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Enhanced Distributed Solar Photovoltaic Deployment via 
Barrier Mitigation or Removal in the Western Interconnection

WIEB-NREL-LBNL Solar Energy Evolution and Diffusion Studies 2 – State 
Energy Strategies (SEEDS2-SES) project in which we proposed to address 
three categories of barriers:
• Interconnection
• Net Metering
• Reliability

Presenter
Presentation Notes
WIEB reached out to NREL and LBNL to propose a project to DOE Solar regarding PV deployment in the Western U.S.Overall project focuses on barriers to PV deployment, organized into three categories: Interconnection (NREL), Rate Design (LBNL), Reliability (NREL)This presentation covers select findings regarding Reliability Barriers to (Distributed) PV DeploymentBased on the conceptual framework shown, which depicts the idea that solar development may proceed smoothly for awhile and then encounter some sort of barrier that requires significant resources to overcome, we were interested in identifying and addressing potential reliability barriers that are not well understood, uncertain, costly, or otherwise impactful. 

https://www.energy.gov/eere/solar/solar-energy-evolution-and-diffusion-studies-2-state-energy-strategies-seeds2-ses
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Reliability Barriers Screening

Perceived 
Reliability Barriers 
to PV Deployment

NREL Internal 
Experts 

Brainstorm

Internal & 
External1
Screening

1Technical Advisory Committee (TAC)

Research 
Plan

Research focused on reducing uncertainty
• Importance of perceived barrier
• Potential mitigation strategies
• Ability of state-of-the-art modeling 

tools to represent the issue

Photo by Jamie Keller, NREL 19697

Photo by Dennis Schroeder, NREL 45218

Presenter
Presentation Notes
We identified the barriers we wanted to study further by starting the research project with a screening processBy brainstorming with internal NREL experts to generate a list of “perceived reliability barriers” and then asking our Technical Advisory Committee to score of each barrier on several attributes, we were able to articulate a research plan that was timely, non-duplicative of previous work, and potentially impactful 
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Studied high penetration PV through the lens of 
three Western Interconnection regions

Arizona Focus Model (RPM-AZ) Oregon Focus Model (RPM-OR)Colorado Focus Model (RPM-CO)

Presenter
Presentation Notes
The reports on (1) flexibility and (2) resource adequacy considerations for power systems with very high PV penetrations—started from capacity expansion modeling results for the three regions shownWe selected these regions to provide some breadth, that is, the (roughly) Arizona, Colorado, and Oregon power systems are significantly different in terms of current generation mix and solar resourceWe chose scenario parameters to examine how well our planning processes may or may not cope with very high PV penetrations. Thus, we are not attempting to speak directly to any state’s current system, current policy, or future aspirations; But we hope that these results are nonetheless indicative/helpful for states seeking to understand the implications of more solarThey also represent examples of what we could do in a state-specific study
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Contents

High-level overviews of three selected reports:
• Power System Flexibility and Supply
• Resource Adequacy Considerations
• Simulating Distributed Energy Resource Responses to 

Transmission System-Level Faults Considering IEEE 1547 
Performance Categories on Three Major WECC Transmission 
Paths

Additional reports and other information are available from the 
project website

https://www.nrel.gov/docs/fy21osti/72471.pdf
https://www.nrel.gov/docs/fy21osti/72472.pdf
https://www.nrel.gov/docs/fy20osti/73071.pdf
https://www.westernenergyboard.org/western-interstate-energy-board/barrier-mitigation-to-enhanced-distributed-solar-photovoltaic/


Power System Flexibility 
Requirements and Supply

Assessment of net load ramping needs 
and what resources are available to 
provide ramping at different timescales
https://www.nrel.gov/docs/fy21osti/72471.pdf

Jennie Jorgenson*, Elaine Hale, and 
Brady Cowiestoll
*Jennie.Jorgenson@nrel.gov

Presenter
Presentation Notes
Increased contributions from PV and other sources of variable generation (VG) lead to increased variability and uncertainty in net load (i.e., load minus contributions from VG technologies)Inherent flexibility exists on the power system, but how will the requirements for flexibility change with new net load shapes?and will this inherent flexibility be sufficient?

https://www.nrel.gov/docs/fy21osti/72471.pdf
mailto:Jennie.Jorgenson@nrel.gov
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Power System Flexibility Demand

• Solar (and other variable) generation changes the shape of the net load curve
• How can the power system accommodate increased flexibility requirements?

Example of net-load ramps increased in both magnitude and frequency
because of solar generation

Presenter
Presentation Notes
Average daily net load shapes for each of the four seasons. As solar is added (from red, to blue, to green):	- low level of net load during daylight	- peak load shifted later in the evening (summer)	- narrower evening peak	- steep ramps during the transition to and from daylight hoursThe net load ramps are greater in both magnitude and frequency, so accommodating them requires increased flexibility from the rest of the system
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Power System Flexibility Supply

Flexibility Sources
• Commitment and dispatch of 

the generator fleet, including:
– Thermal generators
– Hydropower
– Storage
– Demand Response

• Imports and exports
• Renewable Curtailment
• Unserved Reserves
• Load sheddingBAD

Not great
Waste of “free” energy

Presenter
Presentation Notes
Operating the power system requires balancing supply and demand over many timescales and in every instant. Demand is constantly changing, which means supply must also. Some sources of supply (PV and wind, for instance) may also be changing constantly as well. Flexibility in supply comes from many different sources:	- Generator fleet: generators have well-defined operational constraints (ramp rates, min gen levels, minimum up and down time) as well as more specific constraints (such as constraints on water use for hydropower, or constraints imposed by fuel delivery systems such as natural gas). Could include storage technologies (batteries, pumped storage), which also have energy constraints	- Demand response: cutting demand for peak shaving or capacity needs is well-established in some end-uses. Potential for more frequent shifting and extending to other end uses is not yet proven at scale, but could help integrate renewables.	- Imports and exports: exchanging power with willing neighbors can be a substantial source of flexibility, but often physical constraints or contracts can impose limits on this flexibility.	- Curtailment of Renewable Energy: with proper equipment, this can be a very fast responding and least-cost source of flexibility. However, NOT using renewable Energy (RE) lowers the capacity factor of RE plants.	- Unserved Reserves – using reserve capacity for flexibility leaves the original variability or uncertainty risk uncovered, leaving the system potentially exposed for greater shortages or failures	- Load shedding or dropped load: Least preferred source of flexibility, some customers may completely lose service for a time 
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Power System Flexibility 
Requirements and Supply

Step 1: 
Quantify flexibility needs

Step 2: 
Quantify flexibility supply

Step 3: 
Identify potential shortages

Identify largest ramps
over various timescales

Identify sources of 
flexibility in aggregate 

and temporally

Identify when flexibility 
is the most constrained

Presenter
Presentation Notes
So, we can use information about the net load (or forecasted net load) in a system to first, quantify the flexibility needs of the system, by identifying when the largest ramps may occur. Secondly, we can look at the characteristics of a system (generator fleet, import/export capacity, etc) to determine the availability of flexibility. Lastly, we can compare the need for flexibility with the supply of flexibility to determine if and when there may be shortages. 
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Power System 
Flexibility Results

Themes
• No major flexibility shortages, even 

under high PV penetrations
• Each region has different sources of 

flexibility, but
• All regions use imports and exports as 

a large source of flexibility
Complications
• Regions are not likely to deploy PV in 

isolation, as we have modeled here
• Markets/utilities may not be able to 

exchange energy as modeled
• Increased PV deployment may result 

in economic generator retirement, 
which we do not fully capture

Average Hourly Flexibility per Region 

Presenter
Presentation Notes
We use the high PV scenarios discussed in the introduction to examine the “inventory of flexibility” for the three focus regions (RPM-OR, RPM-CO, and RPM-AZ). We find:Even under high PV levels, we find no shortages of flexibility (which may be identified by dropped load, unserved reserves, or other constraint violations)Each region has their own sources of flexibility. In RPM-OR, much of the flexibility comes from imports/exports (and thus the flexibility of the hydro fleet in the neighboring BPA balancing authority), in RPM-CO, import/exports are still an important source, but also the coal, gas CC, and gas CT fleet. In RPM-AZ, Gas CCs are an important source (in addition to imports/exports and storage in some of our scenarios). In scenarios with more PV, as depicted on the righthand side, some resources’ flexibility becomes more one-sided (able, e.g., to increase but not decrease generation), and storage may become a significant source of bi-directional flexibilityAs a recurring theme, most regions lean heavily on other regions for flexibility, since the west is a large and interconnected power system.Potential complications to using imports/exports heavily for flexibility:The High PV scenarios from RPM here are developed in isolation. More likely, many regions in the west would adopt high PV scenarios rather than just one region, as we consider.Balancing authorities (or markets/utilities) may not be able to exchange energy as optimally as we consider, meaning this source of flexibility may be overstated



Resource Adequacy and
the Capacity Credit of Solar

Comparison of methods for assessing resource 
adequacy under high solar penetrations, including 
approaches to PV capacity credit estimation
https://www.nrel.gov/docs/fy21osti/72472.pdf

Gord Stephen*, Elaine Hale, and Brady Cowiestoll
Gord.Stephen@nrel.gov

Presenter
Presentation Notes
Resource adequacy is the ability of the system to serve demand with sufficiently low risk of shortfallThis project explored methods used for evaluating resource adequacy and the firm capacity contribution of solar in the context of fictitious, very high solar penetration systems

https://www.nrel.gov/docs/fy21osti/72472.pdf
mailto:Gord.Stephen@nrel.gov
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Methods for Assessing System Resource Adequacy

Planning 
Reserve 
Margin

Projected 
Peak 

System 
Demand

Nuclear 
Plant

Gas CC

Hydro

MW

Wind 
Capacity 

Credit

Solar 
Capacity 

Credit

Battery 
Capacity 

Credit

Probabilistic assessment (single-region, single-period):

Loss-of-Load Probability (LOLP): Probability of shortfall in one time period (red area)
Expected Unserved Energy (EUE): Probability-weighted average total shortfall magnitude
Loss-of-Load Expectation (LOLE): Average number of periods with shortfall

Probability of

Probability of

Reserve margin assessment:

Presenter
Presentation Notes
Traditionally, RA has been assessed by defining some planning reserve margin above expected peak demand, and building enough capacity to meet or exceed that bufferThis becomes more complicated in the presence of variable or energy-limited resources: need to determine how much those resources contribute towards satisfying the planning reserve marginAn alternate approach is to quantify the system’s shortfall risk probabilistically according to some risk metric (LOLP, LOLE, EUE) and decide whether the risk level is acceptableProbabilistic approach is preferred but computationally more expensive, harder to integrate into power system planning models or constructs like capacity marketsSo how do we assign a capacity contribution to variable or energy limited resources?
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Methods for Estimating Solar Capacity Credit
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Firm Capacity Added (% of rooftop PV nameplate capacity)

NEUE with Rooftop PV

NEUE with Firm Capacity instead of Rooftop PV

LDC = load duration curve
NLDC = net load duration curve
ILDC = incremental load duration curve (with added resource)

Equivalent Firm Capacity (EFC) Method: Amount 
of 100%-available capacity that would provide the 
same incremental reliability benefit as the variable 
/ energy-limited resource, per some probabilistic 
metric (e.g. LOLE, [N]EUE)

Hale, Stoll, and Mai, 2016

CC

CC

Incremental Net Load Duration Curve (INLDC) 
Method: Average decrease in net load over the top 
N peak net load hours, after adding the variable / 
energy-limited resource

Presenter
Presentation Notes
There are many ways to estimate capacity credit, with tradeoffs between complexity and rigor.One approach is to calculate the system’s net load duration curve with and without the resource in question.The average decrease in the curve over the top N hours (re-sorted) is the capacity credit according to this INLDC method.Need to choose an NQuick to calculate: RPM uses this method (with N=100)Another approach is to use the probabilistic risk metrics discussed previouslyFirst, calculate the system risk (LOLE, EUE) with the resource addedNow, remove the resource. How much firm, 100% available capacity needs to be added to obtain the same benefit?This value is the Equivalent Firm Capacity (EFC)Slower to calculate (requires multiple rounds of Monte Carlo simulation while adjusting firm capacity)Note that this involves assessing the reliability of the system probabilistically, in order to estimate a capacity credit that can then be used to assess the reliability of the system with a planning reserve margin
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Resource Adequacy and the Capacity Credit of Solar: 
Two Key Takeaways

The choice of capacity credit 
calculation method influences 
assigned resource contributions

Larger planning reserve margins 
do not always correspond to 
improved probabilistic resource 
adequacy metrics (e.g. LOLE, EUE)

• Resource adequacy is more than the sum of reliability-
derated generator capacities – interactions between 
resources through time matter

• The systems studied were well within resource adequacy 
thresholds.1 Heuristic methods should be double-checked 
more frequently against their probabilistic counterparts 
as one approaches such thresholds.

• EFC and INLDC methods provide comparable results at 
moderate solar penetrations,  but may begin to diverge 
at higher levels

• No one choice of INLDC peak hour parameter 
consistently tracks the more rigorous EFC method

1

2

1As best as the team could determine with the methods available at the time. Known shortcomings include a single year 
of wind and solar data, assumed full capacity credit for storage resources, and an incomplete assessment of retirements 
that could occur during the study period.

Presenter
Presentation Notes
Point 1: This isn’t to say that adding capacity doesn’t always improve resource adequacy (it does, or at worst has no impact) – but two systems with identical planning reserve margins may have very different probabilistic risk metrics, depending on their composition and how capacity credits were assigned.Point 2: There are different options, some may be better than others, but whatever the choice, know that it can influence your results.



Simulating Distributed Energy Resource Responses 
to Transmission System-Level Faults Considering 
IEEE 1547 Performance Categories on Three Major 
WECC Transmission Paths

Richard ‘Wallace’ Kenyon, Barry Mather
https://www.nrel.gov/docs/fy20osti/73071.pdf

https://www.nrel.gov/docs/fy20osti/73071.pdf
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With ever growing quantities of distributed energy resources 
(DERs) on the Western Interconnect (nearly 10 GW of capacity 
today), and varying connection standards regarding abnormal 

condition ride-through (IEEE 1547: 2003 (legacy), 2018; Category I, 
Category II, Category III), how can we best understand the impact 
that these DERs have on the bulk electric system using our current 

simulation capabilities?

Study Impetus

Ride-through: indicates if, and for how long, the DER maintains its pre-disturbance power supply through a 
disturbance (frequency/voltage deviations). Not necessarilly indicative of any grid-support functionality.
distributed generation (DG): a subset of DERs, assumed to be Solar PV (I.e. DPV) for this study.
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IEEE 1547 Low Voltage Ride Through

In general, greater ride through participation; lower voltage, longer time
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Driving Questions

For a bulk-system event triggered DER event (cascade), what 
matters and how do we study/plan for these events?

It depends on DER shares, fault/DER location and the ride through
settings as dictated by the IEEE 1547 standard, which vary based on the 
type of grid event:
• Over frequency
• Under frequency
• Over Voltage
• Under Voltage (generally a result of faults) – biggest compromise

Our Simulation Solution:
Iteratively couple transmission and distribution-level 

modeling to assess the impacts of these various standards
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Simulations of the Western Interconnection (WI)

• GE Positive Sequence Load Flow

• Heavy Summer 2023 planning case with high 
levels of utility scale (~17%) and distributed 
(~5%) renewable sources.

• Composite load model with generation

• Three phase fault scenario on all WI Paths to 
identify the most severe reactions.

• Fault cleared after six cycles; 0.1 s

• Severity with respect to distributed 
generation assessed with the introduced 
Volt-Sec, Volt-Sec-DG metric [2]

[2]: R. W. Kenyon and B. Mather, ‘‘Quantifying transmission fault voltage influence and its potential impact on distributed energy
resources,’’ in Proc. IEEE Electron. Power Grid (eGrid), Nov. 2018, pp. 1–6.
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Significantly Low Voltages Following Transmission Fault
Three phase fault at Lugo 500 kV Bus with 

WWSIS Composite Load Model 

WECC 2023:
- Heavy Summer
- High Renewable Mix

Fault Induced Delayed Voltage 
Recovery
- Persistent low voltages (5-15s)
- Can timeout even 2018 
Categories

Model distribution feeders with 
the time series voltage profiles 
to determine inverter operation

Presenter
Presentation Notes
17% Wind and Solar, 5% DER
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Connection standards 
matter during 
abnormal events
• IEEE 1547-2018 Category III 

keeps the greatest amount 
of distributed generation 
online during this Fault 
Induced Delayed Voltage 
Recovery event

• The impact is only seen if 
we directly model the 
feedbacks between 
distribution and bulk 
power
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