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Executive Summary

For utility planners, one criterion for choosing a portfolio of resources to meet future needs is
that a portfolio has sufficient flexibility. Flexibility indicates the capability of the system to
accommodate variability and uncertainty in demand, production from variable renewable
resources like wind and solar, and other unforeseen events. Historically, flexibility has not been a
primary concern and has not been systematically evaluated in utility planning studies. Growth in
the share of energy produced by variable renewables will increase variability and uncertainty,
potentially making flexibility more important in the future.

In order to better gauge the flexibility of planned resource portfolios, we developed a way to
measure, at a screening-level, the overall flexibility of a portfolio. Our flexibility inventory is
based on a methodology developed by the International Energy Agency (IEA) as part of a cross-
country comparison of the potential to accommodate growing shares of variable renewables.'
The key inputs to the flexibility inventory are the capacity of existing and planned resources,
forecasts of peak demand, and several key parameters that are discussed in the full report.

The primary use of the flexibility inventory is to show trends in the balance between flexibility
supply and flexibility demand over the planning horizon. Flexibility supply measures the
capability of generation or demand to change in response to system conditions over various time
scales relevant to power system operations (specifically we consider four time intervals of 15
min, 1 h, 6 h, and 36 h both in the up and down direction). Contributors to flexibility supply
include conventional generation, demand response, bulk energy storage, and transmission
interconnections. Flexibility demand is the amount that the net demand is expected to change
over those different time scales, the degree to which those changes can be predicted ahead of
time, and the contingency reserves.

The flexibility inventory can act as an “early warning” system. If planned resources lead to large
changes in the balance of flexibility supply and flexibility demand, then additional detailed
studies may be warranted to ensure the system will be sufficiently flexible in the future. Because
it is a high-level analysis, and not a detailed study, it is just as important to understand what the
flexibility inventory developed in this report does not do, as summarized in Table ES1.

" The original IEA methodology can be found in the IEA Harnessing Variable Generation report (2011).
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Table ES1. Summary of the Capabilities and Limitations of the Flexibility Inventory

What does the Flexibility Inventory do?

What does it not do?

Quantifies flexibility supply and demand based on
planned generation

Evaluates needs on various time intervals (15 min
to 36 h) to find most constrained interval

Estimates contributions of different resources to

flexibility supply based on simple parameters

Estimates flexibility demand based on summary
statistics of load and variable generation

Does not identify which sources of flexibility
should be added (no economic considerations)

Does not identify the cost of providing flexibility
Does not provide detailed determination of how
much new flexibility should be added (if any), only

tracks trends from year to year

Does not conduct hourly or sub-hourly simulations
of generation commitment and dispatch

Case Studies

To demonstrate the flexibility inventory, we apply the flexibility inventory to portfolios of
resources identified in several utility integrated resource plans (IRPs) from various parts of the
western U.S. The planned resources in these IRPs are tracked in the Resource Planning Portal
(RPP, resourceplanning.lbl.gov), a database of loads and resources from IRPs managed by
Lawrence Berkeley National Laboratory (LBNL). Specifically, we create an inventory for a
utility in the Pacific Northwest (Puget Sound Energy [PSE]), a utility in the Desert Southwest
(NV Energy), a regional collection of utilities in the Pacific Northwest (PNW), and a regional
collection of utilities in the Desert Southwest (DSW). Utilities in the PN'W have significant
hydro and wind, while utilities in the Southwest rely mostly on conventional thermal plants and

are expected to increasingly add solar.

For each of these regions we use the flexibility inventory to measure the balance between
flexibility supply and flexibility demand over the planning horizon. To better understand the key
parameters that impact the flexibility inventory, we analyze the sensitivity of the flexibility
inventory to changes in parameters (e.g., thermal generator ramp rates and startup times) and
changes in the capacity of key resources (e.g., capacity of combustion turbines or storage).

Questions Informed by Results of the Flexibility Inventory

The results of the flexibility inventory can be used to answer a number of questions relevant to
utility planners and regulators. However, it is important to note that answers to such questions
will differ depending on the particular IRP or group of IRPs considered. The answers provided
here reflect the results from the specific IRPs that we evaluated and are not meant to be

generalizations.
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Are fast or slow sources of flexibility likely to be more important?

Some resources, such as energy storage or demand response (DR) from direct load control, can
provide fast response but potentially for a limited duration, whereas other resources, such as
combined cycle natural gas turbines (CCGTs) can provide flexibility over longer periods. Which
resource is more useful depends on which of the four flexibility intervals is the most constrained
(i.e., has the lowest ratio of flexibility supply to flexibility demand).

Our results show that flexibility demand is greatest over the longer intervals (e.g., 6 h and 36 h),
but the short flexibility intervals (15 min and 1 h) are the most constrained owing to the limited
flexibility supply. In this case, fast sources of flexibility are more important than slower ones in
determining the degree of surplus flexibility.

Is more flexibility needed in one direction over the other?

Some resources can only provide flexibility in one direction, or they provide it more easily or
cheaply in one direction. For example, in our base case assumptions DR can provide flexibility
in the up direction” (through load curtailment), but it does not provide flexibility down.” In
contrast, wind or solar curtailment can more easily provide flexibility down than it can provide
flexibility up.

Our results show that flexibility up is more important in the majority of cases owing to the
contingency reserve requirements that increase flexibility demand in the up direction. Thus,
sources of flexibility in the down direction, such as renewables curtailment, are less helpful for
addressing flexibility in the binding flexibility interval than are sources of flexibility in the up
direction. With higher shares of variable renewables, however, flexibility in the down direction
may become the more important direction, in which case renewables curtailment or other sources
of downward flexibility will be useful.

With planned additions and retirements, is flexibility likely to become more or less important
than it is today?

Changes might occur over time in sources of flexibility supply (e.g., plant retirements or
additions) and increases in flexibility demand with increasing shares of variable renewables. The
trend in the balance between flexibility supply and flexibility demand with time can gauge the
changing level of difficulty in managing the system.

Our results all show relatively gradual changes with time, with most showing a decreasing ratio
of flexibility supply to demand and the 15 min up interval being the most constrained. The
gradual decrease indicates that providing flexibility will be more important in the future. It does
not, however, indicate a need for the dramatic changes that would be called for by a precipitous
decline in the ratio of flexibility supply to demand.

? Flexibility up is the ability of the system to increase generation or decrease demand for electricity when needed.
? Flexibility down is the ability of the system to decrease generation or increase demand for electricity when needed.

X



Are there opportunities to coordinate with neighbors to improve flexibility?

If one utility has a low ratio of flexibility supply to demand, while a nearby utility has a high
ratio, then coordination between the two utilities may alleviate the need to build new sources of
flexibility. A difference in the ratio of flexibility supply to demand between IRPs indicates
opportunities for such collaboration.

Our results show that the PN'W group of utilities consistently has a higher ratio of flexibility
supply to flexibility demand than the PSE utility. Thus, collaboration between PSE and utilities
in the PNW might increase PSE’s flexibility supply within the most constrained flexibility
interval of 15 min in the up direction. In the DSW, the similar ratios of flexibility supply and
flexibility demand for NV Energy and the DSW group of utilities suggests more limited
opportunities for collaboration.

What kind of resources can contribute to flexibility supply when it is most needed?

For cases in which the ratio of flexibility supply to flexibility demand is decreasing, one option is
to identify resources that can contribute to flexibility supply. Our capacity sensitivity analysis
shows that resources providing flexibility in the up direction over a short time interval are the
most helpful for increasing flexibility supply when it is needed most. In contrast, resources that
are typically offline and cannot start quickly enough or resources that have too long of a
notification period (e.g., DR with a day-ahead notification requirement) will not be as helpful.
For cases where the flexibility is most constrained in the down direction (e.g., some portfolios
with higher shares of variable renewables) resources that can provide flexibility down, such as
energy storage, generation that is typically dispatched above its minimum generation level or can
turn off quickly, or renewables curtailment, will be helpful.

What types of questions is the Flexibility Inventory NOT equipped to answer?

The flexibility inventory is not appropriate for answering some questions. For example, it cannot
indicate which sources of flexibility are most cost effective, because it does not account for the
economics of flexibility supply and demand. It is also unsuited to identifying the quantity of
flexibility supply needed in a particular year, because it only provides a high-level assessment of
trends over longer periods. Determining whether a particular resource is needed for flexibility
would require a more detailed analysis. Finally, the resources that might offer flexibility may
offer a number of other economically attractive services to the electricity system: even if a
resource is not found effective at mitigating flexibility constraints, it may still be an
economically attractive resource for other reasons.



1. Introduction

Growing shares of variable renewable energy are leading to concerns about the operational
flexibility of the power system to manage increased uncertainty and variability. In this project,
we apply a modified version of an existing, high-level methodology developed by the
International Energy Agency (IEA)” to assess trends in flexibility supply and demand over the
planning horizon in the western United States. The objective of the project is to provide metrics
to utility planners and policymakers for assessing power system flexibility based on planned
resources identified in utility integrated resource plans (IRPs).

Assessments of uncertainty and variability in power systems with increasing shares of
renewables show increased flexibility needs (King et al. 2011, Huber et al. 2014). Integration
studies—detailed grid simulations of power systems based on current practices or incremental
changes to practices—are used to gauge the feasibility of operating power systems with large
shares of wind and solar power (e.g., CAISO 2010a, Charles River Associates 2010, EnerNex
2010, EPRI 2011, GE Energy 2008, GE Energy 2010a, GE Energy 2010b, GE Energy 2014,
Navigant et al. 2011, NYISO 2010, Piwko et al. 2007). These studies evaluate particular
scenarios of wind and solar power expansion and identify particular conditions that might be
most challenging. Owing to their technical complexity, these are often unique studies that are not
routinely updated as resource plans or other factors change. In addition, they do not provide a
metric to gauge the relative capability of the system to provide flexibility and the amount of
flexibility needed.

Zhao et al. (2015) define a formal measure of flexibility based on a target range of uncertainty
(i.e., demand for flexibility) and the capability of the system to respond to uncertainty (i.e.,
supply of flexibility). They use the metric to create a real-time situation-awareness tool for ISO
New England that shows the degree to which flexibility capability exceeds the flexibility need in
operational settings looking out over the next few hours. Where flexibility is limited, the
operators can use the information to identify corrective actions while many options are still
available. In operational settings, some of the steps operators can take to increase flexibility
include increasing balancing reserves (e.g., BPA 2009, EnerNex 2010, GE Energy 2010a),
adding flexible ramping constraints (Bouffard and Ortega-Vazquez 2011, Gu and Xie 2013,
Wang and Hobbs 2014), or directly accounting for uncertainty in unit commitment through
methods like robust unit commitment (e.g., Bertsimas et al. 2013) or stochastic unit commitment
(Cheung et al. 2015, Papavasiliou and Oren 2013, Ruiz et al. 2009).

Such a situation-awareness tool could be helpful from a planning perspective as well. In the
context of planning, the questions shift to determining whether resources available in future
years will provide the flexibility needed to accommodate changing loads and growing shares of
variable renewable energy resources. Flexibility has not historically been systematically
considered in the planning context, because commonly used, commercial capacity-expansion
models do not explicitly or fully account for many factors that constrain flexibility (e.g., ramp
rates, startup times) or drive the need for more flexibility (e.g., uncertainty). Similarly, most
reliability planning metrics, such as Loss of Load Expectation (LOLE), do not account for

* The original IEA methodology can be found in the IEA Harnessing Variable Generation report (2011).



flexibility. As a result, most planning studies like IRPs do not address flexibility in a
comprehensive manner (Wilkerson et al. 2014). This obscures whether resource plans lead to
increased or decreased flexibility supply relative to demand.

Because changes to the mix of resources may be justified for cases in which flexibility appears to
be a constraining factor, efforts are underway to improve representation of flexibility in planning
in at least-California (CPUC 2014), Oregon, and Colorado (Exeter Associates 2015),
Washington (PSE 2013), and the Tennessee Valley Authority (TVA 2015). The Oregon Public
Utility Commission, for example, now requires flexibility assessments in IRPs for investor-
owned utilities (e.g., PacifiCorp 2015). Moreover, because common planning tools do not
account for flexibility, revised capacity-expansion models have been proposed and are under
development. Ma et al. (2013) propose a new flexibility metric and a capacity-expansion model
that accounts for flexibility needs. They show that flexible generation can earn a premium
relative to inflexible generation with increasing shares of wind. Hargreaves et al. (2014)
introduce economic penalty terms for flexibility violations® in a modified form of a production-
cost model (REFLEX) to examine the economic attractiveness of different options for increasing
system flexibility. With this tool, flexibility is incorporated into traditional measures of
production cost to help select future resources.

Several options for measuring flexibility over the planning horizon are available. The flexibility
metric developed by Zhao et al. (2015), for example, can also be applied in the context of
resource planning, though they only demonstrate the metric in an operational setting. Meanwhile,
Lannoye et al. (2012a, 2012b) introduced a probabilistic flexibility metric called the insufficient
ramping resource expectation (IRRE). It measures the expected number of events during which a
power system cannot manage predicted or unpredicted ramps in the net demand.

On the other end of the complexity spectrum, various approaches can assess flexibility of power
systems in the planning context at a screening level. In these approaches, flexibility is estimated
at a high level to determine if further analysis is warranted or to compare flexibility across
different regions. As part of the transmission-planning process at the Western Electricity
Coordinating Council (WECC), for example, flexibility was measured as the ratio of natural gas-
fired combustion turbine (CT) capacity and 15% of hydropower capacity to the nameplate
capacity of wind (WECC 2013). That measure shows trends in flexibility between the power
system today compared with future years and scenarios.’ A decline in the flexibility metric
suggests that flexibility will be more important in the future than it is today, particularly in
scenarios with higher shares of renewable energy. A somewhat-more sophisticated screening-
level flexibility metric is reported as part of a cross-country comparison in the IEA Harnessing
Variable Generation report (2011).

> A flexibility violation occurs when the power system is not able to maintain balance between supply and demand
while maintaining adequate operating reserves. Examples of flexibility violations include unserved energy,
overgeneration, and operating reserves that fall below desired levels.

® WECC measured the flexibility for the 2012 system, the 2022 Common Case, and eight different 2032 futures. In
all cases the flexibility was lower in future years than in 2012.



The present work develops and applies a screening-level flexibility inventory approach that is
intended to be easily applicable to different resource plans, like the WECC approach, while also
building on insight from more detailed flexibility evaluations to develop measures of flexibility
need and supply that are more refined than the WECC metric. Specifically, we focus on
characterizing flexibility using a modified version of the IEA methodology (IEA 2011) for
several reasons. Foremost is that the IEA methodology is appropriate for a high-level screening
analysis in which broad trends with time and across regions are more important than the specific
quantitative value of the metric at any particular time.” Also important, the IEA methodology can
be applied to the Resource Planning Portal (RPP, resourceplanning.lbl.gov), a database of loads
and resources from IRPs managed by Lawrence Berkeley National Laboratory (LBNL), in an
automated fashion. This means that, once the methodology is integrated with the IRP database,
the flexibility inventory implied by resources in the IRP database can be tracked in an ongoing
fashion, as opposed to being a unique study. Because it is a high-level analysis, and not a
detailed study, it is just as important to understand what the flexibility inventory developed in
this report does not do, as summarized in Table 1.

Table 1. Summary of the Capabilities and Limitations of the Flexibility Inventory

What does the Flexibility Inventory do?

What does it not do?

Quantifies flexibility supply and demand based on
planned generation

Evaluates needs on various time intervals (15 min
to 36 h) to find most constrained interval

Estimates contributions of different resources to

flexibility supply based on simple parameters

Estimates flexibility demand based on summary
statistics of load and variable generation

Does not identify which sources of flexibility
should be added (no economic considerations)

Does not identify the cost of providing flexibility
Does not provide detailed determination of how
much new flexibility should be added (if any), only

tracks trends from year to year

Does not conduct hourly or sub-hourly simulations
of generation commitment and dispatch

Given the advantages and limitations of our approach, we expect that the flexibility inventory
developed here can be used as an “early warning” system. If planned resources lead to large
changes in the balance of flexibility supply and flexibility demand, then additional detailed
studies may be warranted to ensure the system will be sufficiently flexible in the future. Utility
planners, utility regulators, regional transmission planners, and developers of flexible resources
may all gain insight from application of the flexibility inventory to IRPs.

The remainder of this report describes essential features of the IEA flexibility methodology, and
modifications to the method, starting in Section 2. Section 3 describes the data and assumptions
used to apply the modified methodology to the Western Interconnection. Section 4 presents

7 In addition to a quantitative evaluation of flexibility, the IEA methodology includes an approach to qualitatively
assess the flexibility of various resources in a region. We rely only on the quantitative component of the IEA

methodology and do not employ the qualitative component.



results of example applications of the inventory to specific IRPs in the database and collections
of IRPs within a regional footprint. It also includes sensitivity analyses of the resulting flexibility
inventories to determine which assumptions and parameters are most important and to obtain
insight into ways to increase flexibility supply (or decrease flexibility demand) in future years.
Section 5 uses the results of the flexibility inventory to answer questions about flexibility that are
relevant to planners. We discuss the overall usefulness of a high-level flexibility screening tool,
offer conclusions, and suggest directions for future work in Sections 6.



2. Methodology

The concept of a flexibility inventory is based on comparing the ability of resources in a power
system to supply flexibility against the need for flexibility imposed by uncontrolled variability
and uncertainty. For the remainder of this report, we define “flexibility supply” as the capability
of generation or demand to change in response to system conditions over various time scales
relevant to power system operations (day ahead, multiple hours ahead, 1 h ahead, and in real
time), accounting for system or institutional factors that limit access to the technical capability.®
We define “flexibility demand” as the amount that the net demand will change over those
different time scales, the degree to which those changes can be predicted ahead of time, and the
contingency reserves.” The remainder of this section explains how we create a flexibility
inventory, estimate the demand for flexibility, estimate the supply of flexibility, and apply these
estimates to case studies of resources identified in IRPs in the western U.S.

2.1 Flexibility Inventory

A flexibility inventory is the estimate of flexibility supply and flexibility demand over the
planning horizon based on planned generation resources and load forecasts. In this case, we use
the resources (and loads) identified in a utility’s preferred portfolio (as reported in an IRP) to
represent the planned resources (and loads) in future years. The planned resources include
generation capacity that is not otherwise retired in the preferred portfolio and contracts with
other generating resources.

Following the IEA methodology, the flexibility inventory tracks flexibility supply and demand
across four particular time intervals'® that are relevant to power system operations in both the up
and down direction. The four time intervals, called the flexibility intervals, are 15 min, 1 h, 6 h,
and 36 h. The up direction (“flexibility up”) represents the ability of the system to increase
generation or decrease demand for electricity when needed. The down direction (“flexibility
down”) represents the ability of the system to decrease generation or increase demand for
electricity when needed.

For any particular future year, the “binding interval” is the flexibility interval and direction for
which the ratio of the flexibility supply to flexibility demand is the lowest. The ratio of flexibility
supply to flexibility demand in the binding interval is the “binding flexibility ratio,” which is
the primary metric used to represent the flexibility inventory across time and regions.'' A
flexibility inventory with a binding flexibility ratio that is well above one will have more

¥ Our use of flexibility supply is analogous to the “largest variation range of uncertainty within which the system can
remain feasible under a given response time horizon,” used to describe flexibility in Zhao et al. (2015).

? Our use of flexibility demand is analogous to the “variation range of uncertainty that the system aims to
accommodate,” used to describe the target uncertainty range in Zhao et al. (2015).

' The time intervals are used to characterize the amount that the net demand might change and the options available
to the system operator to respond to those changes.

"' In contrast, Zhao et al. (2015) define a flexibility metric for any flexibility interval as the net difference between
flexibility supply and flexibility demand (rather than the ratio), without limiting the focus to a particular binding
interval.



flexibility supply than flexibility demand in the most critical flexibility interval. Conversely, a
region with a binding flexibility ratio that is less than one faces higher risk that the demand for
flexibility will outstrip the supply of flexibility over one or more flexibility intervals.

2.2 Flexibility Demand

Demand for flexibility is driven by the variability and uncertainty of the net demand (load less
variable renewable generation) and the need for contingency reserves.'*'> Variability is defined
here as the change in net demand over hours and days, while uncertainty is defined as the
inability to predict the exact magnitude of those changes in net demand. Variability and
uncertainty contribute to flexibility demand in both the up and down directions,'* whereas
contingency reserves only contribute to flexibility demand in the up direction (i.e., to cover the
loss of a large generator). The contingency reserve contribution to flexibility demand applies
across all four flexibility intervals. Because the contingency reserve requirement is directly
added to the variability and uncertainty of the net demand, our methodology assumes that
contingency reserves are not available to meet extreme forecast errors or ramps in the net
demand.

Following the IEA methodology, flexibility demand is based on summing the estimated
variability and uncertainty of net demand for all flexibility intervals of 6 h and shorter. In effect,
this assumes that the worst ramp and the worst forecast error can occur simultaneously, and
resources used to meet a ramp cannot be used to meet a forecast error. For the longer flexibility
interval of 36 h, only variability is assumed to contribute to flexibility demand."

In the flexibility inventory, the variability and uncertainty of the net demand are estimated based
on the variance and correlation of ramps in demand, wind, and solar over the different flexibility
intervals. The IEA methodology on the other hand assumes that the worst load ramps can occur
at the same time as the worst wind ramps and worst solar ramps (implying perfect correlation
between ramps across demand, wind, and solar). By introducing the correlation of ramps into the
estimate of the worst net-demand ramps, the approach applied in the flexibility inventory allows
for extreme ramps to be lower than in the IEA methodology, as long as the ramps are less than

"2 We do not directly account for forced outages of individual resources but use instead the contingency reserve
requirement (e.g., 6% of peak demand) to account for outages in conventional generators (further elaborated in
Section 3.1).

" System operators also sometimes dispatch resources in order to manage imbalances caused by interchange
schedules on transmission lines that are flat over the hour (elsewhere in the literature these are referred to as
scheduling leaps, e.g., Hirth and Ziegenhagen 2015). Managing these interchange schedules can also contribute to
flexibility demand. We did not include it in this analysis since interchange schedules are not part of the [EA
methodology and data required to estimate the magnitude of the effect for various regions is limited.

' In this analysis, we do not consider curtailment of wind and solar to provide flexibility in the down direction. As
shown in Section 4.2, the binding flexibility interval across regions and future years proved to be in the up direction
and could thus not have been addressed with renewables curtailment. Adding renewables curtailment as a form of
flexibility down would be possible in future applications of the flexibility inventory.

" The IEA methodology uses the greater of the variability or the uncertainty for the 36 h flexibility interval. For the
parameters used in this analysis, as described later, the variability in net demand over 36 h was always greater than
the uncertainty over 36 h.



perfectly correlated.'® We assume that the “worst” ramp or forecast error is based on three times
the standard deviation of the net-demand ramps and forecast errors. The choice of three standard
deviations reflects our approximation of the risk tolerance of decision makers. A decision maker
who is willing to tolerate greater risk would choose fewer standard deviations, resulting in a
lower flexibility demand.'”'® For estimating the flexibility demand, the “worst ramp” was
determined by measuring the largest net-demand delta over the four flexibility intervals (15 min,
1 h, 6 h, and 36 h), independent of the time of day when the ramps occur. Additional details
regarding this approach are in Section 3 and Appendix A.

2.3  Flexibility Supply

Broadly, we consider flexibility supply to be based on the capabilities of the system to change in
response to a need. The flexibility supply is more of a reliability-focused metric than an
economic metric, because we do not attempt to assess the economics of providing the flexibility.
Following the IEA methodology, the flexibility inventory uses four main types of resources to
characterize flexibility supply: conventional generation (thermal and hydro plants), energy
storage, demand response (DR), and transmission interconnections with neighboring regions.
The total flexibility supply is based on the sum of the flexibility supply from each of the
individual resources.

2.3.1 Conventional Generation

Flexibility supply from conventional generation depends on the capabilities of the generation to
change output and the initial state of the generator when needed to provide flexibility. We refer
to the initial state of the generator when needed to provide flexibility as the “typical dispatch”
of the generator. As in the IEA methodology, the capabilities depend on the maximum ramp rate,
the minimum generation level, and the startup and shutdown times of the generation.'” Typical
dispatch, on the other hand, depends on the manner in which generation is dispatched to maintain
a balance between supply and demand. For the most part, typical dispatch depends on the merit
order of the generator and demand. Generation with low variable operating cost is usually
dispatched to its full output before more expensive generation is dispatched.

' In theory, this approach could also be applied to summing net-demand variability and uncertainty. However, we
could not implement it in this study owing to limitations in the available data; in particular, we lack estimates of the
correlation between net-demand variability and net-demand uncertainty over the different flexibility intervals.

17 Zhao et al. (2015) describe this choice as follows: “The target range [flexibility demand] reflects the decision
makers’ risk preference, and is subjectively set by operation or planning criteria. The larger the target range [i.e., the
greater the number of standard deviations] the more conservatively the decision makers design or operate the
system.”

' puget Sound Energy uses the 95™ percentile of net load volatility to establish their estimate of flexibility demand.
If deviations were normally distributed then the 95™ percentile would approximately correspond to two standard
deviations. Our estimate of flexibility demand is therefore more conservative than used by PSE and will tend to
overstate flexibility demand. We examine the impact of different choices of the standard deviations in a parameter
sensitivity in Section 4.

' This analysis uses startup and shutdown times instead of minimum up or down times to approximate flexibility
supply limitations of conventional generators and associated potential over-generation periods. Sensitivity analysis
regarding the choice of those parameters is discussed in Section 4.4.1.



The effects of typical dispatch and the capabilities of a thermal generator on the flexibility
supply over different flexibility intervals are illustrated in Figure 1. In this case the typical
dispatch of the generator (Pdispatch) is such that it is online and generating between the
minimum generation level (Pmin) and its maximum capacity (Pmax). Over short flexibility
intervals (e.g., 15 min), the flexibility supply is limited by the ramp rate of the generator. Over
longer intervals, the flexibility in the up direction is limited by the difference between the typical
dispatch level and the maximum capacity of the generator. Flexibility in the down direction is
limited by the difference between the typical dispatch level and the minimum generation level,
until the unit can fully shut down; this illustrative generator can shut down after 6 h.

Pmax - .
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Flexibility up
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Pdispatch
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»
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Figure 1. Flexibility Supply from a Conventional Generator

Following the IEA methodology, the total flexibility supply from conventional resources is based
on an estimate of the fraction of generation that is in one of four possible states when flexibility
supply is needed. The four states are offline, near minimum generation, near the middle of the
operating range, and near maximum. The fraction of generation in each of these four states is
based on typical dispatch during peak-load or low-load hours.*’

The IEA method associates typical dispatch with peak- or low-load hours differently depending
on the flexibility interval and direction. For flexibility intervals of 15 min and 1 h, the IEA

%% Following the IEA methodology, traditional electricity demand (not net demand) was analyzed to determine the
typical dispatch level of conventional generators. This raises the question: Why not use typical dispatch based on net
demand instead? There are two reasons. First, we can look at historical dispatch during high-load and low-load
periods, but we cannot do the same for the net demand for futures with high renewables. Second, the effects of wind
and solar generation are incorporated in our estimates of the flexibility demand, rather than through assessments of
the typical dispatch parameters. Including wind and solar generation in our assessment of typical dispatch levels of
conventional generators would yield misleading results, because the impact of wind and solar generation would be
counted twice.



method uses typical dispatch during peak-load times for flexibility in the up direction and during
low-load times for flexibility in the down direction. Over the longer intervals of 6 h and 36 h, the
combinations of flexibility direction and typical dispatch are switched: the method uses typical
dispatch during low-load times for flexibility in the up direction and during peak-load times for
flexibility in the down direction (Table 2).

The logic of this approach in the IEA method is as follows. During low-load conditions
(illustrated on the left side of Figure 2) ramping generators down to manage 15 min and 1 h
variations is expected to be challenging. Generation is not expected to ramp down further over
the longer periods of 6-36 h, because load is already near its minimum. Instead, generation will
need to increase over these longer intervals, meaning flexibility supply in the up direction will be
most challenging. During peak-load conditions (illustrated on the right side of Figure 2) 15 min
and 1 h variations around peak load will be challenging to meet in the up direction. In contrast,
because the load is already at its peak, ramping generation down over the next 636 h is expected
to be challenging.

Similar logic is applied in the flexibility inventory. Hence, we largely follow the original IEA
assumptions as summarized in Table 2. One exception to this is introduced here and described in
more detail in Section 3. In the Pacific Northwest (PNW), which has a large hydro resource and
relatively little reservoir storage capacity, we assume that the constrained low period is during
high-hydro/low-load periods (not just low-load periods) and that the constrained high period is
during low-hydro/peak-load periods (not just peak-load periods).

Table 2. System Conditions Used To Determine Typical Dispatch of Conventional Generators

Flexibility Interval Up Direction Down Direction
15 min Peak Load Low Load
1h Peak Load Low Load
6h Low Load Peak Load
36 h Low Load Peak Load
15 min - up 1hr-up

36 hr - down Load

Low Load

1 hr - down
15 min - down

Figure 2. Illustration of System Conditions Used To Determine Typical Dispatch of Conventional
Generators



Additional details regarding the parameters used to define typical dispatch and the capabilities of
different conventional generation are provided in Section 3. The system conditions of low and
peak loads are only used for determining the typical dispatch parameters required to estimate the
flexibility-supply capabilities of conventional generators. These system conditions are not used
for quantifying the potential capabilities of energy storage, DR, and transmission.

2.3.2 Energy Storage

Following the IEA methodology, flexibility from energy storage is based on the full nameplate
capacity of energy storage (i.e., the megawatt rating) for both the up and down directions, limited
only by its ramp rate. The contribution of energy storage over longer flexibility intervals is not
limited by the size of the storage reservoir (i.e., the megawatt-hour rating), though IEA notes that
the ability of energy storage to sustain output over longer flexibility intervals is limited. By
ignoring the size of the storage reservoir in the calculation of flexibility supply we are in effect
assuming a large reservoir (> 36 h at full capacity) or that the energy storage resource will have
an opportunity to cycle multiple times within longer flexibility intervals.”!

2.3.3 Demand Response

The capability of DR to provide flexibility depends on three characteristics: capacity, notification
period, and directionality. The IEA methodology assumes DR is fully controllable such that DR
can provide flexibility in both the up (curtail load) and down (increase load) directions over all
four flexibility intervals. In contrast, many DR programs implemented by utilities in the western
U.S. can only provide flexibility in the up direction (i.e., load curtailment) and only for flexibility
intervals longer than the notification period (e.g., flexibility intervals greater than 24 h for DR
with a day-ahead notification). We reflect these constraints by limiting the flexibility supply to
the up direction and classifying demand response programs by their notification period. As
described further in Section 3, we identify three types of DR programs: direct load control (no
notification required), interruptible (30-min notification), and other (24-h notification). Similar to
the IEA methodology, we do not limit the capability of DR to provide flexibility based on the
duration of events, we only limit capabilities based on the notification requirement.

2.3.4 Transmission Interconnection

In the IEA methodology, transmission into and out of a region is a source of flexibility in the up
and down directions, respectively, and the contribution of transmission is limited only by the
interconnection capacity. In our methodology, we similarly assume that transmission is a source
of flexibility up and down, but, as detailed in Section 3, we limit the contribution of transmission
based on the maximum historically observed ramp rates over the different flexibility intervals.

*! As described later, the binding flexibility interval is found to be relatively short, either 15 min or 1 h, implying
that the capability of energy storage to provide flexibility on the 6 h to 36 h interval is relatively less important. In
cases where the longer flexibility intervals are binding, the assumptions about the capability of energy storage to
provide flexibility over longer intervals should be revisited.
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2.4 Summary of Differences between IEA and Our Flexibility Inventory

To conclude our description of flexibility demand and supply assumptions, Table 3 summarizes
the similarities and differences between the IEA methodology and our approach.

Table 3. Comparison of Flexibility Demand and Supply Assumptions Used by IEA and Our
Flexibility Inventory

Flexibility Demand or
Supply

IEA

Flexibility Inventory

Flexibility Demand

Conventional Generation

(Thermal and Hydro)

Sum of variability and
uncertainty of load,
wind, and solar
(assuming perfect
correlation among
resources) plus
contingency reserves
Limited by physical
constraints and typical
dispatch

Similar to IEA, but accounting for
correlation in ramps or forecast
errors for load, wind, and solar
(i.e., does not assume perfect
correlation between load, wind,
and solar)

Generally same as IEA, but with
adjustment reflecting historical
operations and parameters specific
to WECC

Demand Response Limited only by Three types of DR:
nameplate in either * Direct load control (no
direction over all notification to curtail)
intervals * Interruptible (30-min
notification to curtail)
*  Other (24-h notification to
curtail)
Bulk Energy Storage Limited by nameplate ~ Same as IEA method
and ramp rate
Transmission Limited only by Limited by capacity and
Interconnection transmission capacity  historic