA

Sub-hour scheduling
within and among
participating BAs

Participating BAS’
scheduling process
is conducted for sub-
hour time intervals
for all resources
within the BA

Participating BAS’
scheduling process
is conducted for sub-
hour time intervals
among BAs

deviations including
load deviations

The sharing goes
below the BAs’
level to the level of
specific resources

The arrangement is
done for
participating BAs
only, with the
external BAs, the
one hour schedules
are used

The arrangement is
done for
participating BAs
only, with the
external BAs, the
one hour schedules
are used

All interconnection
is using sub-hour
schedules

The resources get
only a fraction of
their own balancing
responsibility

balancing functions

Resources have a
choice between self-
provided regulation,
buying regulation
service from some
other resources or
using services
provided by BAs.
The option is
currently under
discussion at BPA

Used in MISO,

ERCOT, PJM, ISO-
NE, NYISO, IESO,
NYISO, CAISO, ...

Used in Germany,
Being implemented
between NYISO,
ISO-NE, IESO

There is a need to have a systematic look and formal comparison of benefits and problems associated
with different consolidation options. Using the ADI as an example, there is a need to quantify the
advantages of this form of cooperation using certain performance metrics. Calculating the performance
metrics used in real life operations (such as ACE, CPS1 and CPS 2, DCS, FRS, BAAL, frequency
deviation limits) requires a comprehensive system model. These models would be precise tools, used to
deal with extremely uncertain system situations. Building such a model needs multi-million dollar
investment, In this regard, developing a simplified set of performance metrics (performance envelopes)
which is connected to the NERC performance standards is important. In this study, our target is to
develop performance envelopes, which help to achieve that goal. By implementing those metrics, one
could run multi-variant studies and evaluate the benefits of BA cooperation by robustly covering
uncertainties in the system model without investing major resources and man power. Methodologies
developed could be widely used in the U.S. and abroad for making informed decisions on the possible
consolidation schemes.
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The next problem we are addressing in this report concerns possible disadvantages, restrictions and
other aspect of wide area BA consolidation. For example, when implementing the ACE diversity
interchange (ADI) in the Western Interconnection, it has been noticed that the ADI could create
congestion problem in the heavily loaded path of the system. Because of the potential congestion
problem, it has been decided to restrict the ADI adjustment by 25MW. It is of course a restriction, which
decreases the efficiency of the ADI. Another example can be found in Germany, there is a large amount
of wind and solar energy resources in the system and the instantaneous trade of wind and solar energy
between four transmission system operator results in major unpredicted loop flows through neighboring
systems. So additional problems which can be caused by BA consolidations are congestions, major
imbalances (tail events), inadvertent interchanges, unauthorized use of third party transmission systems
and other problems. As discussed, along with possible negative reliability impacts, economical issues,
transmission utilization rights, these problems can also limit the number and efficiency of BA
consolidation options.

Along with analysis of existing consolidation schemes, there is a need to propose improvements or
ideas on possible consolidation framework. Currently, we are dealing with new areas and non-traditional
system behaviors that cannot be considered traditional anymore. Out-of-the-box thinking could result in
suggestions which significantly improve the existing consolidation ideas or in completely fresh and new
ideas. For example, dynamic scheduling has been successfully applied to not only bring more flexible
balancing resources into system with high penetration of wind energy, but also to meet the RPS
requirements by adding more renewable resources into the system. In this study, we suggest several
completely new ideas. They are advanced ADI, capable of controlling congestion problems, virtual
energy storage, loop flow analysis and monitoring schemes, and others. In our opinion, results of this
study will benefit the power industry, and currently we have been contacted by our industrial partners,
who are interested in our innovative ideas. We have already several projects materialize with industry
partners, which incorporate solutions developed in this work:

o Investigation of consolidation benefits in terms of the savings in regulation, load following, and
scheduling requirements for a group of BASs.

o Several WECC BAs, such as Bonneville Power Administration (BPA) who have joined the current
ADI program, show strong interest in the optimized ADI method and are going to evaluate it. In
particular, BPA is helping test the method by providing field measurement data.

o A study on the needed energy storage capacity in all three interconnections in the US to minimize the
cycling of generating units.

o Several Bas, such as Constellation Energy Group, Inc. have shown interest in the developed approach
for wind only BA. The current intention is to incorporate this analysis in the next phase of the study.

e The methodology of regulation and load following sharing has been applied in two of PNNL’s
projects with BPA and the California Energy Commission (CEC).

e Work is underway to start a project with BPA on dynamic scheduling. The objective is to develop a
methodology for quantifying the benefits of using dynamic scheduling. The California ISO has also
expressed interest in using the results of this study.

o A larger-scale study to investigate potential collaboration between more than thirty WECC BAs to
overcome transmission congestion problems and to be able to meet the challenges associated with the
rapid growth of wind energy that is expected to reach a penetration level of 20% within a decade.

Approaches considered in this report have been extensively discussed with National Renewable
Energy Laboratory (NREL)partners (Dr. Michael Milligan, and Brendan Kirby). Innovative solutions for
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wide-area coordination using event analysis have been developed in collaboration with professors Gerald
Heydt and Vijay Vittal of Arizona State University (ASU).

The results of the study have been decimated extensively through papers and reports. One paper is
submitted and successfully accepted to the Institute of Electrical and Electronics Engineers (IEEE) T&D
conference; another paper was recently submitted to IEEE General meeting. A paper for IEEE transaction
- in collaboration with V. Vittal and G. Heydt - is in the pipeline.
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2.0 BA’'s Responsibility and Resources in Maintaining
Balance

Traditionally, each balancing authority (BA) works independently and separately to maintain balance
between generation and load, wind, solar and other intermittent resources and interchange within its area.
Each BA needs sufficient balancing reserves and proper procedures to comply with North America
Electric Reliability Corporation (NERC) control performance standards [36]. To operate a power system
reliably, operational procedures and automatic systems are created in each BA to use generation reserves
and other ancillary services to maintain power grid balance. Reserves should be sufficient enough to
compensate predicted and unpredicted load and wind solar generation changes. Significant imbalances
caused by insufficient reserves, deficient characteristic of these reserves (i.e.,, insufficient ramping
capability, system inertia or frequency response) could result in significant interconnection frequency
deviations, transmission system violations, stability problems and so on. Ultimately those problems could
result in wide spread system blackouts. The task of balancing the system becomes more difficult with
increasing penetration of intermittent resource of the systems, such as solar and wind generation. The
balancing service and reserves are expensive and each BA is trying to minimize these requirements
without compromising system reliability and control performance.

Traditionally, the system balance is achieved through the balancing efforts of multiple balancing
authorities, which are responsible for controlling their areas (parts of interconnection). For example,
Western Interconnection is operated by 37 BAs. Each BA is responsible to maintain balance within its
territory so that the combined effort of all BAs will keep the entire Western Interconnection balanced.
Various metrics (e.g., area control error ACE, control performance standarts CPS1 and CPS 2,
disturbance control standart DCS, frequency response standart FRS, balancing authority ACE limit
BAAL, Frequency deviation limits [36]) are introduced by NERC as standards used to monitor how well
a BA balances generation against load, wind generation, solar generation and interchange. Generation
reserves needed to achieve the control performance objectives are expensive and may be limited. BAs that
do not meet the requirements, could jeopardize the system reliability and are thus penalized financially.

This chapter explains what types of reserves are needed and how BA determines minimum reserve
requirements to maintain the balance with existing BA structure which are not employing BA cooperation
options. The following questions are addressed in the text.

e What cause the problem in maintaining balance?

What metrics are applicable to check whether a balance is maintained?

How the problem is handled?

What kinds of reserves are needed to maintain balance?

How can the amount of reserves be determined?

Why additional reserves are required for high level penetration of variable generations?

Finally, a detailed modeling procedure developed in the study for calculating reserves is given in the
Section 3.4. Those procedures have been developed before by PNNL for projects conducted by California
System Operator (CAISO) and the Bonneville Power Administration (BPA). The procedure was updated
in this work as described below in this chapter, and in the updated form, the procedure has already been
used in an offshoot project aiming to quantify benefits of possible actual consolidation of BAs in the
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Western Electricity Coordinating Council (WECC) system. Information provided in the chapter is to help
readers better understand approaches used and results obtained in this study.

2.1 Metrics to Measure BA’s Performance and Capability to Maintain
Power Balance

2.1.1  Area Control Error (ACE)

Area control error (ACE) index has been used for many years to reflect the control area power
balance. ACE signal includes the interconnection frequency error and the interchange power error with
neighboring BAs. ACE signal value is used as an input of Automatic Generation Control (AGC) system.
Most of BAs have their own AGC systems. An AGC system automatically controls generation units,
which participate in regulation process. The regulation process is a real-time process and ACE is
calculated every several seconds.

2.1.1.1 NERC Definition of ACE

Area control error (ACE) plays an important role in power system generation control to reflecting the
balance of generation, load and interchange [60]. ACE values help to determine how much a balancing
authority needs to move its regulating units to meet the mandatory control performance standard
requirements [36].

ACE of BA i is defined as®:
ACE, = AP -10BAF, (2.1)

where: AF is the interconnection frequency error in Hz
AP is the interchange power error in MW
Bi is the control area frequency bias in MW/0.1Hz

Each BA is required to keep its ACE within certain statistical limits established by the NERC Control
Performance Standards [40]. As shown in Figure 2.1, traditionally, ACE is calculated independently for
each BA, and the AGCs are operated accordingly to reduce individual BA ACEs.

! Expression (2.1) is a simplified representation of the ACE equation. The full expression contains additional terms
such as metering error term, inadvertent interchange pay back term, and automatic time error correction term (in
WECC).
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Figure 2.1. Traditional Operation and the Raw ACE

2.1.1.2 WECC Differences

Details and mathematical models of alternative representation of the WECC Automatic Time Error
Correction Term are given in the Appendix F.

2.1.2 Control Performance Standards (CPS)

To evaluate the quality of the balancing process, control performance standards (CPSs) are used.
Control performance standards are introduced by the NERC. There are two standards: CPS1 and CPS2
[24].

CPS1 assesses the impact of individual ACEs on interconnection frequency variations over a 12-
month sliding window using 1-minute average compliance factors. CPS2 is a monthly measure that a BA
must report to NERC, and is calculated by averaging the ACE for each 10-minute period within a month.
CPS2 is the percentage calculated by dividing the number of averages, which are less than the BA’s CPS2
limit by the total number of averages. A CPS2 score of 90% or more is considered as acceptable.

2121 CPS1

Each BA shall achieve, as a minimum, CPS1 compliance of 100% [40].

CPS1 is calculated by converting a compliance ratio to a compliance percentage as follows [16], [24]:

CPS1 = (2 — CF) - 100% > 100%' (2.2)

Where CF is a compliance factor and it can be calculated as:

CF = AVGlZ—month [CFl] (23)
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(2.4)
where: g is the targeted frequency bound for CPS1

AF is the interconnection frequency error
B; is the frequency bias of the ith control area

()1 is the clock -1-min average.

2.1.22 CPS2
Each BA shall operate such that its average ACE is within a specific limit, (referred to as L10) for at
least 90% of clock-ten-minute periods (six non-overlapping periods per hour) during a calendar month.

AVGlO—min (ACEi ) < LlO

(2.5)
Lo =1.65&,4+/(~10Bi)(~10Bs) 26)

CPS2=|1- _violations,yy, 1,100 5 go0g
total periods—unavailable periods 27)

&, Is the targeted frequency bound.

B; is the sum of the frequency bias settings of the balancing authority areas in the respective
interconnection.

2.1.3 Balancing Authorities ACE Limit

The balancing authority ACE limit standard is a part of a new set of control performance standards
currently under development at NERC [55]. BAAL is designed to replace CPS2 and Disturbance Control
Standart. It establishes frequency-dependent ACE limits.

The new Balance Resources and Demand Standards are [55]:

BAL-007-1, Balance of Resources and Demand,

BAL-008-1, Frequency and Area Control Error,

BAL-009-1, Actions to Return Frequency to within Frequency Trigger Limits,
BAL-010-1, Frequency Bias Settings, and

BAL-011-1, Frequency Limits.
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These new proposed standards are a major change from the existing control performance metrics
calling for an elimination of CPS2 [55]. The new standards require BAs to maintain interconnection
scheduled frequency within a wide, predefined frequency profile under all conditions (i.e., normal and
abnormal). They are designed to prevent unwarranted load shedding and to prevent frequency-related
cascading collapse of the interconnected grid.

The standard has been designed so that the BA ACE Limits (BAALS) become frequency sensitive and
can be used by the system operators as performance indicators in real-time. The balancing authority can
monitor its own performance against its BAAL target and take corrective actions before one of its BAAL
limits is exceeded [55].

The following important considerations outlining potential impacts of the BAAL standard on the
value of fast regulation resources can be foreseen at this moment:

o A control that opposes frequency deviation always improves area performance against the BAAL.
This means that the new standard will not have potential problems with compliance if the regulating
resources are controlled, based on the local frequency signals rather than AGC signals.

o Distributed resources that react to local frequency signals will contribute to BAAL compliance
without being connected to the BA control signal. This would dramatically increase opportunities for
distributed resources demand side control and decrease associated costs (as a result of eliminating
telemetry systems connecting the AGC system with distributed resources and loads).

o BAAL is designed to replace CPS2 standard ; therefore, no controversy is expected from interaction
of local frequency-based controls with the CPS2 requirements.

e Unlike the CPS2 standard formulated for 10-minute averages of ACE, the BAAL standard is
formulated for instantaneous values of the area control error.

e Expectation is that the BAAL standard will relax the area regulation needs and reduce the regulation
burden.

214 Disturbance Control Standard

The purpose of the Disturbance Control Standard (DCS) is to ensure the BA is able to utilize its
contingency reserve to return interconnection frequency within its defined limits following a reportable
disturbance [38]. Because generator failures are far more common than significant losses of load and
because contingency reserve activation does not typically apply to the loss of load, the DCS applies to the
loss of supply only and it does not apply to the loss of load.

215 Proposed Performance Metrics

Control performance standard (CPS) scores CPS1 and CPS2 (or BAAL) are appropriate indices to
evaluate a BA performance. At the same time, to derive these indices from a study based on a system
model, much more detailed information is needed than is usually available. For instance, the load
following, AGC regulation and generators’ response to controls should be simulated in details.
Moreover, the CPS scores are not giving essential information on more detailed characteristics required
from generators performing the balancing service, such as the capacity, ramping, energy, cycling, and
other metrics.
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Wind and solar generation is variable and non-dispatchable source of energy. It causes additional
unscheduled deviations of power balance and complicates the problem of system balancing. For instance,
BAs need to procure more regulation capacity to met CPS requirements. However increasing in
regulation capacity requirements is not the only problem which could be caused by variable generation.
Another important issue is ramping capability of the units evolved in regulation process. Due to the lack
of fast response units, while slow units are not capable of following fast ramping events, more units
should be committed and an even greater capacity must be involved in regulation process.

To assess the new challenges caused by the growth of intermittent generation resources we propose to
use two sets of performance criteria (performance envelopes). The first performance envelope allows
evaluating the capacity, ramping and energy requirements of the system. It includes: capacity, ramp rate,
ramp duration and energy criteria. Second performance envelope evaluates cycling characteristics of the
generation system and includes: half-cycle magnitude, half-cycle duration and half-cycle frequency.

2.1.5.1 Performance Envelope |

The key technical metrics or indices proposed to compare BAs operational performance are explained
in this section.

Potential benefits of BA coordination or consolidation can be demonstrated through four basic
metrics, which we refer to as the “first performance envelope,” and relate to the evaluation of capacity,
ramp duration, ramp rate and energy of ramps. These four metrics are schematically illustrated in Figure
2.2 and defined below.

The regulating unit ramping capability can directly influence the required regulation and load
following capacity. If the ramping capability is insufficient, more units and more capacity must be
involved in regulation to follow the ramps. Hence, a simultaneous evaluation is necessary to determine
the true balancing requirements. The required ramping capability can be derived from the shape of the
regulation/load following requirement curve.

MW

Capacity,
MW

Ramp Rate,
MW/min
\
\
\

Time

Net Load OR
Load Following OR
Ramp Duration, min Regulation Curve

Figure 2.2. Schematic Illustration for the Four Performance Metrics
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Capacity

Capacity (n) indicates the required minute-to-minute amount of generation or change in generation
output, either up or down, to meet variations in net load/load following/regulation requirements. The
capacity requirement metric is calculated separately for positive and negative generation changes needed
to balance the system.

Ramp rate

Ramp rate (p) is the slope of the ramp. This indicates the needed ramping capability of on-line
generating units to meet the net load/load following/regulation requirements. If the ramping capability is
insufficient, extra generating units are needed to be online.

Ramp duration

Ramp duration () is the duration of a curve’s ramp along the time axis. The ramp duration shows
how long the generators should be able to change their output at a specific ramp rate.

Energy

Energy (€) is the integration of capacity over time and can be calculated as the area between the
analyzed curve and the time axis. This indicates the energy needed to meet the net load/load
following/regulation requirements (either positive or negative).

2.1.5.2 Performance Envelope Il

Concept of a “Half-Cycle”

For time-domain signals with large ramps (either up/down), such as load following/regulation
processes (Figure 2.3), the concept of a “half-cycle’ is first introduced in this work. In Figure 2.3, the
curve consists of a series of data points with time stamps, including points
1,2,3...,8)9,...,20,...,30,...,36,... It can be observed that points 1, 8, 20, 30 and 36 are “turning points”
representing either local maximum or local minimum in the curve. Half-cycle can be defined as a portion
of curve starting from the current turning point to the next turning point. The idea of cycling analysis is
designed to discover curve cycling characteristics. Cycling analysis can be performed yearly, monthly,
daily or even hourly. By applying statistical analysis, similar patterns (e.g., ramping or capacity
requirement) can be identified. This information can be used to assess the cycling cost, wear and tear,
equipment life span, etc.

Half-cycle can contain many data points. Half-cycle can be determined by analyzing the sign of ramp
(slope) at each point. If two subsequent points have the same ramp sign, they belong to one half-cycle.
In Figure 2.3, points 1-8 have different ramping requirements, but the ramps at these points are all
positive. Therefore points 1-8 belong to the same half-cycle (half-cycle 1). Similarly, points 9, ..., 20
belong to another half-cycle (half-cycle 2).

Let a be the ramp at a data point and the parameter y denote the half-cycle number. If point i belongs
to half cycle ¥}, then at the next point (i+1) the following rules can be applied:
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Figure 2.3. Cycling Analysis for a Time-Domain Signal

Features of a Half-Cycle

Half-cycle Pj can be characterized by 5 important parameters:
Magnitude — z; , ramp — pj, duration — d;, energy — ¢; and frequency - 6;
The magnitude z; of half-cycle j can be calculated as:
_ pend beg
7= Pj - Pj

where ijeg is the capacity at the beginning of half-cycle j;

Pjend is the capacity at the end of half-cycle j;
The duration ¢; of half-cycle j can be calculated as:

__¢end _ gbeg
5, =t —t]

where t?eg is the time stamp at the beginning of half-cycle j;

t?”d is the time stamp at the end of half-cycle j;

The ramp p; of half-cycle j can be calculated as:

2.8

Time

(2.8)

(2.9)

(2.10)

(2.11)



p ==L (2.12)

The energy ¢; of half-cycle j can be calculated as:

end
5

g;= [ pjdt (2.13)

beg
4

where p; is the power function of half-cycle j

Half-cycle frequency 6, is the main feature to be estimated over a period of time through statistical
analysis, because it contains important information regarding how many times similar half-cycles can
occur.

2.2 Imbalance Caused by Load or Generation Variation and
Uncertainty

To be integrated with the unit commitment and economic dispatch processes, wind generation and
load demand are assumed to be forecasted in three different time frames, i.e., day-ahead (DA), hour-ahead
(HA), and real-time (RT). The DA forecast is produced for the 24 1-hour intervals of the following day.
The HA forecast is updated each hour and the RT forecast is updated within the hour (e.g., every five
minutes). In this subsection, variations associated with the load, wind and solar forecast and their forecast
errors are analyzed.

2.2.1 Load variation, Predictability, and Prediction Errors

One of the most influential factors affecting the resulting uncertainty is the uncertainty associated
with the load forecast. In Figure 2.4, the load forecast uncertainty and load forecast errors for one of the
balancing authorities is shown. In Figure 2.4(a), the solid blue curve represents hourly demand over one
month, while the red curve shows the day-ahead load forecast for the same time period. The load forecast
error is illustrated in Figure 2.4(b). One can see that day-ahead load forecast errors vary within the £8%
range (Figure 2.4(b)). System load is normally more significant than wind or solar generation, therefore
even if the load forecast is more accurate than the forecast for intermittent resources (in terms of
percentage error), the MW values of the MW forecast errors can be quite comparable.
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Figure 2.4. Load Fluctuation and Uncertainty: a) Load Forecast vs. Actual Load; b) Load Forecast
Error

DA, HA and RT load forecast errors have the following characteristics. The distribution of the load
forecast errors is usually “bell-shaped” and in this regards is similar to the Gaussian distribution.
Significant autocorrelation exists in DA, HA and RT load forecast errors series between the t and t-1
values. There are cross-correlations between DA and HA load forecast errors and between HA and RT
load forecast errors. RT load forecast errors are very highly concentrated near zero, with a few high error
occurrences. The load forecast errors do not have “natural” bounds as the wind forecast errors, which are
bounded by the wind farm capacity and zero. However, load forecast errors should be bounded using a
fixed percentage, for example, £15%, which represents the maximum error to vary with the load. High
load periods tend to have larger MW error because of the sensitivity of load forecasts to temperature
forecasts.
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2.2.2 Wind and Solar Variation, Predictability and Prediction Errors

Wind/solar generation and load demand share a number of similar features such as:

Wind/solar generation and most of the load are non-dispatchable resources,

They both have cycling behaviors,

They both depend on weather conditions, and

They deviate from the forecast.

2.2.2.1 Wind Forecast Errors

Actually, wind and solar generation has more in common with electrical load than with traditional
(dispatchable) generation. Therefore, wind and solar generation can be considered as negative load. An
example of wind generation forecast statistical characteristics for different look-ahead dispatch intervals
(1, 2, 3, 4, and 5 hours ahead) for a real power system is presented in Figure 2.5. Figure 2.5 (a) shows the
empirical PDF of the wind generation forecast errors and Figure 2.5 (b) shows the empirical CDF of the
wind generation forecast errors.
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a) PDF; b) Empirical CDF
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Similar to the load forecast errors, the autocorrelation between t and t-1 time intervals and cross-
correlation of the HA with RT and DA with HA wind forecast error time series are also significant. The
RT wind forecast errors tend to have many very small errors and a few large errors. The DA and HA
wind forecast error PDFs tend to be asymmetrical. The wind forecast errors are constrained by the
available wind generation range. A reasonable forecast for wind generation must stay between zero and
the capacity of the wind farms. At lower generation levels, the forecast errors tend to be positive, while
they are more negative at higher production levels. Electrical load and wind/solar generation cannot be
considered as independent statistical variables. The cross-correlation between load and wind generation
forecast errors is shown in [30], [32]. The net load concept is commonly used in wind integration studies
to assess the impact of load and wind generation variability on the power system operation. The net load
has the following definition: net load is total electrical load minus total wind generation output minus
total solar generation output plus the interchange, i.e.,

Net Load = Total Load —Total Wind Generation —Total Solar Generation

+Interchange (214)

Actual measured generation output from wind farms usually deviates from its forecast. Therefore,
wind forecast error is usually calculated from the difference between the wind generation forecast and the
measured actual wind generation. Typical wind forecast errors for single wind farm can vary quite
significantly. Wind forecast error may also have offsetting effects on load demand forecast error by
lessening or exacerbating the impacts of demand forecast error. In addition, wind forecast error could
also have significant effect on the scheduling of intertie transactions, the spinning reserve generation, and
day-ahead scheduling process [23].

To simulate forecast errors impacts, the actual forecast error is not always available. A simulated
error should be used instead to evaluate its impacts on system performance characteristics.

The assumption used in this project is that the hour-ahead wind and solar generation forecast error
distribution is an unbiased Truncated Normal Distribution (TND) (see Section 3.4.2 for details). A
detailed description on the derivative of the PDF of the TND is provided in Appendix G.2.

The error limits used in the TND reflects the maximum and minimum wind or solar generation
values. If the actual wind or solar generation P, is limited by P, = 0 and Py, the forecast error limits
can be found as follows:

Emin = Pmin - Pa = _Pa

2.15
Emax = I:)max - Pa ( )

2.2.2.2 Solar Generation Forecast Errors

The load and wind generation have strong autocorrelation between the subsequent samples of these
errors. In some extent, this may be also the case for the solar power generation forecast error. The
autocorrelation, if it is positive and significant, means that the forecast error is not “zigzagging” form
significantly one sample to another, and that it has certain “inertia” associated with the error’s subsequent
values. To reflect this fact while simulating the solar forecast error, the autocorrelation factor must be
incorporated into these simulations.
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For this project, we will use statistical characteristics of the hour-ahead and real time solar generation
forecast errors. These models are complex and depend on various factors including the extraterrestrial
solar radiation annual and daily patterns, hour-to-hour clearness index (ClI), dynamic patterns of the cloud
systems, types of solar generators (photovoltaic, concentrated thermal, etc.), geographical location and
spatial distribution of solar power plants, and other factors. This section reflects our best effort to build
an adequate solar generation model in view of very limited information about the subject both generally
and specifically to this project. A detailed description on Clearness Index is provided in Appendix G.3.

Unlike wind generation, the solar generation is limited by the extraterrestrial solar irradiance level,
changing over a day. The maximum possible generation can be achieved at Cl = 1, and this maximum
value Pq(t) also changes over a day following a similar mostly deterministic pattern (note that there is
also an annual component in this process). Variances of the generation under these conditions can be
only caused by diffused solar irradiance and ambient temperature variations. Assuming that these
variances are also included in Ppq(t), the maximum solar generation during the daytime can be described
as a function of time, and is always less than the total capacity, i.e.,

SG,(t) <P, (1) (2.16)

where Ppha(t) is the maximum solar generation capacity, and is a function of time.

The solar forecast f(t) has the relation of:
I:)min (t) <f (t) = SGa (t) —8(t) < Pmax (t) (217)

where the minimum solar capacity Pp,(t) could be assumed to be zero; the maximum capacity of solar
farm generation P (t) is a function of time. During the night time,

f(t)=SG,(t)=¢&(t)=0 (2.18)
From (2.17) we have,

SG, (t) - P.._ (1) < &(t) < SG, (t) (2.19)

ax
where SG,4(t)- Prax(t) may be negative or zero.

Different patterns of solar generation in day time and night time need to be considered in the
prediction of solar forecast errors. The solar forecast errors in night time are zero because there are no
solar irradiance, thus the solar generation is zero. The sunrise and sunset time are different in different
seasons at different regions, as well as the daily patterns of the CI. The previous years’ information
regarding this matter can be categorized and used for the solar forecast error prediction.

Depending on different time period of a day and weather conditions, the solar forecast errors can
show different patterns, such as (1) the forecast error is zero, € =0, at night time; (2) the forecast error
is small or close to 0, € — 0, on sunny days, that is when Cl — 1; and (3) the forecast error is limited or
close to zero under heavily clouding conditions, that is when ClI — 1 , and (4) the forecast error varies in
a wide range for the intermediate values of CI.
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Thus, the standard distribution of the solar forecast errors can be described as a function of the
parameter Cl, 0<std,, <std(g)= f(Cl)<std,, . Figure 2.6 shows possible distribution of standard
deviation of solar forecast errors depending on the CI.

std(¢)

std

max

| "¢l
0.5 1

Figure 2.6. Distribution of the Standard Deviation of Solar Forecast Error Depending on the ClI

In a sunny day, the variation of the forecast errors is in a shape shown in Figure 2.7(a). The forecast
error can be predominantly negative. If the sky is covered with clouds, the distribution of solar forecast
error could be like in Figure 2.7(b). The forecast error can be predominantly positive.
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Figure 2.7. Distribution of Solar Forecast Error in a Very Cloudy Day and a Very Sunny Day

The persistence model is used for real-time wind forecast. But for solar, there are obvious
incremental pattern in solar generation during morning hours just after sunrise and decremental pattern in
solar generation during evening hours just before sunset. The solar generation could increase or decrease
dramatically in a very short period of time in the sunrise or sunset hours. This will cause significant
ramps during sunrise or sunset hours. The persistence model cannot address this concern. Therefore a
new model based on the Cl is proposed for real-time solar forecast errors. The detailed steps used to

generation real-time solar forecast is provided in Appendix G.4.

The proposed real-time solar forecast model takes into account the solar radiation condition at (t —
7.5) minute®. Therefore the incremental and decremental patterns on solar generation at sunrise and
sunset hours are reflected in the proposed model. The proposed real-time solar forecast model is applied
to each solar generation profile, i.e., photovoltaic solar, distributed photovoltaic solar, solar thermal, and
outstate solar thermal. Then the overall real-time solar generation forecast profile is calculated by

accumulating all the real-time solar forecast of different solar profiles.

% The 7.5 minute lead is selected base on assumption that the RT forecast is provided 7.5 minutes before a 5-minute

dispatch interval.
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The hourly average Cl is used in hour-ahead solar generation forecast model. The hourly average ClI
can be calculated by:

Cl(h) = M (2.20)
Pmax (h)
where: Ea(h) is average actual solar generation in the h-th hour,

P max (h) is average ideal solar generation in the h-th hour for CI=1.

The detailed description on the hour-ahead solar forecast model is provided in Appendix G.5. The CI
is divided into different levels. For different levels of Cl, different standard deviations are applied to the
solar forecast errors. Table 2.1 shows an example of the standard deviations of solar forecast errors
corresponding to different Cl levels. The percentage number of total solar generation capacity is used to
represent the standard deviations of solar forecast errors. For example, 5% means the standard deviation
for the CI level in the range of (0, 0.5] is 5% of the capacity of the solar generation profile.

Table 2.1. Standard Deviations of Solar Forecast Errors Based on Cl Levels

Cl OHA
0<CI<=05 5%
0.2<Cl<=0.5 20%
0.5<Cl<=0.8 15%
0.8<Cl<=1.0 5%

2.3 Scheduling Procedure to Maintain Balance

Each BA is responsible to maintain generation—load balance within its balancing area, support
scheduled interchange with other BAs and system frequency.

Usually, the processes of achieving the balance between generation and load demand consist of day-
ahead schedule, hour-ahead schedule, real time dispatch and AGC regulation.

In order to match the supply and demand of electricity, the independent system operators (1SOs)
operate several markets prior to the actual operating interval. Each market utilizes latest available
information.

Different 1SOs utilize somehow different operating and scheduling practices. To analyze the possible
benefits of BA cooperation and consolidation options, these practices should be reflected in the analysis.
To illustrate scheduling process, the CAISO market process is presented [5] as following.

2.3.1 Scheduling Process

CAISO runs different schedules in their Day Ahead Market and Real Time Market in order to make
sure that the energy, reserves including regulating up and down reserves and ramp requirement are met in
real time operation. The CAISO scheduling process includes Day-Ahead Market (DAM) and Real-Time
Unit Commitment (RTUC), Short-Term Unit Commitment (STUC) and Real-Time Economic Dispatch
(RTED).
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Figure 2.8 represents the CAISO generation schedules. In the DAM, the forecast of the CAISO’s
hourly demand is done for three days in advance. The Day-Ahead schedule is an hourly blocked energy
schedule that includes 20-minute ramps between hours. It is provided at 10 a.m. the day prior to the
operating day. CAISO Day-Ahead Market flowchart is shown in Figure 2.9 [6].

The real-time schedule is based on STUC/RTUC timelines (Figure 2.10) [7]. The Real Time Market
(RTM) closes 75 minutes before the actual beginning of an operating hour as shown in Figure 2.10.
RTED is provided 7.5 minutes before the dispatch operating target (DOT) and is based on real-time
forecasts. Symmetrical ramping is used which means that by dispatching for the average, the DOT ends
in the center of the interval. In the RTM, the CAISO Automatic Load Forecasting System (ALFS)
provides a load forecast for each 15-minute and 5-minute intervals.

F'y

P, MW

Load Followm ) "
2 Actual, confinuons

RTED, 5 min
inferval
STUC, 15 min
interval

DA, 1h interval
(20 min ramp)

Time. h

1h
Figure 2.8. CAISO Generation Schedule

2.18



i

DAM Bid Review 3 day-out Submit Day-Ahead
Submission results Market Bids
Opens 7AM to 9 AM T-7to T-1 10 AM
Review Weather Publish Demand Determine A/S
h F
Data Ly Check ALFS errors — Forecast — Faliarats
8 AM 8 AM 8 AM 8 AM
Verify Bids for
Commit RMR Units |_,|  committed ELC N M
Units ol
9 AM 9 AM
$ Run MPM and RRD | Close DAM
10 AM 10 AM
ar
Commit additional Run IFM L, Review LMPs

10:30 AM 10:30 AM

-~
lor

Evaluate RUC 44— Run RUC

12:00 AM 11:30 AM
Evaluate DAM Run 2 day-out
Publish DAM P resulls & SEtUD  fe power flow, — Run 3 day-out
future runs commit ELC DoWe oW
1PM 1:30 PM 3 PM 4 PM

P—

End of DAM
Processing for
Trading Day

“ Picture Source [6]

Figure 2.9. CAISO Day-Ahead Market Flowchart
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Figure 2.10. CAISO Real-Time Scheduling Process Flowchart

2.3.2 Load Following

Real-time dispatch is also known as load following or supplemental energy dispatch. Within each
operating hour, 1SO continues to adjust generator operating points every five minutes.

The CAISO real-time economic dispatch process flowchart is presented in Figure 2.11 [7]. The
RTED process runs every five minutes to meet the imbalance energy requirements of the CAISO. This
process looks ahead 65 minutes. RTED results are five-minute dispatch instructions and advisory notice
for the look-ahead timeframe. RTED is the lowest granularity of dispatch in the ISO market, except for
regulating reserves, which is procured in the RTM, but is dispatched through the EMS AGC system every

4 seconds.
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Figure 2.11. CAISO Real-Time Economic Dispatch Process

2.3.3 Regulation

Every 4 seconds the ISO adjusts the output of specific generators based on its ACE and frequency
deviation values.

AGC/Regulation is the online, synchronized, generation capacity that is available to respond to the
ISO’s AGC control signals on a second-by-second basis [9]. This capacity enables continuous balance of
generation and load within the ISO-controlled grid, and maintains frequency during normal operating
conditions. Generating units offering regulation services must be capable of being controlled by the ISO
AGC system).

2.3.4 Frequency Response

The new WECC Frequency Responsive Reserves standard is under development [56], [58].

The purpose of the Frequency Response Standard (FRS) is to assure that balancing authorities are
able to arrest frequency decline and support Interconnection frequency during a frequency deviation
resulting from a loss of generation [56]. Frequency Responsive Reserve is the measurement of the
reserves’ quality and might be a subset of Contingency Reserve.

The frequency response is needed to prevent deviations in system frequency from nominal frequency.
The deviation in system frequency is a result of the imbalance between generation and load

The frequency controls utilized by BA’s are grouped according to three criteria:
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1. Primary controls are fast-acting controls that contribute to achieving an energy balance following loss
of generation output. These controls are effective over the period 0 to 20 seconds. Primary frequency
control (response) is achieved through:

a. Generating unit governor response , which includes the generator inertia — which responds
instantaneously then the movement of the governor valves based on the governor settings such as
set-point control. Governor response occurs in the 3 to 10 second time frame.

b. Frequency dependent loads (the load value will decrease due to the decrease in frequency). The
time frame is within 3 to 20 seconds following the disturbance, e.g., contingency.

2. Secondary controls are synchronous resources that are available to restore the frequency to 60 Hz
following the actions of the primary controls. These resources are effective over the 1 minute to 15
minute period and include regulating reserves (under AGC), spinning reserves, and dispatchable
demand response. These resources should be capable of fast ramping within the 10 to 15 minute time
frame. In the absence of effective secondary control, the system will operate at a new steady-state
frequency that is slightly less than the system nominal frequency based on the characteristics of the
primary control. That could result in unscheduled flows on the tie-lines and will lead to penalized
accumulations of Area Control Error (ACE). An illustration of the primary and secondary frequency
responses is shown in Figure 2.12.

o /\/ V\/\/\_‘
BU_DU 4 EE EEEEESESNEEEEEEEE S SN NENNEENENNNENE]
59.98 1
2600-MwW
v Generation
I -
= %% Lost AGC RESPONSE
0
5
o 5994 Turbine -Generator inertia
g instantly resists the drop in
E frequency while the turbine speed
59.92 governors start to increase
urbine output power. *+— GOVERNOR RESPONSE
59.90
5:50 6:00 6:10 6:20 6:30

TIME (pm)

Figure 2.12. Anillustration of Primary and Secondary Frequency Responses. (This graph is taken from
the report “Frequency Control Concerns In The North American Electric Power System)
ORNL/PNNL report December 2002)

3. Tertiary controls are those resources that are available to restore the resources used for Secondary
Control. These resources can be effective over the period 15 minutes and longer and include generation
redispatch, non-spinning reserves, and storage controls. If after the tertiary frequency response, the
system is still experiencing low frequency, the BA may have to perform load shedding to protect the
system integrity.
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2.3.5 Governor Speed Droop Compensation

The control of generating unit governor is designed so that the unit speed drops as the load is
increased. The relation between change in frequency (unit speed) and change in output power is known as
the speed-droop characteristic as shown in Figure 2.13 where the droop characteristic is adjustable from
0% to 5%. The droop is defined as the percentage frequency change that will cause a 100% change in
generator power. A 5% droop means that a 5% frequency deviation causes 100% change in output power.
The relationship can be adjusted by changing the set point at which the generating unit is operated at its
synchronous speed. Figure 2.13 shows three different characteristic lines. At, 60 Hz, characteristic A
results in zero output power, characteristic B results in 50% output power, characteristic C results in
100% output power.

Frequency
Droop = 5%
SR S
63 Hz A
C ' 3Hz
) HZ O = — — =~ == — == = e =~~~ ——— == —~ -——-’4
—+_
e ==
A —

¢ ® >

50% 100% Power

Percent power output

Figure 2.13. An Illustration of Generator Droops

The droop characteristic is used for local, autonomous control response to frequency variations. For
example, if the load increases and all generators have the same droop setting, then each will pick up the
incremental load in proportion to their nominal power ratings. That will cause a change in power output at
each generator. The system dispatch center monitors frequency error and, after some time, will adjust the
generators to bring the accumulated frequency error back to zero.

2.3.6 Inertial Responses

As mentioned in the frequency response section, the generating unit inertia is important factor for
primary frequency response. The energy stored in the large rotating mass will prevent the sudden change
in frequency due to large mismatch between load and generating power. In other words, the large amount
of rotating mass in the power system helps in keeping the system stable after disturbances.

There are currently few BAs that require generating units to have certain inertia constant. For
example, HydroQuebec states that a generator may be required to have an inertia constant “compatible”
with other generators on the system, as determined through the system impact study. It is expected for the
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system inertial response to decline with high penetration of wind turbines where generating units mass are
much smaller, distributed and in some cases buffered from the grid through full DC/AC inverters

2.4 Structure of System Reserves

To ensure the balance between generation and demand power grid must maintain the system
operating reserve. Figure 2.14 shows the structure of system reserves. Operating reserve can be spinning
and non-spinning. Spinning reserve is used for regulation (regulating reserve) and to ensure system
reliability in case of contingency (contingency reserve). Regulating reserve units receive control signals
(every 4 second) from AGC system. Contingency reserve must be at least 50% spinning and must be
activated in 10 minutes.

High penetration level of renewable resources, especially, wind and solar generation increases
requirements to operating reserve due to uncertainty and variability of the renewable generation. For
instance, sudden wind rumps (up or down) can cause significant imbalance of the system. To handle such
events system needs to have more fast-response generating units in reserve.

Operating Reserve

N

Spinning Reserve Non-Spmning
Reserve

Regulatj_ﬂg Eeserve CDﬂtiﬂgﬁ'ﬂ(‘}" Reserve
A
AGC system Contingency Reserve
Activation

Figure 2.14. Structure of System Reserves

NERC/WECC Disturbance Control Performance Standard gives the following definitions of system
reserves [38]:

Operating Reserve - That capability above firm system demand required providing for regulation,

load forecasting error, equipment forced and scheduled outages, and local area protection. It consists of
Spinning Reserve and Non-spinning Reserve.
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Spinning Reserve - Unloaded generation that is synchronized, automatically responsive to frequency
deviations and ready to serve additional demand. It consists of Regulating Reserve and Contingency
Reserve.

Non-spinning Reserve — 1. That generating reserve not connected to the system but capable of
serving demand within a specified time. 2. Loads or exports that can be removed from the system in a
specified time.

Regulating Reserve — An amount of reserve responsive to automatic generation control, which is
sufficient to provide normal regulating margin.

Contingency Reserve — The provision of capacity available to be deployed by the BA to meet the
NERC and WECC contingency requirements.

Contingency reserve shall be at least greater than [38]:

o The loss of generating capacity due to forced outages of generation or transmission equipment that
would result from the most severe single contingency (at least half of which must be spinning
reserve); or

o Five percent of the balancing authority requirements load as calculated by the balancing authority’s
Energy Management System (EMS) (at least half of which must be spinning reserve).

In general, the generation capacity allocation is shown in Figure 2.15.
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Figure 2.15. Allocation of Generation Unit Capacity

2.5 Dynamic Scheduling and Pseudo-Ties

Dynamic scheduling and pseudo-ties allow a Load Serving Entity (LSE) or generator to move via
telemetry some or all of its demand and/or generation from its host BA control area and place it in
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another-BA control area. Thus, the control area balances to this load and/or generation as though it was
physically in that control area [59].

The electronic transfer of generation and/or a load can be implemented in one of two ways: The
creation of a pseudo-tie, or by dynamic scheduling [59]:

Dynamic Scheduling is the service that provides for the real-time metering, telemetering, computer
software, hardware, communications, engineering, and administration required to electronically move a
portion or all of the energy services associated with generation or load out of the control area to which it
is physically connected and into a different control area.

Pseudo-tie occurs when two control areas' AGC are electronically linked and the transfer of
generation and/or load is treated as a new point of interconnection (pseudo-tie), but for which no physical
tie or energy metering actually exists, between the two Control Areas. In this case, the actual interchange
term in the ACE equation are adjusted, rather than the scheduled interchange terms. The application of a
pseudo-tie is also used to replace static or manual scheduling for load and base loaded generating
resources.

Dynamic schedules of generation and/or loads between two BAs are implemented when [59]:

An entity desires automatic generation control (AGC) of its remote resources,

The host control area for a joint ownership project cannot accommodate a significant difference
between the participants actual generation entitlement versus its schedule,

An entity desires to serve customer loads located in another control area, or

Parties desire to move load regulation responsibilities from one control area to another.

Dynamic schedules are currently evaluated as a possible option to implement different BA
consolidation and cooperation schemes. In particular, they are considered as opportunities to integrate
more renewable recources in a control area or to bring more ancillary services to a control area.
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3.0 Methods of BA Cooperation

This chapter describes some perspectives on how BA cooperation should be evaluated. BAs are
connected by transmission lines. The transmission lines allow BA to share load and generation to
maintain balance. The amount of required balancing reserves can be reduced through BA cooperation.
BA cooperation allows BAs to decrease balancing requirements by averaging out some variation of loads
and variable generation.

The impact of wind power on BA’s operation depends on a number of factors, including wind
penetration level, composition of generation fleet, size, interconnection and transmission capacity of the
control area, load following interval, wind forecast accuracy, etc.

One of the most effective measures to mitigate the operational impacts of wind generation
intermittency and load variability is the cooperation among BAs to make use of a broader geographical
distribution of generating resources.

“Both load and wind power generation variability benefit from the statistics of large numbers, as they
are aggregated over larger geographical areas. Load diversity reduces the magnitude of the peak load
with respect to the installed generation. Similarly, geographical diversity of wind power is expected to
reduce the magnitude and frequency of the tails on the variability distributions. As a result, the amount of
engaging time and capacity needed for running expensive regulation reserves can be reduced by the
cooperation among BAs” [27].

This can be illustrated through the following statistical example. Assume that there are two BAs
sharing their ACEs. TheACEs can be treated as random variables, and the correlation between the ACEs
is normally low. Then, the expected total ACE standard deviation before sharing can be represented as
o(ACE,) + o(ACE,) . The expected total ACE standard deviation after sharing can be represented as

o(ACE, + ACE,). Here o(e) is the operation for calculating standard deviation. Note that

o(ACE, + ACE,)

={ 6(ACE,) + 0*(ACE,) + 2,,0(ACE,) o(ACE,) |
y 3.1)
={ [6(ACE,) + 0(ACE,)] +2 p,s 1) 5(ACE,) 6(ACE,) }

<o(ACE,)+0o(ACEy)
where p,. is the correlation coefficient between ACE, and ACEs.

The inequality is derived based on the property that —-1< p,. <1. Assume that &(ACE,) =80 MW and
o(ACE,) =110 MW. Figure 3.1 shows the o(ACE, + ACE,) plotted against the correlation coefficient
pas- I can be observed that the o(ACE, + ACE,) changes from 30 to 190 MW. For -0.2<p,, <0.2,
o(ACE, + ACE,) changes from 122.4 to 148.4 MW, which is much less than

o(ACE, )+ (ACE,) =190 MW. This example shows that a simple ACE sharing can help reduce the
expected total ACEs.
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Figure 3.1. Example of Variability of Aggregated ACE

3.1 Approaches Used for BA Consolidation

Currently several different approaches regarding BAs coordination are being considered or already
implemented:

o ACE sharing or ACE diversity interchange (ADI) [43], [4] and [12]

The main idea of ADI is to reduce the regulation needed to balance the system through ACE sharing
among multiple BAs, compared to isolated operation. Relaxed control can be achieved because of the
sign diversity (some ACEs are net positive or over-generating relative to load and some are net negative
or under-generating relative to load) among area control errors.

o Regulation and Load Following sharing

Regulation (load following) sharing idea is similar to the idea of ACE sharing. Due to control action
sign diversity, the relaxed control is achieved through sharing of regulation (load following) signals rather
then ACEs. Another option is to provide regulation services to several BAs by single unit [30].

¢ Dynamic Scheduling [59]

Dynamic Scheduling is used to provide balancing services from one BA to another by telemetry,
which allows the receiving BA to control the generation or load in the sending BA as if it were physically
in that BA.

e Actual BA consolidation

The main idea of BA consolidation is consolidating several BAs into a single consolidated BA.
e Wind-only BA [34]

Unlike traditional BA that includes generating units and load, wind-only BA includes only wind
generation. Wind-only BAs could incorporate wind generators distributed over a large geographical
region to benefit from the geographical diversity factor. The wind-only BA is responsible for controlling
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the interchange of its control area with the other BAs to follow a pre-determined interchange schedule.
BAs’ control performance is mandated by NERC and WECC Control Performance Standards. Wind-only
BA is required to provide internal balancing reserves or purchase those services from external resources.

3.2 Potential Benefits of BA Cooperation

As stated above, there are several approaches to implement the cooperation between different
balancing authorities. With careful design and implementation, it is expected that the geographical
diversity factor across a wide area in a power system can help to achieve many potential benefits, from
the perspectives of exchanging energy services, sharing balancing burdens and providing emergency
support to enhance power system control performance and reliability. Such benefits can be directly
reflected as the savings in the required regulation reserves, load following dispatch stack, ramping
capability and so forth.

Thus, establishing cooperation among BAs potentially can bring the following benefits to electrical
utilities:

Reducing regulation reserve requirements

Reducing load following requirements

Reducing regulation reserve ramping requirements

Reducing regulation energy expended for balancing process

Improving control performance indices

Reducing wear and tear of generating units

In general, with sufficient diversity of load and renewable characteristics, the sum of either loads or
wind power outputs and accociated forecast errors in different BAs can be averaged out to certain extent,
resulting in less amount of balancing efforts. For example, if one BA requires 100 MW ramping up
capability to meet the increasing regulation obligation, another BA can require 30 MW ramping down
action for the same time period If these two BAs cooperate with each other, the total amount of
regulation will be 100-30=70 MW, which is a great amount of savings in required ramping capability.
More generally, various benefits of BA cooperation are further summarized as follows:

3.2.1 Reduction in Balancing Burdens

By enabling the intra-zonal transfers among BAs within a large geographical area, the balancing
burdens of certain BAs can be easily transferred to neighboring BAs. At the same time, the total amount
of system balancing burdens is also expected to be significantly reduced due to such diversity. Based on
different time frames, balancing services can be further characterized as scheduling, load following and
regulation, as introduced in Section 2.3. The actual balancing actions for different services include
several key factors, ramp magnitude, ramp ratio, ramp duration, and energy requirement.

The following figures provide several examples of the savings for system balancing obligations after
cooperation is in place (the analysis was conducted by PNNL for several real BAs in the WECC system
considering opportunities of BA consolidation). Figure 3.2 shows the savings in the total amount of
scheduling capacity in a system within 24 operating hours during a season. It provides insight
information regarding how much generation level that a system needs to prepare in order to serve the
changing loads. A very clear improvement can be observed that the generation peak is systematically
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reduced and the valley is systematically higher with BA cooperation. Figure 3.3 shows huge savings in
the amount of load following capacity for 24 operating hours. If different BAs are operating their system
individually, the total amount of load following capacity is much higher than the case with BA
cooperation. Similarly, Figure 3.4 gives the savings in system regulation obligation. It is worth to
mention that the savings in system balancing services can also be applied for the ramp rate of such
services, as shown in Figure 3.5. In addition, the frequency of ramping action including incremental/up
and decremental/down can be reduced, which will help to reduce the tear and wear of generation units and
lengthen their service life. In fact, there are several factors including the diversity of load and wind
characteristics of different balancing authorities and level of forecast errors that may affect the actual
savings in the above aspects. More details will be discussed in Section 4.5, where a balancing authority
consolidation case study is demonstrated.
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Figure 3.5. Load Following Ramp Rate Savings

3.2.2 Meeting Renewable Portfolio Standards’ Goals

Establishing cooperation among BAs not only can relieve balancing burdens, but also make it
possible to increase the penetration of renewable energy like wind and solar even if certain BAs have very
limited renewable resources (Figure 3.6). For the past few decades, more and more focus has been placed
on finding ways to increase the penetration of clean and renewable energy into power grid, according to
the RFP’s goals like the 33% requirement in California by 2020. However, the distribution of renewable
energy resource is uneven. For some balancing authorities with insufficient renewable resources,
purchasing renewable energy from external resources becomes ane option to increase their renewable
penetration. On the other hand, for those balancing authorities with abundant wind or solar, the system
balancing burdens are also increased accordingly. In this case, such BAs may not need to provide for for
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a very large additional amount of balancing services to be able to balance the system by themse