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Executive Summary

INTRODUCTION

The Attributes Roadmap presents insights and solutions following an in-depth look at the challenges of
operating a reliable bulk electric system in a rapidly transforming energy landscape. The generation
resource mix is diversifying; the surety of the fuel supply is declining; extreme weather is increasing in
intensity and duration; and industrial load growth and electrification trends are poised to disrupt traditional
load patterns. These factors create complex challenges for MISO and stakeholders and a shared imperative
to urgently act to avoid a looming shortage of necessary system reliability attributes and ensure electricity
is delivered every hour of every day to the 45 million people in the MISO region.

No single resource provides every needed system attribute. The needs of the system have always been met
by a fleet of diverse resources operated in a manner that most efficiently meets the system needs. Preparing
for the energy transition requires an improved understanding of the reliability attributes of the bulk electric
system and the advancement of urgent market reforms and requirements to meet the changing system
needs.

In 2023, MISO designed and
completed a foundational analysis of
the system reliability attributes. The
analysis focused on three priority
attributes where risk to the MISO

system is most acute: system
adequacy, flexibility, system stability,
and their near-term risk factors

(Figure 1). MISO developed
recommended approaches and
solutions based on input from various
expert sources, including MISO’s
internal subject matter experts and
past analyses, MISO stakeholders,
external industry research, and
leading industry experts.

INSIGHTS AND SOLUTIONS

To meet the rapidly evolving needs of the bulk electric system, urgent action is needed to advance a targeted
portfolio of market reforms and system requirements, and to provide ongoing attributes visibility through
regular reporting. In summary:

System Attributes

Near-Term
Risk Factors

Figure 1: Three priority system reliability attributes and their
near-term risk factor focus areas

SYSTEM ADEQUACY refers to the ability to meet electric load requirements during periods of high risk.
MISO focused on the near-term risk factors of availability, energy assurance, and fuel assurance.

o Approach: Best addressed in the planning horizon and served through capacity requirements,
capacity accreditation (valuation), and market solutions within the seasonal resource adequacy
construct where a diverse range of generation resources can contribute to meeting demand and
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reserve requirements. Additionally, evolved coordination is needed between MISQO’s resource
adequacy assessments and MISO state and member planning processes.

o Recommendations: MISO recommends a continued focus on one market clearing product
(capacity), and further modernizing the resource adequacy construct to address emerging
attribute-related risk factors through improved risk modeling, capacity accreditation, and
capacity market qualification requirements. Additionally, MISO recommends providing visibility
into future regional system adequacy needs and capabilities through improved forecasting and
reporting.

FLEXIBILITY is the extent to which a power system can adjust electric production or consumption in
response to changing system conditions. MISO focused on the near-term risk factors of rapid start-up and
ramp-up capability.

o Approach: Best addressed in the operating timeframe and served through market solutions
where resources can compete to meet the increasingly variable and uncertain real-time
operational needs of the system.

o Recommendation: MISO recommends advancing two strategic objectives to address this
attribute: (1) focus market signals on emerging flexibility needs through expanded and new
ancillary service products, and (2) expand the fleet of qualifying resources able to provide
flexibility by enhancing market systems and reforming resource participation models to enable
emerging technologies to fully participate.

SYSTEM STABILITY is the ability to remain in a state of operating equilibrium under normal operating
conditions and to also recover from disturbances. MISO focused on the nearest-term risk factor of voltage
stability.

o Approach: Best addressed initially through requirements and technology standards and a
multistep approach to require capabilities from resources to support grid stability.

o Recommendation: MISO recommends requirements for inverter-based resource controls as
part of the resource interconnection process and incentives for critical reliability capabilities as
needed.

The Attributes Roadmap includes current and new proposals to ensure the sufficiency of the priority system
reliability attributes with approximate project relationship and timing (Figure 2). The report discusses each
of these recommendations in detail as well as the analysis and research that supports the recommendations.

NEXT STEPS

The attributes insights and solutions will further inform the region’s Reliability Imperative priorities. MISO’s
next step will be to integrate the recommendations into its processes with stakeholder engagement
throughout. In addition, MISO will continue to monitor the efficacy of planned and implemented solutions,
study additional system attributes, and consider solutions beyond this recommendation.

Timely collaboration is needed between MISQ, its stakeholders, and the broader industry to continue this
mission-critical work and ensure the region is prepared to reliably navigate the energy transition.

Find the latest project status on MISO’s Dashboard for “|dentification of Sufficient Reliability Attributes
RASC - 2022-1" Ongoing system attributes work will be coordinated through the MISO Stakeholder
Resource Adequacy Subcommittee.



https://www.misoenergy.org/engage/MISO-Dashboard/identification-of-sufficient-system-reliability-attributes/
https://www.misoenergy.org/engage/MISO-Dashboard/identification-of-sufficient-system-reliability-attributes/
https://www.misoenergy.org/engage/committees/resource-adequacy-subcommittee/
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Figure 2: Hypothesis for attributes solution roadmap with approximate timing for projects currently
underway (active) and proposed future projects (recommendation). The Attributes Roadmap discusses
each recommendation in detail as well as the analysis and supporting research.
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Project Introduction and Approach

System reliability attributes are characteristics of the bulk electric system. A wide range of attributes is
needed to ensure reliability and support the region’s affordability and sustainability objectives. Importantly,
no single generating resource provides every needed system attribute.! The foundational needs of the
system have always been met by a fleet of diverse resources operated in a manner that most efficiently
meets system needs.

As the system transforms, strategic assessments by MISO and other industry experts conclude that system
reliability attributes will need to be increasingly studied, measured, incentivized, and required for the bulk
electric system to maintain its expected levels of reliability.

MAJOR DRIVERS OF CHANGE INTRODUCE NEW AND SHIFTING
SYSTEM RISK

Major industry trends are simultaneously changing the conditions of the system, for example:

e New generation and load resources coming online often do not have the same characteristics as the
resources they are replacing, introducing the potential risk that the needs of the system will not be
met by the transitioning fleet.

e Increased impacts from severe weather creates major challenges in managing transmission
congestion, high rates of correlated forced outages, and extended periods of high demand.

e Demand for electricity is increasing to meet new needs (e.g., the information economy, efforts to
rebuild domestic supply changes, and electrification) and disrupting traditional load patterns.

See MISQO’s Response to the Reliability Imperative for a more detailed analysis of trends and drivers of change
in the MISO region.

PAST STUDIES INFORM PRIORITIZATION AND APPROACH

The attributes project was informed by previous MISO studies assessing the region’s changing risk profile
and exploring the reliability impact of the major drivers. This work includes:

Markets of the Future: lllustrated how and when MISO'’s existing market structures will
need to evolve to accommodate the profound changes that are occurring in the energy
sector. The needs were presented in four broad categories: (1) Uncertainty and
Variability; (2) Resource Models and Capabilities; (3) Location; and (4) Coordination.
This report helped establish the foundation for the attributes work.

o

MISO Futures: Utilized a range of economic, policy, and technological inputs to develop
three future scenarios that “bookend” what the region’s resource mix might look like in
20 years. The attributes team used the recently refreshed Future 2A forecasted
resource portfolios to perform the forward looking five-year and 10-year analysis.

MISO Futures Report

LEPRI, Energy Supply Reference Card, 2023 Version.



https://www.misoenergy.org/meet-miso/MISO_Strategy/reliability-imperative/
https://cdn.misoenergy.org/MISO%20Markets%20of%20the%20Future604872.pdf
https://cdn.misoenergy.org/Series1A_Futures_Report630735.pdf
https://www.epri.com/research/products/000000003002027620
https://cdn.misoenergy.org/MISO%20Futures%20Report538224.pdf

Renewable Integration Impact Assessment (RIIA): Assessed the impacts of integrating
increasingly higher levels of renewables into the MISO system. This assessment steered
the attributes project in many ways, including the key finding that voltage stability and
inverter-based converter stability are among the first system stability related challenges
the MISO system will likely face.

Regional Resource Assessment (RRA): Recurring study based on the plans and goals d 9@
that MISO members have publicly announced for their generation resources. This year’s 35%@

attributes analysis built upon the flexibility assessments of net load variability and =
uncertainty changes originally presented within the RRA. =

The February (2021) Arctic Event: Discussed lessons learned from Winter Storm Uri,
which affected the MISO region and other parts of the country in February 2021. MISO
and its members took emergency actions during the event to prevent more widespread
grid failures. The attributes work used Uri as a case study.

EXPLORATION OF THE SOLUTIONS LANDSCAPE

MISO began the process of developing possible solutions to the major questions regarding system adequacy,
flexibility, and system stability by soliciting input from expert sources (Figure 3). From these queries, MISO
filtered more than 100 possible solutions to the problems proposed.

Many solution options came from MISO’s
. _ Internal SME MISO analyses,
internal experts and past reports. Stakeholder interviews and review  pactand present
discussions offered ideas, including of workunderway
. ) Industry Stakeholder inputand
recommendations for MISO’s Independent research and external expertise
Market Monitor (IMM). The team reviewed literature (Brattle, IMM)
relevant industry research and literature, review
including work led by the Energy System
Integration Group, NERC'’s Energy Reliability
Assessment Task Force, and the Electric Power
Research Institute (EPRI). Additionally, MISO
reviewed the actions and published analysis of
other grid operators, including PJM and
ERCOT, the Australian Energy Market
Operator, and UK’s National Grid Electricity

Solutions
System Operator. Hypothesis

Solutions exploration and focus was done in
consultation with The Brattle Group. MISO
engaged Brattle on strategy and risk approaches, evaluation of the solutions for impact and efficiency, and
industry expertise on solution implementation outcomes in other regions. Brattle presented its
recommendation to the Resource Adequacy Subcommittee (RASC) in October 2023.2

Figure 3: Sources of solutions considered

2 Brattle, “MISO Reliability Attributes Solution Space,” presented to MISO’s Resource Adequacy Subcommittee (RASC), October 4,
2023.



https://cdn.misoenergy.org/RIIA%20Summary%20Report520051.pdf
https://cdn.misoenergy.org/2023%20Regional%20Resource%20Assessment%20Report630736.pdf
https://cdn.misoenergy.org/2021%20Arctic%20Event%20Report554429.pdf
https://cdn.misoenergy.org/20231004%20RASC%20Item%2005bii%20Brattle%20Presentation%20on%20MISO%20Attributes%20Solutions630406.pdf
https://www.misoenergy.org/planning/policy-studies/Renewable-integration-impact-assessment/#nt=%2Friiatype%3AReport&t=10&p=0&s=Updated&sd=desc

CRITERIA FOR EVALUATING CANDIDATE SOLUTIONS

Solutions were narrowed based on the following evaluation criteria:

TECHNICAL CRITERIA

ECONOMIC CRITERIA

PROCESS CRITERIA

OTHER CONSIDERATIONS

MISO applied the quantitative criteria against the initial list of solutions. With the shorter list of solution
candidates, quantitative analysis was completed wherever practical to test the working hypotheses.

FOUNDATIONAL ANALYSIS AND SOLUTIONS

This report is divided into three sections, one for each priority attribute: system adequacy, flexibility, and
system stability. Each section begins with a definition of the attribute and problem statement, followed by a
high-level recap of the foundational analysis and key insights, as presented in the September 2023 and
October 2023 attributes workshops. Following that is a directional recommendation of how to approach
possible solutions, including what MISO recommends not to do. Lastly, each section contains details of the
proposed roadmap of solutions, including related work underway at MISO.

MISO conducted foundational analysis for each priority system attribute to guide the solution selection and
prioritization. The analysis relied on existing and vetted datasets, methods, and software, which were
augmented to meet the specific needs of the study. Generally, the analysis compared a representation of
today’s system (e.g., planning year 22-23) to forecasted out-year system conditions derived from MISQO’s
Future 2A expansion.®

3 Futures portfolio are based on Scenario 2A in MISO, MISO Futures Report Series 1A, November 2023.



https://www.misoenergy.org/events/2023/system-reliability-attributes-analysis-and-roadmap-workshop---september-21-2023/
https://www.misoenergy.org/events/2023/identification-of-sufficient-system-reliability-attributes-update---october-31-2023/
https://cdn.misoenergy.org/Series1A_Futures_Report630735.pdf

System Adequacy

NERC defines adequacy as the “ability of the electric system to supply the aggregate electrical demand and
energy requirements of the end-use customers at all times, taking into account scheduled and reasonably
expected unscheduled outages of system elements.”* MISQ’s attributes team further framed the system
adequacy attribute as the ability of a resource portfolio to meet capacity and energy demand for a wide
range of system conditions, with the expectation that unserved demand does not exceed a predetermined
criteria.

MISO focused the 2023 system adequacy analysis on the risk factors

expected to be most acute in the near term: availability, energy

assurance, and fuel assurance (Figure 4). Availability is the consistent

and predictable ability to call on capacity at the time of need. Energy

assurance is the ability of the system to adequately manage and deliver Near-Term

energy supply on a 24 hour, seven days a week basis, especially in the Risk Factors

presence of variable-energy or energy-limited resources. Fuel

assurance is the ability for resources to access primary or backup fuel

for electric power production at the time of need. These aspects of

system adequacy are interrelated. For instance, extreme weather can

drive widespread performance issues across all three risk factors. Figure 4: System Adequacy
near-term risk factor focus areas

RECENT AND PROPOSED RESOURCE ADEQUACY REFORMS ADDRESS
THE FUNDAMENTALS

The modernization of MISO’s resource adequacy construct is well-underway with recent and proposed
changes to incorporate current industry best practices and address shifting risk. MISO’s recently
implemented seasonal Planning Resource Auction (PRA) better acknowledges seasonal risks and resource
capabilities throughout the year. The current accreditation methodology, approved by the Federal Energy
Regulatory Commission (FERC) in 2022, also aligns the accreditation of thermal resources with their
availability in the recent highest risk periods.

The proposed next step for resource adequacy reform is to credit all resources using a combination of the
Direct Loss of Load (DLOL) method? at the class level and the previously defined Resource Adequacy hours®
at the unit level. Load modifying resources (LMR) and other emergency resources are currently excluded
from the proposed accreditation changes (DLOL method), due to their status as emergency only. MISO is
working on a parallel initiative for these resources.

When MISO implements these proposed reforms, the fundamental components will be in place to address
the energy transition. MISO recommends improvements to the underlying model to fully capture attribute
risk.

4NERC, Glossary of Terms Used in NERC Reliability Standards, March 2023.

5DLOL is an accreditation methodology that examines the contribution of a resource to the system during times of risk, represented by
loss of load hours. MISO, Resource Accreditation White Paper , November 2023.

¢ FERC. Docket No. ER22-495-002, February 16,2023.



https://www.nerc.com/pa/Stand/Glossary%20of%20Terms/Glossary_of_Terms.pdf
https://cdn.misoenergy.org/Resource%20Accreditation%20White%20Paper%20Version%201.1630728.pdf
https://www.ferc.gov/media/e-3-er22-495-002
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SYSTEM ADEQUACY REQUIRES EXTENDING LOSS OF LOAD

EXPECTATION MODELING

Today, MISO’s Loss of Load Expectation (LOLE)”
modeling incorporates an optimized planned outage
schedule and randomly drawn forced outages based on
historical unit-level outage data. Additionally, an
extreme cold weather outage adder is modeled, which
approximates weather-dependent outages using zone-
specific, fixed outage profiles based on historical
outage data during extreme cold temperatures. As the
system’s fleet continues to evolve, it is necessary to
better understand and quantify the impact on the
system risk from weather-related drivers, such as
outages related to fuel unavailability, mechanical
failure, and a breakdown of gas/electric coordination.
To increase visibility into the weather-dependent risk
drivers, it is important to explore the impact of fuel and
non-fuel related outages on the LOLE framework. It is
also key to acknowledge the regional implications of
transfer limits between different geographical
locations as the resource mix becomes more diverse.

The primary objective of the 2023 system adequacy
attribute work was to develop a method for measuring

Resource Adequacy Terms:

“Loss of load Expectation” (LOLE): Expected
or average number of days during a given
time period for which the available
generation capacity is insufficient to serve
demand

“Loss of load Hours” (LOLH): Expected or
average number of hours during a given
time period where system demand will
exceed the generating capacity

“Expected Unserved Energy” (EUE): Amount
of demand (measured in MWh) that the
system will not meet during a given time
period, averaged across a wide range of
system conditions

“Conditional Value at Risk” (CVaR): Expected
unserved energy over the X% worst system
conditions

emerging risk factors (availability, energy, and fuel assurance) and quantify their impact on system-wide
accreditation and requirements. Two study cases were defined: (1) business-as-usual, and (2) enhanced risk
assessment. The enhanced risk assessment case was designed to assess the impact of risk factors related to
the delivery of energy during more constrained conditions (transfer limited). The enhanced risk assessment
also extended the approach followed in the business-as-usual case for capturing weather-dependent
outages, by modeling these as a function of the installed capacity. The two study cases were analyzed using

three evolving resource portfolios: today, 2027, and 2032.8

The impacts of these risk factors were quantified by the resulting changes in accreditation and requirements
between the two cases and across portfolios. The outcome of this assessment, which helped inform the

solutions hypothesis, offers three key insights.

7 |EEE reference for a comprehensive description of LOLE resource adequacy terms.

8 Futures portfolio are based on Scenario 2A in MISO, MISO Futures Report Series 1A, November 2023.
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INSIGHT: Accreditation aligns with the risk distribution, regardless of the
underlying sources of risk modeled, and tracks the contribution of
individual resources

The proposed accreditation method (DLOL) aligns availability and need in the planning horizon at the class
level. As the generation fleet evolves, the timing, volume, duration, and frequency of loss of load events are
expected to change (Figure 5).°

The bulk of the risk moves away from the summer gross peak load and distributes across other seasons
(Figures 5 and 6). In 2027, the risk is expected to balance between the summer and fall seasons. In 2032, the
risk concentrates in the winter, driven by electrification and weather-dependent capacity.
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Figure 5: Evolution of risk distribution in future portfolios

These shifts in risk over time impact the accreditation of resources and system requirements, as both rely on
the underlying LOLE model. Figure 6 illustrates the changes in summer accreditation and risk distribution
from the business-as-usual LOLE simulations. The reduction in wind and solar accreditation in later years is
driven by the shift in risk towards twilight hours. The slight increase in storage accreditation is due to the
shorter duration and smaller magnitude events in the 2032 portfolio.

7 A summary of all metrics is included in section A.4.1 of the Technical Appendix.
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Figure 6: On the left, estimated summer season, class-level DLOL accreditation values for the three
portfolios (today, 2027, and 2032) by fuel type. On the right, summer diurnal plots from the LOLE
simulations showing average load, net load, and renewable generation for each hour.

Figure 7 shows the forward-looking accreditation results for the winter season. The changes in wind and
solar accreditation are small, as the risk distribution in the winter season is concentrated in nighttime hours.
The 2032 portfolio shows events that are longer in duration, more severe, and with a higher frequency
(multiple events per day). This results in a lower accreditation for energy-limited storage resources?, as
their ability to mitigate risk is proportional to their state of charge at the beginning of the event and total

energy available.
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Figure 7: On the left, estimated winter season, class-level DLOL accreditation values for the three
portfolios (today, 2027, and 2032) by fuel type. On the right, winter diurnal plots from the LOLE
simulations showing average load, net load, and renewable generation for each hour.

10 Modeled as 4-hour resources in this analysis.
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Capturing these interactions and changes in risk patterns are key to the development of a robust
accreditation methodology that will serve existing and future portfolios, and the analysis demonstrated that
robustness. The full set of forward-looking accreditation results are included in section A.4.1 of the

Technical Appendix.

INSIGHT: The acknowledgment of weather-dependent outages and

deliverability captures additional risk factors that are projected to appear
in future portfolios

The incorporation of weather-dependent outages increased winter LOLE. The incremental winter riskin
2027 and 2032 are primarily driven by weather-dependent correlated outages. Although both portfolios
included the same planned retirements, the addition of “flex” units!! resulted in additional correlated
outages in 2027 and 2032. The concentration of long-duration events in extreme weather conditions, such
as winter storm Uri in 2021, highlighted wind capacity impacts.

The incorporation of the regional directional transfer (RDT) limits between MISO North/Central and South
in the enhanced risk assessment case increased LOLE across all seasons compared to the business-as-usual
case (Figure 8). Risk increased the most in spring and winter in 2027 when the RDT constraint was added,
while in 2032 risk increased the most in winter. These increases in LOLE show that the inclusion of
transmission constraints into the model captures underrepresented transfer limitations between the two
MISO regions. The modeling of non-firm external transactions was kept unchanged in the business-as-usual
and enhanced risk assessment cases.!?

2027 Loss of Load Expectation Results 2032 Loss of Load Expectation Results
= 09 - 09
g 08 ® Business As-UsuaI 0.75 g 08 m Business As Usual 081
-t'% 0.7 ® Enhanced Risk Assessment é. 07 0.65 = Enhanced Risk Assessment
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Figure 8: Seasonal LOLE results for the business-as-usual and enhanced risk assessment cases when both
at the same adjustment.

The inclusion of the RDT constraint also had an impact on wind and storage accreditation values; the
difference in DLOL between the business-as-usual and enhanced risk assessment cases for two resource
classes (wind and battery storage) are shown in Figure 9. These accreditation changes can be attributed to
transfer limit constraints when the RDT limit is enabled. It also highlights the difference in resource mixes

11 MISO, MISO Futures Report, Series 1A, November 2023.

12 Modeling of non-firm external transaction was based on historical net-scheduled interchange between MISO and external regions,
followed resource adequacy base business practices. More details are available in section A.2 of the Technical Appendix.
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between the North/Central and South in the model. Wind DLOL increased in the enhanced risk assessment
cases because most of the wind capacity is in the North/Central region. However, most of the loss of load
events were concentrated in the South region during periods of high wind availability in the North/Central,
driving a higher MISO-wide wind accreditation. Similarly, storage DLOL decreased in the enhanced risk
assessment cases because most of its capacity is in the North/Central region and was charging during loss of
load events in the South region. Accreditation for the remaining resource classes did not change
substantially between cases, with deltas under 3%. These values are shown in section A.4.2 of the Technical

Appendix.

2027 Change in Direct Loss of Load: Enhanced Risk Assessment -
Business as Usual
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Figure 9: DLOL deltas between the enhanced risk assessment and business-as-usual cases for wind and
battery storage resource classes when both cases are adjusted to seasonal LOLE targets.

MISO-wide planning reserve margin requirement (PRMR) increases when the RDT constraint is added to
the model for both 2027 and 2032 (Figure 10). This change in the PRMR is due to the difference in fixed load
adjustment to meet the 0.1 days/year LOLE target between the enhanced risk assessment and business-as-
usual cases. The largest increase in the requirement for both years is in the winter season.
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Figure 10: Incremental planning reserve margin requirement (PRMR) by season

INSIGHT: Initial system adequacy-focused flexibility analysis points to

potential issues in 2032, additionally analysis is required to understand the
implications

Ta | he flexibili lysis within th
] PY22-23 Delta 2032 Delta ocomp et(;at e flexibility ana y:sww mft e ;
eason EUE (MWh) EUE (MWh) resource adequacy construct (adequacy-focuse

flexibility), additional operational data was added

LD - 1794 to the loss-of-load model, including maximum and
Spring 0 6320 minimum unit generation levels, up and down
Summer 0 304 ramp limits, heat rates, and fuel costs. The most
challenging week per season (in terms of highest
Fall 0 463

expected unserved energy (EUE), net load, and

net load ramping!3) was selected for the planning
Table 1: EUE difference between business-as-usual  year 22-23 and 2032 business-as-usual models.

and Adequacy-Flexibility analysis . .
The differences in expected unserved energy (e.g.,

delta EUE) between the business-as-usual and Adequacy-Flexibility analysis for the planning year 22-23
model and 2032 models are within the 300-6,320 MWh range (Table 1). For both models, the Flexibility
analysis’ Loss of Load Hours (LOLH) and LOLE matched exactly to the business-as-usual results of the
corresponding model. The total EUE of all seasons matched exactly in the planning year 22-23 model,
suggesting that flexibility is sufficient in the current portfolio.

In the 2032 model, MISO observed significant deviation in the results. Spring exhibits especially high EUE
under the Flexibility constraints, followed by winter, fall, and summer. Figure 11 shows hours with high

13 Net load ramping is defined as the difference in net load between time periods t+1 and t.
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netload driven by both Flexibility and business-as-usual EUE events in all seasons, while the Flexibility
events show high variability in the netload ramping compared to the business-as-usual events. High rates of
maintenance of thermal and flexible units in the spring had a major impact on the system’s capability to
mitigate the increased ramping up and down. This analysis did not include wind and solar generation
curtailment, which could reduce ramping needs in the system.

2032 NetLoad Mean, Min, Max and during EUE 406w 2032 Ramping Mean, Min, Max and during EUE
120GW {§ Y ’
‘ 3 (¢ Ty 30GW
100GW 12 H |
|| = 206w
3
< 80GW 3
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T 60GW R ~‘w 1=
3 il M‘ I 2 ocw
@ 40GW ‘ a
z | ! g
' | | W = -1o6w
206w {1} 1! LA 1 O [ : . '
IR i 11 ”"‘y“ s M 20GW
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-30GW+
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— Mean Min-Max * EUE during BAU * EUE during Flexibility

Figure 11: 2032 average, minimum, and maximum netload (left) and netload ramping (right). Blue and red
dots signify netload and ramping at the event sample in business-as-usual and Flexibility

While this area of flexibility analysis within the resource adequacy construct presented some interesting
results, further work is necessary to evaluate whether its inclusion in the system adequacy modeling is
necessary. The proposed solutions in the operational adequacy space (see “Flexibility” section), coupled with
the feedback loop between planning and operations, may be sufficient to ensure that flexibility issues are
appropriately accounted for.

Find a detailed explanation of the full system adequacy analysis and results in sections A.3.3 and A.4.3 of the
Technical Appendix.

SYSTEM ADEQUACY RISK IS BEST ADDRESSED THROUGH CAPACITY
REQUIREMENTS, ACCREDITATION AND FORWARD MARKETS

MISO recommends a continued focus on one market clearing product — capacity — because complex
interactions between different resource types make it impractical to discretely quantify a specific amount of
availability, energy duration, fuel requirement or related adequacy attributes. MISO’s analysis finds that the
existing combination of capacity and reserve requirements, accreditation, and forward markets provide a
sufficient framework to ensure system adequacy. Emerging attribute-related risk factors should be
addressed by continually assessing and acknowledging operational risks through constraints in MISO’s risk
models, the results of which will be reflected in accreditation and reserve requirements.

Additionally, MISO should focus on incentivizing good fuel assurance practices in three ways. (1) MISO will
continue to apply and refine the “RA Hours” methodology to reward resources with sufficient fuel to
maintain availability during times of risk with higher accreditation values. (2) MISO will create additional
incentives through accreditation for resources with higher levels of fuel assurance (dual fuel, etc.) by
exploring the creation of a firm fuel class, or similar, with qualification and ongoing operating performance
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requirements. (3) MISO will continue the practice of multi-day commitments as needed through the
Reliability Assessment and Commitment process and rely on the IMM to recognize extenuating
circumstances in the cost of securing fuel.

WHAT NOT TO DO NOW

The Attributes Roadmap does not recommend new discrete capacity products (e.g., ramp capacity, energy
reserves, or winter fuel programs). Capacity products outside the current construct may suppress energy
and capacity prices. Additional products will increase complexity, requiring careful operational design, high
implementation cost, and long implementation time with highly uncertain benefits.

MISO has also determined that there is currently no need to create an accelerated path for resource
interconnection to account for attributes. Adequacy risks are regional in nature and more fully accounted
for within the proposed resource adequacy enhancements. MISO continues to be focused on reaching the
target queue timelines for all resources, which align with development timelines such that an accelerated
path is not expected to result in earlier in-service dates.

There is no current need to account for the system adequacy attribute in the retirement (Attachment Y)
programs because, again, adequacy risks are regional and better addressed through resource adequacy
enhancements. Unless a policy need arises, Attachment Y is designed to be a stop-gap measure and is an
insufficient mechanism to retain resources long-term or send long-term investment signals.

Lastly, MISO does not recommend taking broad action to secure forward gas supplies either through a
multi-day market or forward fuel procurement. MISO will continue to commit gas and other resources
beyond the day ahead market for limited reliability reasons and will explore improvements to that process
and associated tools.

ROADMAP: FURTHER MODERNIZE THE RESOURCE ADEQUACY CONSTRUCT

TODAY YEAR 5 YEAR 10
Active Recommendation 2024 2028 2033
Reliability-based Capacity market qualification
demand curve requirements

Capacity accreditation methodology

FURTHER MODERNIZE . - .
THE RESOURCE ADEQUACY Capacity accreditation forecasting
CONSTRUCT

Additional resource adequacy metrics

Reliability risk modelling
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Implement the reliability-based demand curve (RBDC) to signal the value of incremental capacity

Clarify capacity market qualification requirements to ensure that resources are available when needed

e Clarification of obligations for market participation (e.g., minimum availability criteria, minimum
winterization criteria, DIR participation, non-emergency status, etc.) to account for characteristics that
cannot be properly modeled

Enhance capacity accreditation methodology to value the availability of all resources when needed most

e Transition to the proposed methodology to consistently accredit all resources for their availability during
periods of highest potential and realized system risk

e Create and maintain resource accreditation classes to acknowledge differing risk profiles from similar
resource types
Explore an update to the allocation of PRMR requirements to better align with times of risk
Enhance load modifying resource (LMR) accreditation to better align with availability when needed

Forecast seasonal capacity accreditation values annually for future years to understand how future system
trends affect resource class accreditation and requirements for the benefit of market participants

Explore and report additional resource adequacy metrics to improve the quantification of risk and resource
contribution

e Include more granular resource adequacy metrics in the annual report, including EUE, LOLH, conditional
value at risk (CVaR)

e Explore the characteristics of daily LOLE considering EUE and other reliability metrics as the driving
metric in the PRM to understand the trade-off between them

e Conditional: Implement alternative resource adequacy metrics if the exploration reveals a more robust
metric than daily LOLE

Improve reliability risk modeling to best characterize existing and emerging system risks

e Incorporate correlated weather impacts in the LOLE model to account for outages such as those caused
by reduced variable energy production or large-scale fuel shortages that are not currently modeled

e Incorporate transmission modeling in the LOLE model to account for increasing regional energy transfer
requirements that result from the changing fleet and update downstream processes (e.g., accreditation,
requirements) to utilize the enhanced geographical resolution

e Improve modeling of storage, energy-limited resources, and demand-based resources to properly
capture their operational constraints and their additional contributions to the system (e.g., energy
balancing, ancillary services)

e Exploreimplications of climate change for both supply and demand to improve load forecasting as well as
address uncertainties and high-stress grid conditions

e Establish afeedback loop to analyze operational risk to identify diverging trends and continuously
realign the risk model

Table 2: Hypothesis solutions roadmap to proactively address system adequacy attribute risk by further
modernizing the resource adequacy construct.
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SOLUTION: Implement the reliability-based demand curve to signal the value of
incremental capacity

MISO’s reliability-based demand curve approach® seeks to provide more stable price signals for markets
participants and regulators to provide the necessary capacity supply, while avoiding excessive infrastructure
development. In September 2023, MISO filed tariff changes to FERC that include the following key
elements:

e System-wide and sub-regional demand curves

e Incorporation of net cost of new entry and the marginal reliability impact resulting from MISO’s loss
of load modeling, that together determine the value of capacity

¢ Areliability-based demand curve opt-out provision for states that choose to not participate in the
PRA

Should FERC approve the proposed changes, MISO aims for implementation in the 2025 PRA for Planning
Year 2025-2026.

SOLUTION: Clarify capacity market qualification requirements to ensure that resources
are available when needed

Characterizing system needs and risks through LOLE modeling is one of the pillars of MISO’s resource
adequacy construct, but modeling adjustments may not always be sufficient to fully capture systems risks
for any number of reasons (e.g., lack of necessary data, software, or computational limitations, etc.). In
limited circumstances, MISO recommends establishing new requirements or obligations for capacity market
participation, such as minimum availability criteria, minimum winterization criteria, dispatchable
intermittent resource (DIR) participation, and non-emergency status. MISO will work with stakeholders to
develop these requirements when these attributes cannot be properly ensured through the accreditation
construct, LOLE modeling, and capacity market.

SOLUTION: Enhance the capacity accreditation methodology to value the availability of
all resources when needed most — and forecast seasonal accreditation values annually
for future years to understand how future system trends affect resource class
accreditation and requirements for the benefit of market participants

Resource accreditation should reflect the availability of resources when they are most needed. Significant
growth of variable, energy-limited resources in the MISO footprint, along with changing weather impacts
and operational practices, are shifting risk profiles in highly dynamic ways with implications to resource
adequacy and planning. MISO is currently proposing to align capacity accreditation with system risk to
estimate the capacity contribution of MISO resources.!> This approach measures resource accreditation
during periods of both highest potential and realized system risks consistently across all resource types.
MISO’s planincludes a three-year transition for the implementation.

14MISO, Reliability Based Demand Curves Conceptual Design White Paper, September 2023.
15 MISO, Resource Accreditation White Paper, November 2023.
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As part of the proposed approach, resources are grouped into classes. In the future, MISO should create and
maintain resource accreditation classes to acknowledge differing and evolving risk profiles from similar
resource types. For instance, there may be a need for increased granularity to acknowledge diverging
availability from resources sited in different areas of the MISO footprint or with different levels of fuel
assurance. Resource classes should evolve to better track sources of system risks and better represent how
to reflect resources characteristics contributions to system adequacy.

Like the proposed capacity accreditation reform, MISO should explore an update to the allocation of PRMR
obligations to better align with times of risk. Transitioning the allocation process from seasonal gross peak
to risk-based values would create incentives for LSEs to shift load toward those times of the year that are
most effective at reducing the potential for unserved energy.

The current capacity accreditation proposal will be applied to all system resources, except for emergency-
only resources such as Load Modifying Resources (LMRs). MISO is currently designing improvements to
LMR accreditation.’® The reforms will determine appropriate capacity credits for LMRs that more closely
align with their availability and account for specific characteristics (such as notification time), improve LOLE
modeling assumptions to align with operations, and align assumptions of resource adequacy processes to
facilitate efficient use of LMRSs’ potential.

Forward-looking accreditation values are an important input in making long-term investment decisions.
MISO recommends providing regular forecasted seasonal capacity accreditation values and PRMR
estimates to stakeholders, published within existing recurring reports (e.g., Regional Resource Assessment).
Ongoing review of these forecasts will allow MISO and market participants to identify and prepare for
emerging trends in advance of the capacity market binding period.

SOLUTION: Explore and report additional resource adequacy metrics to improve the
quantification of risk and resource contribution

Most MISO resource adequacy processes rely on a single metric - daily LOLE - measuring either expected
loss of load in days/year or days/period.'” As the system risks evolves, so will the nature of risks. Relying on a
single metric does not convey the full picture of reliability.’® Outages with different characteristics such as
outage time or magnitude may be considered equally under the 1-outage day in 10-year metric.

While MISO recommends the Planning Resource Margin (PRM) continue to be determined using a single
reliability metric, MISO should regularly publish more granular resource adequacy metrics to inform
planning decisions and enable members to determine their own needs. These additional metrics may include
expected unserved energy (EUE), loss of load hours (LOLH), or conditional value at risk (CVaR). MISO should
create aroadmap focused on the need to reform the resource adequacy criterion considering the range of
more granular resource adequacy metrics.

16 MISO, Resource Adequacy Subcommittee (RASC) stakeholder process.

17 G. Stephen, et al, “Clarifying the Interpretation and Use of the LOLE Resource Adequacy Metric”, 2022 17th International Conference
on Probabilistic Methods Applied to Power Systems (PMAPS), June 2022.

18 Energy Systems Integration Group, Redefining Resource Adequacy for Modern Power Systems, 2021.
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After the exploration of additional reliability metrics is complete, MISO should also explore the implications
of replacing daily LOLE as the driving metric in the LOLE Study and PRM process. The implications of using
other metrics should be understood, including their interdependencies and robustness as the system
evolves. Should this exploration reveal one or more metrics that are more robust than daily LOLE, MISO
should implement alternative reliability metrics to drive PRMR and accreditation processes.

SOLUTION: Improve reliability risk modeling to best characterize existing and emerging
system risks

Current risk modeling performs a Loss of Load Expectation (LOLE) analysis to calculate the Planning
Reserve Margin (PRM) requirement to ensure that MISO resources can reliably meet demand. As the fleet
transitions, a broader set of conditions must be considered to maintain reliability. MISO recommends
several LOLE model improvements to ensure that existing and emerging system risks are more accurately
accounted for:

e Incorporate correlated weather impacts to the system. Resource outages caused by reduced
variable energy production or large-scale fuel shortages are two examples of risks not currently
modeled by MISO.

e Incorporating transmission modeling to recognize that the changing fleet will be enabled by
increasing regional energy transfer. The risks related to events limiting transmission should be
included in future models.

e Improvements to the representation of emerging technologies® and emergency resources to
properly capture their operational constraints and additional contributions to the system (such as
energy balancing or ancillary services).

As the model improves, results of downstream processes (such as accreditation or requirement setting) will
be impacted. Some of these recommendations may have significant implications in those processes. For
example, incorporating transmission constraints in the LOLE model will provide additional insight on the
locational nature of risk, which could be used to enhance zonal requirements.

Additionally, MISO is currently working to improve its load forecasting system by developing probabilistic
forecasting capabilities, including expanding the available load forecasting models and weather scenario
data available to the forecasting team. This additional information will allow load forecasts to better capture
weather risk associated with climate change. MISO is working to evolve planning assumptions and tools that
can address uncertainties and high-stress grid conditions through scenario-based planning that considers a
broad range of plausible long-term futures as well as real-world system conditions, including challenging and
extreme events.

Finally, MISO recommends establishing a feedback loop to continuously realign the risk model with
operational risks. Work is underway to improve operations planning study models for greater consistency
with Energy Management System (EMS) models.

1% Some emerging technologies present new challenges in resource adequacy modeling because their ability to contribute of the system
depend on factors beyond whether the units is available or is experiencing an outage. For example, battery storage generation depends
on its state of charge and load modifying resource may have limitation on the frequency and duration on their activation.
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PLANNING HORIZON ANALYSIS NEXT STEPS
The work of modeling enhancements and understanding their impact on reliability and accreditation will be
ongoing. Future investigations into planning horizon attribute risks and solutions could target questions
such as:

e How canthe LOLE modeling process be enhanced by including additional risk factors in the planned

maintenance scheduling?
e  What level of transmission granularity is needed to acknowledge local risk factors?

e How should storage operations be captured in LOLE models?
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Flexibility

Flexibility is the extent to which a power system can modify

electricity production or consumption in response to changing

system conditions, expected (variability) or unforeseen (uncertainty).

Flexibility is crucial to operating the energy system where the

supply and demand of energy needs to be balanced over different

timescales. From an operating timeframe point of view the real-time Near-Term
balance is most crucial. MISO has a primary responsibility towards Risk Factors
reliability and ensuring operations and markets can respond to
changes in net load ramps over extended timeframes. MISO’s
energy and ancillary services market should enable adequate
system attributes so that Operations is able respond in time and
balance the system needs.

MISO's focus for the 2023 flexibility analysis was on the potential
shortage of rapid start-up and ramp-up capabilities in future years
(Figure 12). Rapid start-up is the ability to quickly start-up offline
generation. Ramp-up is the ability to follow load and resource imbalance to track intra- and inter-hour load
fluctuations within a scheduled period.

Figure 12: Flexibility near-term
risk factor focus areas

MULTIPLE COINCIDENT SOURCES OF INCREASED VARIABILITY AND
UNCERTAINTY DRIVE THE NEED FOR GREATER SYSTEM FLEXIBILITY

Historically, outages, load, and net scheduled interchange (NSI)2° were the largest contributors of
uncertainty and variability in managing the operating margin for the MISO region. MISO has historically
depended on imports from neighbors who have had excess capacity. As the resource portfolio across the
eastern interconnect evolves to include increasing amounts of variable resources, the complexity of
managing operating margins will increase significantly and depending on import availability will become
riskier.

Factors contributing to the increasing operational complexity, either due to greater variability or greater
uncertainty include (1) increasing frequency and magnitude of system ramps, largely driven by the growth in
renewable resources; (2) increased volatility in load forecasts due to changing weather and demand
patterns; (3) more volatile generator outages, particularly related to aging of thermal units, extreme
weather events, and fuel supply challenges; and (4) greater uncertainty of available energy at low margin
hours, particularly in winter/spring evenings, as the fleet becomes more weather-dependent. These sources
of increased variability and uncertainty drive the need for greater system flexibility in the future.

20 Net Scheduled Interchange (NSI) is the net of MWSs import and export schedules.
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FOUNDATIONAL ANALYSIS

MISO'’s energy and ancillary services markets will play an important role in incentivizing competition for
providing flexibility and other services that support energy delivery and reliability. MISO utilizes a two-
settlement system comprising of a day-ahead market and a real-time market in which all products are
simultaneously co-optimized. MISO needs to evaluate the ability of its market products to procure sufficient
system attributes to maintain reliability without compromising efficiency under the evolving resource mix.
This year’s attributes analysis developed a simplified model of MISO’s markets comprising the day-ahead
unit commitment and real-time economic dispatch, which includes MISO’s energy and ancillary services
market products and rules.

The analysis centered around the simulation of stressed days to measure the potential unserved energy. For
the current fleet, MISO chose historical extreme event days from different seasons for simulation. While for
the future fleet, MISO selected potential stressed days in the future for comparison. In all simulations, MISO
excluded operator reliability and emergency actions in order to provide a more meaningful comparison.
Further, intraday commitments were excluded to keep the focus on the market constructs and not on
MISQO’s unit commitment processes. A key limitation of these simulations was the exclusion of transmission
constraints other than the RDT, but MISO hopes to address it in future analysis.?!

The market simulations were carried out using a MISO-enhanced version of the Electrical Grid Research and
Engineering Tool (MISO EGRET) that has implemented the main MISO energy and ancillary service market
products and commitment rules.?2 This tool was hosted in MISO Research and Development team’s
Advanced Simulation Environment, which provided the computational environment for running these
simulations. This tool has previously been validated through extensive testing against MISO’s production
market system. For this year’s analysis, data for the simulation was taken from day-ahead and look-ahead
commitment (LAC) production cases for the two-stage market simulation. A new two-stage simulation
framework appropriate for the attributes study was developed as part of this effort. The following key
insights have informed the solutions hypothesis:

INSIGHT: Given the fleet transition the increase in net load variability and
uncertainty will require new/enhanced market products and dynamic

requirements that can achieve the greater flexibility needs on the
operational timeframe.

A snapshot of one winter (January) and one summer month (August) across 2022, 2027, and 2032 indicates
that the Future 2A fleet results in distinct new patterns for diurnal net load? profiles in both seasons (Figure
13).

21 The key assumptions used in this analysis are described in section A3.2 of the Technical Appendix.

22 MISO-EGRET tool is described in the MISO, Technical Appendix: RRA Assumptions and Methodology, from MISO, 2022 Regional Resource
Assessment, November 2022.

23 Net load is defined as gross load net of wind and solar generation.
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Figure 13: Monthly averages of diurnal net load components for January and August

With the generation fleet changes, the MISO winter diurnal net load pattern will begin to morph into the
familiar “duck curve” shape,?* with net load dropping around mid-day due to the increased presence of solar
generation. In the evening as solar production decreases and electricity consumption increases, there is a
significant increase in net load ramp-up. By 2032, the growth in wind and solar production in January results
in even lower average net load around midday. In the summer months, the MISO system has historically seen
asingle daily net load peak in the late afternoon hours. By 2032, due to solar production, the daily net load
peak is shifted to later in the day, into the post-sunset hours. Further the net load ramp needs in the
evenings are projected to be high.
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Figure 14: Highest 10 percentile of short duration net load up-ramps

Another way to visualize the ramping patterns is to look at the highest 10 percentile of short duration up
ramps (Figure 14). The quantitative change is significant. The maximum 15-minute up-ramp needs will be
more than double by 2027 and 3.5 times by 2032 compared to 2022 levels.

24 NREL, Overgeneration from Solar Energy in California: A Field Guide to the Duck Chart, November 2015.
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INSIGHT: The projected increase in risky days and lack of guarantees for

availability of emergency and external resources increase the need to rely on
demand side resources

The results from the Attributes market simulations of the historical events differ from the actual
observations due to the assumptions described above. In reality, MISO Operations, acting in coordination
with its neighbors, took many actions to manage the events successfully. The historical extreme event
simulations show MISQO’s reliance on emergency resources as well as external resources, both of which are
not guaranteed to be available in the energy market. For the historical summer event (Figure 15) in the base
case the day-ahead commitment was inadequate to meet the real-time load due to a forecast error resulting
in unserved energy. Additional scenarios were performed with different combinations of challenging
conditions, such as the absence of LMRs or limited imports from neighbors (below the original maximum of
approximately 13 GW systemwide net import amount). These cases increase unserved energy, with the
worst result happening for the case with no imports into MISO and no LMR deployments (i.e., a “No LMR, No
NSI” scenario). These scenarios highlight the importance of operator actions in maintaining reliability.
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Figure 15: Simulation results for the summer event under different LMR and NSl scenarios

Over the past several years MISO has experienced several stressed days where it used emergency
procedures as well as been dependent on imports from its Eastern Interconnect neighbors to manage
challenging system conditions. Based on the results of this analysis these high-risk days are projected to
grow in number and get more spread out across the year as the potential stressed days begin to show up in
the shoulder seasons (Figure 16).
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Figure 16: Historical events and future potential stressed days by season

With extreme weather, a greater number of high-risk days and the potential for climate change impacts,
there are concerns for system reliability.

INSIGHT: The projected increase in duration and severity of events coupled

with the retirement of conventional resources highlights the need for
enabling the potential of emerging resources

The duration and severity of unserved energy events in a system with large penetration of renewables could
increase since a large, sustained drop in renewable output could become the largest concern to manage in
the operating timeframe. Figure 17 shows simulation results from various scenarios for a potential stressed
day in Winter 2027. Figure 17a shows a small amount of unserved energy for the Base Case, because the
Day-ahead commitment is inadequate to meet the Real-time load. Three individual stress scenarios are
considered: a 50% drop in wind production throughout the day, a removal of external imports (MISO rather
ends up exporting power), and a high-impact single gas pipeline outage. This last contingency, given Future
2A projected retirements, occurs in the MISO North/Central region and amounts to 6 GW. The wind-
reduction scenario has the largest increase in unserved energy amongst the three cases. Finally, the worst-
case event was simulated, where all 3 stress conditions occur on the same day.

Figure 17b illustrates how the use of quick-start units can address flexibility challenges. The worst-case
event is used as the starting point and then quick start units are added until the unserved energy is
mitigated. Quick start units are added beginning with the fastest group based on their lead-time of up to 20
min (i.e., ‘quick 20 min’), and in later instances more units are added with increasing lead times of up to 60
min, 120 min etc. The mitigation occurs with units of lead-time of up to five hours.
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Figure 17a: Simulation results for base case and

. A Figure 17b: Simulation results for worst stress
stressed scenarios for the winter 2027 event

case and mitigation using quick start units for
the winter 2027 event

The Future 2A fleet assumes a new generator type known as the “flex” unit, which for this analysis is
assumed to have the characteristics of fast combustion turbines. Thus, the overall quick start capacity in the
2027 and 2032 generation fleets is larger than in the current fleet.

Find a detailed explanation of the full flexibility analysis and results in section B of the Technical Appendix.

FLEXIBILITY ATTRIBUTE RISK IS BEST ADDRESSED THROUGH MARKETS IN
THE OPERATING TIMEFRAME

MISO recommends focusing the mitigation of flexibility risk on the operating horizon, specifically the real-
time and day-ahead energy and ancillary services markets where key market design elements exist and are
tested.

A focus on expanding current and new market products is needed to optimize flexible attributes and ensure
availability and deliverability in real time on three fronts. MISO should (1) refine the quantities and
formulation of ramping products (e.g., ramp, short-term reserves) based on operational experience and
forward-looking studies, (2) explore implementing dynamic reserve requirements based on system risk, and
more granular locational definitions to enhance deliverability of reserves, and (3) explore a new product for
uncertainty management to reduce the need for “out-of-market” unit commitments for managing the day-
ahead to real-time uncertainty.

Additionally, MISO should identify and address potential barriers preventing all resources from providing
market services, allowing more resources to provide needed flexibility to the system. It should also create
the capability to include flexible loads (e.g., controllable or price sensitive load) to provide market services.
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WHAT NOT TO DO NOW

MISO projects, based on internal modeling efforts, that there will be sufficient resources to meet flexibility
needs and therefore the development of discrete, flexibility requirements or derates in the capacity market
is unnecessary at this time. Interactions between flexibility and capacity add excessive complexity to
resource adequacy and may suppress capacity prices. Also, new capacity products do not directly increase
utilization of that new flexibility characteristic in the operating horizon.

Additionally, the Forward Reliability Assessment Commitment remains MISO’s preferred method to inform
market participants of upcoming needs. Efficacy is expected under future conditions making a multi-day
market product unnecessary. Market participants are responsible for continuing to signal their needs to
MISO.

Lastly, MISO does not currently recommend consideration of flexibility attributes within MISO’s resource
interconnection or exit programs (Attachment Y) as flexibility risks are regional and will be fully accounted
for within the expanded and new ancillary services products proposed in the roadmap below.

ROADMAP: FOCUS MARKET SIGNALS ON EMERGING FLEXIBILITY NEEDS

TODAY YEAR 5 YEAR 10
[7] Active || Recommendation 2024 2028 2033
Market pricing enhancements
FOCUS MARKET
SIGNALS ON EMERGING Dynamic reserve requirements Locational reserves
FLEXIBILITY NEEDS

FLEXIBILITY
Uncertainty and variability risk management products

FLEXIBILITY: Focus market signals on emerging flexibility needs

Implement market pricing enhancements to send price signals that reflect the value of resource availability
e Update the value of lost load, which sets the price cap in the energy market, to send better price signals
during emergency and scarcity conditions
e Change the operating reserve demand curve to improve the price incentive for flexibility
e Update the transmission constraint demand curves for improving congestion management

Implement dynamic reserve requirements to have better alignment between system conditions and risk
e Establish daily reserve requirements
e Dynamicrequirements for reserves (regulation, contingency)
e Dynamic requirements for ramp capability product

Implement locational reserves to improve deliverability of reserves

e Evaluate dynamic reserve zones to better align zonal definitions and system conditions
e Conditional: Explore nodal reserves as an option to address the issue of reserve deliverability
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Develop new products for uncertainty and variability risk management on the multi-hour time horizon to
maximize the flexibility capabilities of existing resources

e Reuvisit participation model for flexible resources (potentially separate qualification for up and down
ramp; additionally propose up and down regulation)

e Explore anew product for uncertainty management to manage flexibility needs and reduce out-of-market
manual commitments

e Explore additional products to manage intra-hour netload variability (e.g., 30-, 60-min)

Table 3: Hypothesis solutions roadmap to proactively address flexibility attribute risk by focusing market
signals on emerging flexibility needs.

SOLUTION: Implement market pricing enhancements to send price signals that reflect
the value of resource availability

MISQO’s Resource Availability and Need (RAN) program identified concerns that market prices during
historical emergencies and shortages have not reflected the scarce conditions. MISO’s IMM has made
multiple recommendations to improve MISO’s emergency and scarcity pricing mechanisms. Efficient and
transparent prices encourage Market Participants to make efficient operational decisions that can support
and inform investment decisions. MISO is evaluating scarcity pricing during shortage events and near-term,
mid-term, and long-term enhancements to various scarcity pricing mechanisms. In MISO’s markets the
locational marginal prices (LMP) are capped at the value of lost load, which is currently $3,500/MWHh. This
value should be updated to ensure that valid prices are not truncated during reserve/transmission
violations. MISO should evaluate updates to the operating reserve demand curve, to ensure that price
signals are consistent with price formation principles. Along with updates to the value of lost load and
operating reserve demand curve, the transmission constraint demand curve should be updated to ensure
that MISO is able to manage congestion properly through price incentives during operating reserve
shortages. The enhancements should send better price signals and manage growing uncertainty, incent
flexibility, improve transparency, and address issues identified during recent emergency events. MISO is
exploring additional enhancements to further improve price formation during emergency and scarcity
conditions on a longer time horizon.

SOLUTION: Implement dynamic requirements to have better alignment between
system conditions and risk

MISO co-optimizes energy and reserves leading to significant benefits for the footprint, including reduced
costs and improved flexibility. Reserves are procured to provide backup capacity if necessary to deal with
uncertainties and contingencies in the system that may impact reliability. With a transitioning resource
portfolio, MISO is facing increasing variability and uncertainty in the availability of resources and system
demand. MISO currently uses static reserve requirements. However, with higher levels of intermittent
renewable resources MISO recognizes the need to move to dynamic reserve requirements so that reliability
needs are better aligned with efficient market outcomes. As a first step, MISO looks to establish daily
reserve requirements based on the forecasted risk level for the upcoming operating day. Future exploration
should include intra-day dynamic reserve requirements derived from probabilistic net risk prediction as well
as dynamic ramp product requirements to better manage ramp and uncertainties. In the future, with more
wind and solar in the system, large drops in renewable production within 10 minutes could surpass the
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single largest unit standard currently in use. This should require updating the contingency reserve
requirements.

SOLUTION: Implement locational reserves to improve deliverability of reserves

Another key challenge associated with the increased uncertainty and variability is that of reserve
deliverability, where the reserves may not be deliverable in real-time due to congestion. Historically to
reliably deliver reserves, MISO utilized reserve zones in order to procure reserves in a dispersed manner.
These reserve zones can be updated on a quarterly basis in conjunction with the network model updates.
Currently MISO is using the reserve procurement approach on select constraints. MISO needs to implement
improved locational granularity in its reserve products in order to ensure reserve deliverability. MISO
should evaluate the possibility of dynamic reserve zones as a first step towards addressing this concern.
Updating the reserve zones on a more frequent basis should improve market efficiency and system
reliability, since there would be better alignment between zonal definitions and system conditions.

Conditionally, if additional reserve deliverability enhancements are required after the implementation of
dynamic requirements, MISO should explore the procurement of reserves on a nodal basis in order to
account for intra-zonal transmission congestion. The nodal reserve model could reduce the need for
expensive out-of-market reserve disqualifications currently being utilized to manage the challenge of
reserve deliverability.

SOLUTION: Develop new products for uncertainty and variability risk management on
the multi-hour time horizon to maximize the flexibility capabilities of existing resources

Currently in MISO’s market resources must be able to provide both upward and downward ramp to
participate in the ramp capability product. This places limitations on some types of resources from
participating in the ancillary services market. MISO should separate the qualification requirements for
upward and downward ramp capability, which would allow more flexibility for different resource types to
participate in the market. Further MISO should separate regulation into a regulation up product and a
regulation down product to allow resources that are currently prevented from providing regulation due to
congestion to provide regulation down. These solutions can expand the pool of resources which provide
ancillary services.

When there is a high degree of uncertainty operators may commit units “out of market” as insurance for the
possibility of unexpected high net load. This uncertainty is expected to increase as the MISO fleet
transitions to higher penetration of renewables. MISO should evaluate the development of a new
uncertainty management product for managing these uncertainties. An uncertainty management product
would allow “in market” procurement of units to meet uncertainty that would be committed when needed or
released when not. This product could be provided by online and offline resources that are available to
respond within certain response time (e.g., four hours lead-time). There may be a need for reserving long-
lead units many hours in advance otherwise MISO might not have enough quick start resources to respond
in time and avoid an unserved energy event. MISO should investigate how this product would work in
conjunction with the current short-term reserve product.

Maintaining real-time power balance requires ramp flexibility from online units which has become more
challenging as the proportion of intermittent renewable generation has increased. In 2016, MISO
implemented a 10-minute ramp capability product to manage both variations (expected changes) and
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uncertainties (unexpected changes) in the net load. The ramp capability product was designed to mitigate
ramp shortages which were a common cause of price spikes. The current ramp capability product might not
be able to manage extreme cases of ramping needs such as larger intra-hour ramps which are projected to
occur as the penetration of renewables increases.2?Hence MISO should consider additional products for
longer ramp durations to manage the increasing intra-hour variability.

ROADMAP: ENABLE EMERGING RESOURCES’ POTENTIAL

TODAY YEAR 5 YEAR 10
[7] Recommendation 2024 2028 2033

Enable demand-side resources
ENABLE EMERGING
RESOURCES' POTENTIAL

Enhance participation models

FLEXIBILITY

FLEXIBILITY: Enable emerging resources’ potential

Enable demand-side resources to enhance responsive load participation in energy markets

e Enable responsive load participation in energy markets
e Enable visibility and controllability of Distributed Energy Resources (DER) in market operations

Evaluate options for enhancing participation models to allow all resources to provide market services to
maximize capabilities
e Model multiple configuration resources in day-ahead market to increase flexibility and reduce
commitment costs
e Further optimize energy storage and co-located resources to leverage flexibility
e Ensure commitment flexibility and management of days when net load approaches low values

Table 4: Hypothesis solutions roadmap to proactively address flexibility attribute risk by enabling
emerging resources’ potential.

SOLUTION: Enable demand-side resources to enhance responsive load participation in
energy markets

Within MISO’s footprint, demand resources that are used towards meeting the Planning Reserve Margin
Requirement (PRMR) as part of the Planning Resource Auction (PRA) are known as Load Modifying
Resources (LMR). LMRs include behind-the-meter generation and demand resources. In addition, MISO has
ademand resource type known as Demand Response Resources that can provide service to the energy and
ancillary services market. As of 2022, the majority of the approximately 12 GW of demand resources in
MISO are classified as LMRs and only a small amount is classified as DRRs.

25 MISO, MISO’s Renewable Integration Impacts Assessment (RIIA) study. Summary Report. February 2021.
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One of the primary drivers of tightening operating margins is the accelerated retirement of thermal
resources, which has increased the frequency of emergency declarations, with MISO relying more often on
LMRs during these emergency events. In the past several years MISO has made changes to improve the
availability and flexibility of LMRs for reliability such as reducing the maximum notification time
requirement for LMR capacity accreditation from 12 hours to six hours. Maximum notification
requirements should be further reduced to ensure maximum flexibility during emergency events.

MISO should increase its understanding of LMR capabilities and visibility into their granular locations to
support more efficient and reliable commitment and dispatch. Part of the strategy may include leveraging
emerging LMRs in the energy and ancillary services market. Moreover, there is a need for a detailed analysis
of demand response participation across all MISO markets, which will inform a comprehensive strategy for
better enabling load participation in MISO markets. Flexible price-responsive demand can provide many
benefits, including mitigation of large net-load ramps, better management of contingency events, and
enhanced market efficiency.

As the generation fleet transitions and new technologies enter the market MISO will need to evolve its
operational and planning processes. Significant changes are expected in the coming decade on the demand
side and supply side. One such coming transition focuses on distributed energy resources (DER). FERC
Order 2222 requires DERs be allowed to participate in all aspects of Regional Transmission Organization
(RTO) markets. This poses a number of challenges for MISQO’s operations, especially relating to visibility and
controllability. MISO needs to consider the impacts of DERs on load forecasting. Further, MISO needs to
implement distributed energy aggregated resources into the market engine, asset registration and
settlements. Additionally, there is a need to identify and mitigate obstacles to customer readiness for DERSs.

In total, MISO should find ways to increase participation of load resources in the MISO market and increase
the flexibility they would contribute through MISO’s various market products.

SOLUTION: Evaluate options for enhancing participation models to allow all resources
to provide market services to maximize capabilities

With the advent of emerging resources, MISO should explore enhancing participation models to maximize
the utilization of capabilities from these resources, along with those already present in the system. The
harmonization of existing and upcoming capabilities throughout the energy transition will ensure smooth
operations. The following are some examples that would contribute to this solution.

The multi-configuration resource model can enable significant flexibility from combined-cycle gas turbines
(CCGT) across the MISO footprint. CCGTs with their ability for fast-ramping and quick response times could
be a critical resource to addressing the variability needs. As the penetration of renewables increases the
multi-configuration resource initiative can more fully exploit the capabilities of such resources to support
the increasing flexibility needs of the system.

Large deployment of storage resources will present additional challenges in operations because, unlike
traditional assets, their capabilities at any moment in time depends on their past actions. Charging and
discharging decisions influence their state of charge at any moment, which influences the amount of energy
they can generate or their ability to contribute to ancillary services. MISO should work to identify and
mitigate any participation barriers for energy storage resources and co-located resources in MISO’s markets
that could help enable the additional optimization of such resources.
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Finally, as the variable renewable penetration increases, the net load that needs to be covered by the
remaining resources changes. Particularly, the minimum values of net load become lower, requiring a surge
in the number of cycles for other resources between full generation and minimum generation levels. MISO
should investigate minimum generation logic to ensure adequate commitment flexibility.

OPERATING HORIZON ANALYSIS NEXT STEPS

In addition to enhancements to its market products and requirements MISO should continue to focus on
improvements to forecasting, visibility and commitment processes to ensure that MISO’s operations are
able to effectively manage challenging system conditions. One enhancement should include refinements to
unit commitment tools so operators will increase their uptake of the Look Ahead Commitment (LAC)
engine's recommendations.

Future investigations into operating horizon attribute risks and solutions could target questions such as:

e How should MISO design the new uncertainty management product given its sequencing with the
short-term reserve?

e  Should MISO implement a new intra-hour ramp product? This would be in addition to the existing
10-minute ramp capability product.

e How should MISO modify participation models which enable load modifying resources (LMR) in
energy markets?

e How should MISO modify emergency pricing to avoid price suppression during events?
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System Stability

System stability is the attribute of a power system that enables it to remainin a
state of operating equilibrium under normal operating conditions and to regain
an acceptable state of equilibrium after being subjected to a disturbance. MISO’s
focus for this year’s analysis was on the voltage stability family of issues (Figure
18). Figure 19 shows a power system stability taxonomy often used in technical

- ore Near-Te
papers and how voltage stability relates to other system stability components.26 car erm

Risk Factors
Voltage stability refers to the ability of a power system to maintain steady
voltages close to nominal value at all buses in the system after being subjected to
adisturbance (e.g., loss of a transmission line) and is dependent on the ability of
the combined generation and transmission system to provide the power
required by the loads.?” 28 Voltage stability is often thought of as load-driven
rather than resource-driven, though resource characteristics effect voltage
stability outcomes.

Figure 18: System stability near-
termrisk factor focus area

Find the detailed definition and explanation of MISO’s current state voltage stability considerations,
including transfer scenarios in reliability planning and contingencies in real time operations, in section C of
the Technical Appendix.
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Figure 19: Taxonomy of power system stability considerations

26 N. Hatziargyriou et al., "Definition and Classification of Power System Stability - Revisited & Extended," in IEEE Transactions on Power
Systems, vol. 36, no. 4, pp. 3271-3281, July 2021.

27 P. Kundur et al., “Definition and classification of power system stability,” IEEE Trans. Power Syst., vol. 19, no. 3, pp. 1387-1401, May
2004.

28T, Van Cutsem and C. Vournas, Voltage Stability of Electric Power Systems. Norwell, MA: Kluwer, 1998.
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VOLTAGE STABILITY-RELATED CHALLENGES ARE EXPECTED WITHIN
FIVE YEARS

Several factors cause voltage instability, such as insufficient reactive power support, excessive loading, loss
of transmission lines or generators, or inadequate voltage regulation. Emerging instability challenges are
strongly correlated with today’s energy transition trends, potentially leading to weak grid conditions under
which instability issues materialize with greater frequency. Trends affecting voltage stability include:

e Synchronous machine retirements (e.g., coal-fired generators) reducing system strength and
availability of reactive power

e Grid-following inverter-based resource (IBR) additions (e.g., solar generators) with software defined
controls driving operating characteristics that are different from synchronous machines

e Generationsiting that is further from load

e Changing dispatch patterns affecting synchronous machine fleet availability

¢ IBR model quality (verification and validation)

MISO’s Renewable Integration Impact Assessment (RIIA) study indicated that voltage stability and inverter-
based converter stability are among the first stability-related challenges the MISO system will likely face.?”
These challenges are projected to arise when renewable resources serve between 30% to 40% of MISO
system annual energy. According to MISO’s Future 2A resource expansion modeling, the 30% energy
threshold may be reached around the year 2027.2° Among the stability-related challenges studied in RIIA,
not only are voltage stability challenges expected to emerge early in the energy transition, but the
anticipated mitigation capital cost is expected to be the highest.

A lack of adequate voltage stability could result in loss of load in an area or protective system tripping of
transmission lines or system components, potentially leading to cascading outages. Voltage collapse, one
potential result from voltage instability, has been identified as a contributing factor in large scale blackouts
across the globe, including Scandinavia (2003), the northeastern U.S. (2003), Athens, Greece (2004), and
Brazil (2009). During the northeastern U.S. event in 2003, voltage instability resulted after multiple line
tripping contingencies caused voltage fluctuations and reactive power deficiencies, causing generators and
transformers to trip or malfunction.

ADVANCING VOLTAGE STABILITY ANALYSIS INCLUDED A NEW FOCUS ON
EMERGING TOOLS AND GRID-FORMING INVERTER EFFICACY

This year’s voltage stability analysis focused on (1) characterizing system strength using the short circuit
ratio (SCR) approach, and (2) characterizing resources and stability limits using the dynamic impedance
approach. The analysis characterized locations and potential severity of weak grid issues which often
indicate potential stability challenges. Screening approaches, including those contemplated in this analysis,
are used to identify areas and conditions that require deeper analysis. The two approaches are intended to
bring visibility to a changing system and offer tools to account for resources’ unique stability contributions
in subsequent analysis.

29 MISO, MISQO’s Renewable Integration Impacts Assessment (RIIA) study. Summary Report. February 2021.
30 MISO, “Future 2A Expansion and Preliminary Siting”. Presented at LRTP Workshop, March 10, 2023.
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The SCR approach is known to have limitations in
areas of high inverter-based resource penetration as
the metric is most appropriate when considering an
IBR plant connected to a strong grid without the
control interactions from other nearby inverters. While
variations of the SCR metric account for interactions,
modern inverter control topologies are beginning to
decouple the IBR’s fault contribution from system
strength contributions, concepts that are tightly
coupled in grids where synchronous machines are
dominant.

The dynamic impedance method is relatively new, and
MISO is working with industry partners to advance the
understanding of its use and limitations. Using the
approach to characterize grid-following IBR presented
challenges, especially for large disturbances which
resulted in severe voltage depressions. Using the
approach for grid-forming IBR yielded promising

Grid-forming versus grid-following
nomenclature:

e “Grid-following” (GFL) controls require a
voltage source to maintain operation

e “Grid-forming” (GFM) controls create a
voltage source and can operate in
standalone mode

While these oversimplified terms are useful to
communicate inverter capabilities broadly,
control capability classification is more of a
spectrum. For example, very fast grid-
following controls provide some of the same
support capabilities as grid-forming but are
not capable of standalone operations.

results where both the large signal and small signal screening outcomes appear to be accurate. MISO is still
investigating the method’s efficacy for different applications based on other industry research evaluating

similar approaches. 31:32.33

MISO’s system strength screening analysis and results showed the highly localized and dynamic nature of
potential voltage stability challenges, highlighting the need for improved visibility and proactive mitigation.
System strength was shown to be affected by both long-term factors, such as a changing resource mix and
transmission build, and short-term factors, like resource dispatch patterns across seasons. Using short
circuit ratio (SCR) as an indicator of system strength, MISO completed a comparison analysis between

future year and seasonal scenarios.

To consider the longer-term drivers, MISO compared the short circuit ratio (SCR) metric between a modeled
2025 summer peak and a modeled 2033 summer peak. Figure 20 shows the decrease (in red) or increase (in
green) of the SCR metric, an indicator of system strength, between the two models and highlights the

localized nature of system strength change.

31GuY.,, Green T, “Power System Stability with a High Penetration of Inverter-Based Resource,” in Proceedings of the IEEE, vol. 111, no. 7,

pp. 832-853, July 2023, page 14, first paragraph.

32 ), Sun, “Impedance-Based Stability Criterion for Grid-Connected Inverters,” in IEEE Transactions on Power Electronics, vol. 26, no. 11,

pp. 3075-3078, Nov. 2011, page 1, last paragraph.

335, Shah, et al., “Impedance Methods for Analyzing the Stability Impacts of Inverter-Based Resources.” in IEEE Electrification Magazine,

vol. 9,no. 1, pp. 53-65, March 2021, Section on “Large-Signal Impedance Analysis”.
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Figure 20: Change in short circuit ratio (SCR) between MTEP23 2025 summer peak and MTEP23 2033

summer peak cases*

While this view shows the change in SCR as the resource portfolio evolves, the actual magnitude of SCR is

crucial for using the metric as a screening tool. Additional details are contained in section C.3.2 of the

Technical Appendix showing SCR magnitudes for the MISO Transmission Expansion Plan (MTEP) 2025,
2028, and 2033 cases. The Technical Appendix also contains sensitivities isolating the transmission and
resource drivers over the planning horizon.

Shorter-term impacts on system strength are shown by comparing the 2025 summer model to the spring
light load models (Figure 21), highlighting how voltage stability risks can change between seasons based on

dispatch patterns. Different dispatch points warrant closer consideration, with a need to align planning
models with actual operational conditions to better identify dispatch-related stability risks.

34 Differences in resources between the MTEP23 2025 and MTEP23 2033 models could be attributed to resource additions,

suspensions, outages, and retirements. For simplicity, these are labelled in Figure 20 as either an “Inverter-Based Resource Addition” or
“Synchronous Generator Resource Retirement” to call out the locations of resource status changes driving SCR trends. However, the
MTEP23 models used in this analysis are the same as those used in MISO’s MTEP processes, following applicable procedures in BPM-

020.
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Figure 21: Change in short circuit ratio (SCR) between MTEP23 2025 summer peak and spring light load

INSIGHT: To gain greater visibility into potential voltage stability risks as

the fleet transition accelerates, new scalable screening and analytics
methods need to be developed

Given the localized and dynamic nature of voltage stability challenges, coupled with the granularity often
required to model IBR control responses, screening accuracy at-scale becomes a significant challenge,
especially for a system the size of the MISO footprint.

To illustrate this challenge, Figure 22 shows several methods for power system reliability analysis. The
horizontal axis represents the study granularity or level of detail, and the vertical axis represents the level of
effort, both human and computational, needed to support each tool. Increased granularity requires
increased effort.
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Figure 22: lllustration of effort-granularity tradeoff of common power system analysis tools

Steady state analysis is the simplest tool and can typically be performed for normal and contingency
conditions at every bus location. However, steady state analysis does not provide the granularity or detail
needed to understand potential dynamic voltage stability issues. A new tool is needed with practical
consideration of the cost of the increased level of effort. Given the increased effort, it is typically not
practical to perform more complex dynamic analysis at as many locations and under as many contingencies
as the steady state analysis.

Any new approach must be scalable and accurately characterize different technology contributions to
stability limits, especially given the wide range of responses from IBR’s software-defined controls. In
particular, the industry has recognized fundamental differences in so-called “grid-following” and “grid-
forming” IBR controls.®® Building on this understanding, MISO worked with energy consulting companies
Telos Energy and HickorylLedge LLC to develop a repeatable analytical method to characterize these
differences.®® The results indicated that there are meaningful differences in the voltage support capabilities
of different control types.

Figure 23 demonstrates results from the resource characterization approach using detailed
electromagnetic transient (EMT) simulation on several commercially available grid-forming and grid-
following inverters. The curves shown are composites from several different equipment models of that
technology type and convey a typical response. Over the frequency range of interest, grid-forming controls
appear to provide significant grid strengthening support capabilities, which can reduce voltage stability
risks. The approach shows promise as an additional tool to characterize resources for the purpose of the
simplified stability screening discussed in the next insight. Find additional details on resource
characterization in section C.3.3 of the Technical Appendix.

35 B. Kroposki et al., “Achieving a 100% Renewable Grid: Operating Electric Power Systems with Extremely High Levels of Variable
Renewable Energy,” in IEEE Power and Energy Magazine, vol. 15, no. 2, pp. 61-73, March-April 2017.

36 M. Richwine et al., “Power System Stability Analysis & Planning Using Impedance-Based Methods,” in 22" Wind & Solar Integration
Workshop, September 2023, in proceeding.
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Figure 23: Resource characterization results from a series of detailed electromagnetic transient (EMT)
simulations using detailed models. Image source: Telos Energy

INSIGHT: MISO-funded research aligns with broader industry findings

showing the promise of “grid-forming” controls to support voltage stability
in resource portfolios with higher levels of inverter-based resources

Recognizing potential shortcoming of existing system strength metrics and approaches, MISO worked with
Telos and HickoryLedge to develop and demonstrate 1) next-generation analytical screening approaches,
and 2) indicative results comparing grid-forming and grid-following inverter controls. The resulting dynamic
impedance approach builds on resource characterization described in the previous insight, feeding this
information into existing MISO tools to assess dynamic voltage stability limits of different resource mixes.
Figure 24 provides an overview of the resource characterization and dynamic impedance screening
processes.
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Figure 24: Overview of resource characterization and dynamic impedance screening process, described in
greater detail in the Technical Appendix.

The dynamic impedance screening approach was used on the scaled-up MISO system to assess the effect of
resource mixes dominated by high amounts of grid-following or grid-forming inverters on dynamic voltage
stability limits.3” A high IBR case with high levels of grid-forming controls was shown to increase the
dynamic voltage stability limit by approximately 10% when compared to a similar case that had high levels of
grid-following controls. The result demonstrates a stark contrast in system strength support capabilities
between grid-forming and grid-following controls and indicate grid-forming controls will be an important
part of the solution to counteract risks associated with declining system strength driven by traditional
resource retirements.
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Figure 25: Dynamic impedance screening results comparing four select cases, varying IBR levels and grid-
forming to grid-following proportions.

37 Section C.3.3 in the Technical Appendix describes important caveats that place this demonstration assessing voltage stability limits in
the realm of research and demonstration rather than conforming to typical reliability planning practices (e.g., TPL-001 contingencies).
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Find a detailed explanation of the full voltage stability analysis and results in section C of the Technical
Appendix.

SYSTEM STABILITY ATTRIBUTE RISK IS BEST ADDRESSED THROUGH
PLANNING, REGULATORY SOLUTIONS, TECHNOLOGY STANDARDS, AND
LOCALIZED COST-OF-SERVICE PROCUREMENTS, WHEN APPLICABLE

Stability challenges, including voltage stability, are best addressed in the planning timeframe by regulatory
solutions because reactive deficiencies and solutions are highly localized. Obvious, low-cost solutions may
be coordinated by technology standards and controls. Functionally, the types of solutions pursued should fit
together in a way that drives efficiency and effectiveness, potentially forming a hierarchy (Figure 26).

Visibility: The development of new tools to provide clear visibility into localized voltage stability concerns is
a prerequisite to forming any type of solution. Relatively few techniques exist for assessing large
disturbance dynamic stability, and grid-following technologies appear to have a wide range of responses to
more severe disturbances. Visibility examples include SCR screening, dynamic impedance screening, and
critical clearing time screening.

Performance requirements: Build in voltage stability support through interconnection requirements
applicable to all new resources, effectively minimizing the solution space required by other mitigations.
Performance requirements should target control (i.e., software) capabilities without major cost implications.
Examples include voltage ride-through, reactive current
injection, and reactive power capability range.

Cost of service: Target specific needed capabilities that are
outside of the standard set required for all resources. Cost
of service solutions could include advanced functionalities
that require additional conversion capacity or on-site energy
storage.

Market
Services

b3
=
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Market services: Procure and dispatch services not met by a
cost-of-service model. For instance, incentivizing the
availability and delivery of stability services that an asset
might otherwise withhold or not dispatch. While market VISIBILITY
services may ultimately be required in the long term,

market solutions will be considered only after first

exploring other options due to the localized nature of

voltage stability issues.

Performance
Requirements

NEAR TERM

WHAT NOT TO DO NOW

Initial voltage stability issues are ineffectively addressed through market products given the local nature of
the problem and solution and the subset of participants needed to engage with the issue. It has long been
recognized that there cannot be a well-functioning market for reactive power like there can be for real
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power; few jurisdictions have markets for reactive power services®, other than incorporating voltage-based
flow limits as MISO already does, and MISQO is not aware of a large organized market with reactive power
market products. MISO may revisit this solution in the future as these newer types of markets are
demonstrated and refined on smaller island systems.

ROADMAP: REQUIRE CAPABILITIES TO STRENGTHEN THE GRID

TODAY YEAR 5 YEAR 10
Active Recommendation 2024 2028 2033
IBR* ride- Core system Expanded system support . . "
Remaining support services (IBR)
REQUIRE CAPABILITIES through support (IBR) (IBR)
TO STRENGTHEN
THE GRID Visibility tools and technologies Targeted cost-of-service procurement

*Inverter-Based Resource

38 MISO’s literature review found that Ireland’s EirGrid has market services for reactive power. Further, the United Kingdom’s National
Grid Electric System Operator appears positioned to procure dynamic reactive power services. MISO did not view either of these
island systems as directly comparable to the MISO context.
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Require ride-through capabilities for interconnection of inverter-based resources (IBR) to address unexpected
tripping
e Adopt IBR performance from standard IEEE 2800 to keep resources online during a wider range of
voltage and frequency disturbances
e Address general IBR requirements (e.g., measurement accuracy, applicable voltages) to prepare for the
adoption of future capabilities and performance requirements

Require core system support capabilities for interconnection of IBRs to support system stability more actively

e Adopt high-level grid-forming performance requirements for energy storage systems, initially targeting
“system strength” responses, with very fast resource reactive current controls

e Expand adoption of IEEE 2800 to include voltage and frequency responses to support grid stability more
actively under both normal and disturbance conditions.

e Increase focus on assessing IBR plant conformance with sector partners

Require expanded system support with more active IBR controls to support a system with high levels of IBR

e Adopt additional IBR performance requirements in IEEE 2800 which include very fast controls

e Expand adoption of grid-forming performance requirements to include “synchronizing power” and “very
fast frequency” (i.e., inertia-like responses)

e Evaluate existing tool granularity and efficacy in assessing very fast IBR performance

Require remaining support services to enable an IBR-dominant system

e Incorporate grid-forming black start capabilities so that IBR resources can qualify and contribute to re-
energizing the system after major disturbances

e Consider power electronic upsizing (i.e., inverter) to support system needs related to reactive fault
current injection, black start, and system protection

Evaluate targeted cost-of-service procurements to incentivize other technologies and the “energy buffer”
required for more advanced grid-forming IBR performance
e Evaluate need for additional stability procurement requiring other technologies (e.g., static synchronous
compensators, synchronous condensers, etc.) or upsized IBR hardware (e.g., inertia-like response,
increased fault current) based on the impact of prior changes
e Consider solution coverage over the broader range of stability issues - often categorized as voltage,
frequency, angular, and converter-related - when evaluating cost of service solutions

Advance visibility tools and technologies to make visible of shifting risks and support further solution
evaluation

Advance stability screening tools to better account for different types of IBR control responses
Continually refine grid-forming and grid-following model parameterization to match evolving
performance requirements
Ensure appropriate model quality review procedures and tools are in place
Evaluate the need for limited electromagnetic transient (EMT) capabilities to evaluate grid-forming
performance in the near-term and potentially expand to targeted system studies long-term

e Consider additional needs for event recording technologies (e.g., digital fault recorders) to investigate
events and validate models

e Explore sensing and monitoring capabilities (e.g., phasor measurement units) for improved visibility of
operational stability conditions

Table 5: Hypothesis solutions roadmap to proactively address voltage stability attribute risk by requiring
capabilities to strengthen the grid.
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MISO recommends IBR performance requirement adoption in four phases, each targeting specific ways in
which grid-following and grid-forming IBR plants positively contribute to voltage stability. The phased
design considers both reliability needs and industry readiness to install conforming plant equipment (Figure
27).

2023 +10 YEARS
PHASE 1 PHASE 2 PHASE 3 PHASE 4
Ride-Through Core System Support Expanded System Support Remaining Support Services

» \oltage ride-through * Reactive power range o Low system strength
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§ * Frequency ride-through damping (e, \{oltage control +
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Figure 27: Summary of MISO’s phased recommendation on grid-following and grid-forming capabilities
and performance requirements

SOLUTION: Require ride-through capabilities for interconnection of inverter-based
resources to address unexpected tripping

In January 2023, MISO embarked on a path to improve IBR performance requirements using a reliability

risk-based approach to evaluate potential gaps in MISO'’s current Tariff. MISO shared the results of the risk
assessment in March 2023 and finalized proposed tariff language in November 2023 to address the highest
priority performance requirements and capabilities.®? This proposal is Phase 1 of the recommended phased

approach.

Performance requirements were prioritized based on whether they could address IBR tripping causes listed
in eight recent NERC Disturbance Reports.*° A supplemental source used for prioritization was the Federal
Energy Regulatory Committee (FERC)’s IBR Notice of Proposed Rulemaking (NOPR) that led to Order 901,
which in part directed NERC to develop standards to address the most significant IBR performance issues.*

The risk-based assessment found that the highest priority requirements were related to voltage support
and dynamic responses. Priorities included frequency and voltage ride-through capabilities which require

39 MISO, MISO proposed GIA redlines to incorporate IBR Performance Requirements, Planning Advisory Meeting Materials, November
15,2023.

4O NERC, Event Reports, accessed November 2023.
“1 FERC, Docket No. RM22-12-000; Order No 901. Issued October 19, 2023.
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IBRs to stay connected during a range of disturbances, expanding on existing MISO ride-through
requirements. Other priorities marked new capabilities, such as rate-of-change-of frequency ride-through
and transient over-voltage ride-through, not contemplated in existing MISO requirements. Beyond ride-
through, other capabilities identified as high priority for maintaining reliability include current injection

during voltage ride-through and enter service criteria.

SOLUTION: Require core system support capabilities for interconnection of inverter-
based resources to more actively support system stability

For Phase 2, MISO recommends developing grid-
forming performance requirements for Battery
Energy Storage Systems (BESS), targeting
finalization of the performance capabilities by early
2025 with implementation timing determined with
input from stakeholders. The grid-forming BESS
requirements in Phase 2 aim to address strength
support (i.e., fast reactive power support for voltage
changes).

A NERC whitepaper released in September 2023
recommends that all newly interconnecting BESS
should have grid-forming controls.*2 NERC also
states that grid-forming requirements, testing
procedures, policies, and/or incentives should be
developed now for BESS and co-located resources
with BESS. NERC suggests grid-forming BESS
technology offers a low-cost opportunity to improve
stability. MISO agrees with these recommendations
and suggests phasing in grid-forming requirements
through MISQO’s stakeholder processes.

Regarding grid-following performance, MISO

Emerging grid-forming practices around the
globe - International grid operators overseeing
resource transitions to high penetrations of IBRs
have begun encouraging or requiring grid-forming
capabilities from new resource interconnections.
The Australian Energy Market Operator 1 and
National Grid Electricity System Operator
(NGESO)* have published voluntary grid-forming
specifications, which are seen as a first step to
contributing to stability support. Finland’s Fingrid
has released mandatory grid-forming specification
that apply to only battery energy storage system
(BESS) projects interconnecting in weak grid
areas.! These early specifications focus on what
some call “core” grid-forming capabilities, which
are well-known capabilities that require no or
minimal material modification to inverters
compared to current grid-following practices.

recommends expanding adoption of the IEEE 2800-2022%3 standard to include additional voltage and
frequency capabilities and performance specifications to support grid stability more actively during normal
operations (steady state) and disturbances (dynamic). These requirements could include reactive power
range capabilities and voltage control with damping performance to support small signal voltage stability
(e.g., sub-synchronous oscillations). In addition, MISO may recommend other performance not directly
related to voltage stability, such as primary frequency response. Given the more active nature of some of
these responses, additional supporting analysis is likely required, and MISO may consider recommending
IEEE 2800 clauses related to measurement and monitoring to support performance monitoring and model

validation.

42 NERC. “White Paper: Grid Forming Functional Specifications for BPS-Connected Battery Energy Storage Systems”, September 2023.

43 |EEE, “|EEE Standard for Interconnection and Interoperability of Inverter-Based Resources (IBRs) Interconnecting with Associated

Transmission Electric Power Systems”, April 2022.
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As IBR performance requirements continue to mature in the U.S., MISO recommends increased focus on
assessing IBR plant conformance together with sector partners (interconnection customers, transmission
owners, generator owners) and aided by international practices. MISO anticipates the future publication of
draft standard IEEE P2800.2% will aide in defining conformance assessment best practices. Until then,
MISO recommends working with the stakeholder community to define stopgap measures to ensure efficacy
of performance requirements in place.

SOLUTION: Require expanded inverter-based resource performance to support a
system with high levels of IBR

In Phase 3, the expanded system support performance requirement recommendations include adoption of
remaining IEEE 2800 capabilities and performance; extending grid-following inverter requirements beyond
current standards; and introducing additional grid-forming performance requirements for battery storage
(BESS). These requirements start to extend stability support performance beyond strictly targeting voltage
stability, which MISO recommends as additional attribute risk factors come into focus (e.g., declining system
inertia).

Assuming no revision of IEEE 2800, additional performance capabilities recommended for adoption include
fast frequency response, fault current response (e.g., negative sequence current), and expanded
interoperability features (e.g., remote configuration). These expanded system support requirements come
with more decision points and the potential for expanded analysis needs when compared to the earlier
groupings of performance requirements. For instance, while IEEE 2800 offers different approaches for fast
frequency response®®, industry research is still evaluating the use cases and effectiveness of these different
options.*® Considering additional grid-following capabilities, MISO will also consider recommendations that
are not currently contemplated in IEEE 2800, such as defining a minimum level of system strength at which
grid-following controls must be capable of stable operations.

Building upon grid-forming BESS recommendations established, MISO will expand performance
requirements for this technology in Phase 3 to include expanded stability support features such as
synchronizing power and very fast frequency response (i.e., inertia-like response). MISO anticipates
additional detailed analysis will be required before enabling very fast frequency control to prevent
unintended control interactions.

Lastly, MISO will assess industry readiness to expand grid-forming requirements to other IBR such as wind
and solar resources without a storage component. MISO understands original equipment manufacturers are
developing grid-forming capabilities for wind and solar plant equipment but have not publicly committed to
timeframes when equipment may be available. MISO will continue to monitor industry control
developments.*’

44 |EEE. (Draft) Recommended Practice for Test and Verification Procedures for Inverter-Based Resources (IBRs) Interconnecting with Bulk Power
Systems.

45 |EEE 2800-2022 includes discussion on fast frequency response (FFR) proportional to frequency deviation, FFR proportional to the
rate of change of frequency (df/dt), fixed magnitude FFR with frequency trigger (step response), fixed magnitude FFR with df/dt trigger.

4 NREL, Different Types of Fast Frequency Response from Inverter Based Resources, October 2023.

4 MISO participates in the universal interoperability for grid-Forming inverters (UNIFI) consortium and NERC's inverter-based
resource performance subcommittee (IRPS), among other industry venues. UNIFI, Specification for Grid-forming Inverter-Based Resources,
Version 1, December 2022. NERC, Inverter-Based Resource Performance Subcommittee (IRPS).
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SOLUTION: Require remaining support services to enable an inverter-based-resource-
dominant system

Preparing for a system with very high levels of load served by IBR, MISQO’s Phase 4 recommends
incentivizing capabilities for remaining services that are primarily supplied by synchronous machines today.
This largely translates to targeting black start and fault current needs which carry additional costs requiring
incentivization.

MISO recommends defining grid-forming black start capabilities and performance requirements so that
IBRs can qualify and contribute to re-energizing the system after major disturbances. Stakeholders and
MISO may need to investigate potential barriers to IBR qualification as black start resources and consider
options to allow resources with needed capabilities to participate.

Further, MISO recommends exploring inverter upsizing requirements needed for system support services

related to reactive fault current injection, black start, and system protection (i.e., fault detection). Upsizing
equipment drives increased capital costs, and potential operating and maintenance expenses, which would
likely require incentives. Potential incentives are discussed further in the conditional solution section that

follows.

SOLUTION: Evaluate targeted cost-of-service procurements to incentivize other
technologies and the “energy buffer” required for more advanced grid-forming inverter-
based resource performance

MISO anticipates that low-cost performance requirements, largely implementable through software-
defined control changes, will provide only partial coverage of steady state and dynamic voltage stability
needs. Additional assets are likely needed to address steady state reactive power and voltage damping
requirements as well as fast active and reactive current responses.

A range of technologies are available to address voltage stability needs, including capacitor banks, static var
compensators, static synchronous compensators (STATCOM), enhanced STATCOMs (i.e., on-board storage),
high-voltage direct current (HVDC) terminals, and synchronous condensers. Each technology has unique
technical and economic considerations. MISO recommends assessing applicable technology characteristics
to gauge the potential role of each technology to mitigate stability risks and determine which assumptions
to use in planning studies, should the technology be proposed as a potential mitigation measure. MISO may
consider additional analysis to demonstrate potential roles for each technology. Such analysis should be
coordinated with additional stability considerations (e.g., frequency, angular, converter-related). This was
out of scope for this year’s attributes effort.

Another cost-of-service mechanism may be required for IBR performance requirements that materially
impact the capital or operating and maintenance costs for IBR plants. MISO suggests these additional costs
are likely to materialize to address (1) IBR converter upsizing, and (2) “energy buffers.”’

Converter upsizing allows for higher instantaneous current injection which could be needed to support
higher levels of steady state reactive power, reactive fault current injection, black start capabilities, and
system protection needs (i.e., fault detection). The level of converter upsizing to support voltage stability
would be based on site-specific assessments of system needs. Future long-range assessments could consider
evaluating indicative magnitudes and potential locations of converter upsizing opportunities.
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Energy buffers ensure active power can be supplied when needed, which can come in the form of storage or
operating a plant below the maximum available power. Energy buffer requirements may require additional
equipment, such as batteries or super capacitors, or missed opportunity costs for selling energy or providing
ancillary services. Examples of services that may require an energy buffer could include synchronizing
power and frequency responses.

SOLUTION: Advance visibility tools and technologies to improve transparency of
shifting risks and support further solution evaluation

Building upon the 2023 work, MISO and stakeholders should consider options to advance stability
screening tools to better account for different types of IBR control responses. MISO recommends continued
development and evaluation of the dynamic impedance screening approach. In addition, other approaches
beyond SCR (e.g., critical clearing time metrics adapted for IBR) should be considered. The objective is to
have scalable approaches to accurately assess the various stability challenges that could emerge in a high
IBR resource portfolio.

Future approaches should continue to refine selection of analysis tools (e.g., positive sequence dynamics
versus electromagnetic transient) and IBR model parameterization to match evolving performance
requirements and impact assessment needs. Recent NERC event reports have indicated that there are
reliability risks associated with inaccurate models and insufficient tool granularity.*® MISO recommends
engaging stakeholders to ensure appropriate model quality review procedures and tools are in place within
the generator interconnection process.

MISO also recommends investigating the need for limited EMT simulation capabilities to evaluate grid-
forming functional performance in the near term and potentially expanding to targeted system studies in
the future. EMT capabilities are also needed for resource characterization within the dynamic impedance
screening approach. NERC and industry have recognized the need for model quality verification procedures,
especially when using EMT models. MISO recommends working with stakeholders to explore the need for
standardized model quality review procedures, both for positive sequence dynamics models and EMT
models, to the extent each type of model is required.

Lastly, MISO recommends investigating the need for operational sensing and monitoring technologies to
improve visibility in the operating horizon and for use in post-event investigations. As an example, MISO
recommends working with stakeholders to consider additional needs for event recording technologies (e.g.,
digital fault recorders) to investigate events and validate models. Further, MISO and stakeholders should
explore sensing and monitoring capabilities (e.g., phasor measurement units) for improved visibility of
operational stability conditions across a wide area.

SYSTEM STABILITY ANALYSIS NEXT STEPS

Future investigations into voltage stability risks and solutions could target questions such as:

e What proportion of new IBR should be grid-forming, and at what locations, to support reliability and
reduce overall system costs?

48 NERC, 2022 Odessa Disturbance, December 2022.
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e  What mix of other technologies (BESS, enhanced STATCOM, synchronous condensers, etc.) best
supplements advanced IBR controls for stability support?

e How much energy buffer is needed for certain grid-forming capabilities (e.g., synchronizing power)?

e How much converter upsizing is needed to meet stability or system protection needs?

e How do different types of loads (e.g., high vs low inertia loads) effect the performance of grid-
forming, grid-following, and different combinations of these controls?
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The latest status of MISO’s attributes-related work can be found on MISO’s Dashboard for “Identification of
Sufficient Reliability Attributes RASC - 2022-1" Ongoing stakeholder discussions will be coordinated
through the MISO Stakeholder Resource Adequacy Subcommittee.
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