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Executive Summary and Abstract

The main goal of this project is an economic analysis of interconnecting Eastern Interconnection
(El) and Western Electricity Coordinating Council (WECC) ac interconnect under various load
and weather conditions. The potential benefit would be the possibility of more renewable energy
transfer across the interconnection or overall less renewable curtailment and accordingly less
operation cost after the connection of these grids. This project builds on PSERC S-92G work on
the stability analysis of these two grids. Due to the use of Critical Energy/Electricity Infrastructure
Information (CEII), this report primarily outlines the general methodologies developed, reserving
CEll-specific details for a separate report that includes a variety of power flow and stability models
for the El and WECC, using 2022 series El cases and 2023 series WECC cases with the combined
case having more than 123,000 buses. To facilitate combining EI and WECC cases, some WECC
bus numbers were changed to avoid number overlap with the EIl. The cases were then combined
by adding ac interconnections at the nine interconnection points previously identified in S-92G.
During this process, almost all the buses were assigned to more than 47,000 electrical substations
and all the substations were geo-mapped.

A strategy is proposed to directly use weather data initially from sources like International Civil
Aviation Organization (ICAQ), the World Meteorological Organization (WMO), and later from
the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis fifth
generation data (ERAS) data to calculate the output power of renewable resources. For this goal,
the US Energy Information Administration Form 860 (EI1A-860) dataset is used to find the types
of wind turbines and solar cells. Additionally, EIA-860 data are used to create power systems using
a copper plate model, which allows for generation to flow with zero impedance. Various power
flow structures, such as buses, substations, and weather-dependent models, are used, and advanced
visualization techniques like geographic data views and contour mapping are explored, enhancing
the understanding of complex generation data. The coupling of weather information to power flow
studies is highlighted as a useful tool for calculating expected wind and solar generation outputs
based on weather conditions. To create load time series in each area, Federal Energy Regulatory
Commission (FERC) regions are assigned to the areas and FERC form 714 is used to create load
time series in each region. A clustering strategy is proposed to find interesting load and weather
scenarios for economic analysis.

Also, the correlation of renewable generation across the El and the WECC is calculated with
consideration of load for the potential economic benefits of this interconnection. It is found that
there is typically a solar correlation of around 0.75 and a wind correlation of 0.5 which shows that
the renewable resource generation can be shared between the El and WECC grids. Further analysis
found that there are days when there is a larger difference in the wind and solar available capacities
on each side. Additionally, an interesting behavior of negative correlation of wind generation
between some areas in ElI and WECC was found as well as zero or negative correlation for the
highest producers of renewable energy, which allows even more power transfer between EI and
WECC grids. Also, a negative correlation between load demand and wind generation across the
El and WECC grids refers to the need for power transfer between the two grids. This shows that a
joined grid would better utilize renewable energy with its varying nature and differences in
production across EI and WECC grids, promoting long-term sustainability.



Also, a strategy for scenario selection with the goal of studying a comprehensive variety of weather
and load scenarios for power flow simulations is presented. With large power systems and large
amounts of available data, it is computationally expensive to run simulations on all scenarios and
it is required to select a wide variety of scenarios with different impacts on the operation,
considering load and weather for renewable generation output. Using the K-Means method for
clustering, representative points are strategically chosen to simulate various solar, wind, and load
conditions. The two selected representative points include an average and an outlier. Choosing
these two points allows for baseline data analysis as well as anomalies, which can cause stress in
the grid. The method is then demonstrated to show its functionality and how it captures the
diversity of a dataset. The resulting clusters help finding interesting scenarios by addressing the
variability that is inherent in power systems. This leads to improving grid reliability by preparing
for a range of scenarios.
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1. Introduction

1.1 Background

The overall purpose of this project has been to study the economic analysis and dynamic feasibility
of an interconnection of the North American Eastern and Western electric grids. Currently most
of the electricity used in North America (NA) is supplied by four major interconnects, shown in
Figure 1-1, with each operating at 60 Hz but asynchronous with each other. These interconnects
are the Eastern Interconnection (EI), the Western Interconnection (WI) or Western Electricity
Coordinating Council (WECC), Texas (ERCOT), and the Quebec Interconnection. All of these ac
networks are internally synchronized and are linked to each other only through dc ties. However,
for several years between 1967 and the early 1970’s the EI and WI were operated as a single
synchronous system [1], which included 94% of the US generating capacity [2]. This
interconnection was motivated by the November 1965 Northeast Blackout, which left 30 million
people without power across eleven US states, and Canada. The interties functioned well at first
but soon became unstable due to oscillations on the western side and large inadvertent exchanges.
This led to overloading of transmission facilities, major system breakups, and reduced
transmission capacity. Interconnecting large grids especially with ac ties is a big challenge that
needs rigorous assessment and planning in terms of feasibility and potential benefits.
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NERC INTERCONNECTIONS
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|
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WESTERN ,
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-
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Figure 1-1 North American Electric Interconnects (Source NERC)

There have been several studies and implementations around the world of joining large grids with
dc ties, and some examples with ac ties. In 1991, the continental Europe grid was broken into two
synchronous grids separating western and central Europe due to political issues, and reconnected
in 2000 with the emergence of favorable conditions [3]. This was done after extensive steady-state
and dynamics studies [4]. For further expansion, [5] studied the feasibility of connecting this
synchronous grid with the Baltic States. This involved creating a merged static and dynamics
model of the two grids. Some of the issues found in this process were the emergence of very low
frequency (~ 0.07 Hz) oscillations, as well as transfer capability limitations due to local congestion.
Reference [6] considered possible scenarios for interconnecting Korea and Japan using 765 kV
HVAC within the Korean peninsula and 180 kV HVDC interconnection between the islands.
Results of power flow studies for load increase scenarios for the ac ties and different power



injections for dc were shown. The need for, political issues with, and advantages of both schemes
were discussed. In [7], two candidates were evaluated for the future Chinese “super grid”, to enable
bulk capacity long distance power transmission, i.e. 1) the ultra-high-voltage ac (UHVAC)
synchronous power grid, 2) the extra high-voltage ac (EHVAC) asynchronous super power grid.
This work provided qualitative assessments of both schemes considering security, economic, and
environmental factors based on which the EHVAC asynchronous method was found to be superior,
with a caveat that better studies are needed to verify the results. The benefits of the ac connections
were lower short circuit currents compared to the asynchronous system, while the main
disadvantage was the susceptibility to cascading failures.

References [8], [9] studied the economic aspects of interconnecting EI and WI grids with focus on
resource planning aspects or the use of HVDC for transmission expansion and design [10]. These
works are part of a larger effort comprising of research and industry members that proposed four
different high-capacity wide-area transmission infrastructure designs to expand the US grid [11].
This study was focused on leveraging dc systems i.e. upgrading the existing back-to-back (B2B)
dc ties and/or building long HVDC lines or overlays. While this included rigorous analyses
considering future capacity, carbon policies, etc., a key area of improvement mentioned in [11] is
performing contingency and stability analyses.

The previous project S-92G mainly focused on the dynamic aspects of an ac interconnection of
North American EI and W1 using both real grids and synthetic grid data with the project report
available at [12], and a paper at [13]. The two synthetic grids [14] used there are available at [15],
geographically located over the EI and WI footprints. The 70,000-bus eastern synthetic grid and
the 10,000-bus western case bear no relation to the actual grids except that generation and load
profiles are similar, based on public data. The transmission lines are entirely fictitious. These test
systems are meant to reflect heavy load, i.e. peak summer conditions.

1.2 Overview of the Project and Report

This project builds on the previous work of S-92G for the stability analysis of an EI and WECC
ac interconnect. The main goal of this project has been to study the economic impact of
interconnecting EI and WECC grids in a variety of operating points including variation in load and
weather scenarios. As such the project required the use of Critical Energy/Electricity Infrastructure
Information (CEII) that cannot be disclosed in public reports such as this one. So the focus of this
report is mostly to provide a description of the underlying methodologies that have been developed
during the project since they should be applicable in many situations. A separate report then
provides the CEII specific details.

By way of an overview of the methodology, the project utilized a variety of different power flow
and stability models for the El and WECC, with the final results done using a 2022 series EI cases
with almost 96,000 buses and 2023 series WECC cases with more than 27,400 buses. To facilitate
combining the cases the WECC cases were renumbered to avoid number overlap with the EIl. The
case were then combined by adding ac interconnections at the nine interconnection points
previously identified in S-92G and given in Table 1-1. This result in a grid with more than 123,000
buses. During this process almost all of the buses were assigned to more than 47,000 electrical
substations and all the substations were geo-mapped. A oneline for this grid is shown in Figure



1-2 with the nominal voltage of the ac transmission lines indicated by the different colors (green
for above 700 kV, orange for 500 kV, red for 345 kV, blue for 230 kV, and black for lower
voltages; the HVDC lines are not shown). This study did not involve ERCOT.

Table 1-1 Initial Interconnection between EI and WECC grids

No. Location East Bus (kV) West Bus (kV) Capacity
1 Fort Peck, MT 230 161 200 MVA
2 Miles City, MT 230 230 239 MVA
3 Rapid City, SD 230 230 287 MVA
4 Laramie, WY 345 345 800 MVA
5 Stegall, NE 230 230 150 MVA
6 Sidney, NE 230 230 240 MVA
7 Lamar, CO 345 230 239 MVA
8 Blackwater, NM 230 345 400 MVA
9 Artesia, NM 230 345 277 MVA

Figure 1-2 North American gfid

For the economic analysis, estimated cost characteristics were developed for all of the generators
in the US portion of the footprint. This was facilitated by mapping the EI and WECC generators
to their corresponding generators in the US Energy Information Administration Form EIA-860
(E1A-860), which provided more information about each device including its fuel type and whether
it had been retired. This information is visualized in Figure 1-3 with the size of each oval
proportional to the total substation generation, and color used to indicate the primary fuel type
(orange for natural gas, black for coal, red for nuclear, green for wind, blue for hydro and yellow
for solar).



PN
Figure 1-3 US Substation Generation by Primary Fuel Type

Since the intent of the study was to look at the operation of a combined grid under many different
conditions, and the grid itself has a large amount of wind and solar, and important part of the study
was utilizing realistic weather information. This was done primarily by considering historical data.
At the beginning of the study this was done using measurements from weather stations across
United Stares are gathered from the two of the main resources International Civil Aviation
Organization (ICAQ) and the World Meteorological Organization (WMO), [16]. Later in the study
the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis fifth
generation data or ERA5S data was utilized [17, 18]. Weather measurements are then used to
calculate the output power of renewable resources based on the approach presented explained in
[22]. To create load time series in each area, Federal Energy Regulatory Commission (FERC)
regions are assigned to the areas and FERC form 714 [19] is used to create load time series in each
region.

The CElI specific portion of the study then involved performing a variety of economic and stability
analyses considering a variety of different operating points. The initial studies were performed
using the existing and anticipated new transmission in each of the interconnects, and the potential
nine previously mentioned ac interconnections. The overall results showed economic benefits in
doing the interconnection, and no stability concerns. Then, working in consultation with the
industrial advisors, the additional of new transmission lines added for the specific purpose of
increasing the EI-WECC ac transfer capacity were considered. As expected, this did provide
additional economic benefit and enhanced stability. However, these potential benefits need to be
weighed against associated with developing these new lines.

1.3 Report Organization

As noted, the purpose of this report is to provide some of the general research results developed
during this project to help facilitate the CEIl portion of the project reported elsewhere. Therefore



this report is organized as follows. Chapter 2 describes the economic analysis of the studied electric
grids under a variety of load and weather scenarios and provides the optimal power flow and cost
results with and without the interconnections as well as the correlation study of renewables and
load in EI and WECC to study the potential benefits of the interconnection. Chapter 3 explains
how to use US Energy Information Administration generation data for power flow analysis and
visualization. Chapter 4 provides a scenario selection strategy for improved power flow studies.
Chapter 5 provides a dynamic analysis using a simulation-based approach to study the extent to
which specific oscillation patterns exist in large-scale electric grids and the last chapter provides a
conclusion.



2. Economic Analysis of Interconnecting East and West Interconnections

2.1 Introduction

The most recent studies prompt the question,” Is there a potential benefit in utilizing renewable
generation with this interconnect?” If there is a possibility of renewable power transfer across the
El and WECC grids, the renewable curtailment would be decreased. Given that the output of solar
and wind generation is contingent on regional weather patterns, it is crucial to investigate such
weather variations. This chapter summaries the potential benefits of synchronizing the EI and
WECC grids into a single grid. By utilizing historical weather data, projecting power output from
existing wind and solar generators, and applying Pearson correlation coefficients, this chapter
inquiries into the prospective advantages of a synchronized grid, particularly in light of the unique
relationships between solar generation, wind generation, and load demand.

2.2 Potential Renewable Generation Benefits of Interconnection

Several studies have run statistical analyses on weather, such as [20], which studies wind and solar
output in Europe with spatial correlation, or [21] which runs statistical procedures on regional
weather data in Italy. However, it is worth mentioning that there is a significant lack of research
on weather patterns in the context of wind and solar generation in North America, specifically
across the major grids.

Renewable generation is non-dispatchable, meaning that it cannot be increased nor decreased
based on changing electrical needs, unlike other sources, such as coal or natural gas. Without
advanced electrical energy storage devices, wind and solar power must be used at the time it is
generated. If a grid has high amounts of renewable generation but not a high demand for power at
the time, that energy may be wasted, but in the event of a joined grid, it will be more efficiently
utilized. This joined grid has the potential to increase the amount of used renewable generation
and decrease the reliability of less sustainable energy sources.

Load demand and renewable generation have been studied in the literature (such as [22] and [23]),
but these studies use renewable generation output instead of direct weather data. This chapter uses
historical weather data to study the output of renewable generation with the latest generators’ data.
By utilizing decades of historical weather data, the research explores various scenarios, enabling
the examination of modern generation capabilities in conjunction with historical weather patterns.
This allows the execution of simulations using weather data from recent decades on a designated
grid with specified wind and solar capacities, facilitating the examination of the impact of
significant weather changes in the current grid.

2.3 Weather Data to Generation Output

Instead of the conventional method of relying on aggregated outputs of renewable generators
disclosed from utilities, which is implicit or indirect inclusion of weather in a model or simulation,
the detailed direct integration of unprocessed meteorological data is incorporated in this work.
Based on the strategy as shown in [24], weather data in operation and planning problems, such as



Optimal Power Flow (OPF), could refine the accuracy of renewable generation forecasting and
capture rapid climatic shifts, without significantly increasing computational complexity.

The applied methodology in this work incorporates a plethora of meteorological variables into
hourly evaluations of wind and solar generation output. This utilizes data from 1972 to 2022,
sourced from meteorological stations across the U.S. [25] Historical weather data is collected at
an hourly granularity from various sources worldwide [26], [27].

Using the geographic coordinates for each generator provided by the U.S. Energy Information
Administration’s form 860 (EIA-860) [28], each generator is partnered with the nearest weather
station. For missing data, interpolation of nearest station data is utilized. Moreover, the EIA-860
dataset provides granular data on power generators which is instrumental in classifying similar
wind and solar units into collective power plants by location.

This study uses six energy input-output models to quantify the influence of weather on renewable
generators. The first model, which incorporates local wind speeds and turbine
power curves as per [29], [30], and [31], calculates wind power plant output based on the wind
measurements. Subsequent models two, three and four adapt this framework to
accommodate different wind turbine classifications and power curves based on [32]. The fifth
model estimates solar PV generation using local solar radiation, cloud coverage and PV
characteristics such as tilt angle, azimuth angle and power point tracking as specified in [25], and
the final model, drawing from [33], updates the thermal generator capacity based on
temperature. The results of these methodologies have been validated in [34].

It is important to mention that the purpose of using historical data from the last years is not to
simulate past scenarios or recreate the grid at a moment that has previously occurred.
Rather, it is meant to study future events and possibilities. If a weather event has already occurred,
it is likely to happen again at some point in the future. This approach allows for a deeper
understanding of potential challenges and aids in the goal of being prepared for all possible weather
outcomes. Also, the generation mix in this study is based on the end of year 2021 and all interesting
weather scenarios are studied on the same grid.

2.4 Correlation Method

For comparing two vectors, correlation can be used to quantify the relationship or connection
between the two measurements. These relationships are represented with a scalar.
Two main types of correlation coefficients can be calculated: the Pearson correlation coefficient
or the Spearman’s rank correlation coefficient. As explained in [35] and [36], Spearman’s is best
used in monotonic datasets (a function that does not stop increasing or a function that does not
stop decreasing), while Pearson’s is ideal for linear functions in a dataset.
In this study, since weather data in one region is being compared to weather data in another region,
Pearson’s correlation coefficient is chosen for its linear characteristic. Pearson’s correlation
coefficient is calculated in (7_1):

X))y
r = ~2 2
VI (xi-x)2 (i=y)

(2_1)



where r is the Pearson correlation coefficient, xi is each sample of x,x is the mean of x variable
yi is each sample of y,y is the mean of y variable.

Pearson’s correlation coefficient ranges from -1 to 1. If two datasets have a correlation of 1, that
means that if the variables in the x-dataset increase, the variables also increase proportionally in
the y-dataset. If two datasets have a correlation of -1, it means that if the variables in the x-dataset
increase, the variables decrease proportionally in the y-dataset. If two datasets have a correlation
of 0, it means that there is no increase or decrease in y as X increases, or basically that there is no
relationship between the two datasets. Reference [37] provides more details about the applied
correlation method in this study.

Data is analyzed using the Pandas and Numpy packages in Python [38], [39]. All heat maps shown
in this work were created using the Seaborn package in Python [40]. All other graph curves
generated using the Matplotlib package in Python [41].

2.5 Renewable Power Correlation between Eastern and Western Interconnect Grids

When studying the possibility of the El and WECC connection, it is important to specifically study
the states that are near or on the border between the two grids and possible power transfers among
them. Although the population is less dense in the central states compared to states that are on the
East and West Coast, the majority of power transfer that occurs will likely be a result of generation
and demand in this particular area. The actual power flow within a grid depends on many factors,
such as load demand, generation capacity, transmission capacity, and market dynamics. So in the
event of a synchronous grid, it is unlikely that a state such as California (on the west coast) will
supply a state such as Maine (far away in the Northeast).

Therefore, the eastern corridor will be studied mainly in this section. The studied states near the
seam include AZ, CO, ID, MT, NM, UT and WY that are considered in WECC grid and AR, IA,
KA, LA, MN, MO, NE, ND, SD and OK in EI grid. It is important to note that although some
states are split between the EI and WECC, they are placed in either in the EI grid or WECC grid
based on the location of the majority of their land mass for simplicity and availability of data. This
assumption is valid, as there are no major sites (such as large cities or large generators) that are in
these areas. Additionally, Canada is not included in this study.

Using the Pearson correlation method discussed in the previous section and the Pandas Python
package [38], the renewable generation in the year 2021 is analyzed on a daily basis for the
entire year. A correlation coefficient is calculated for each day, and an array is produced to
illustrate the entire year (so each correlation array has 24 time points, resulting in 365
coefficients). As seen in Figure 2-1, solar generation has a high correlation value overall, as this is
to be expected due to the proximity of studied states near the seam and the nature of
sunlight traveling across a region, often with different time zones. On the other hand, wind
generation experienced a far more erratic pattern, some days with a correlation near one
and other days with a negative correlation.

To analyze the weather data for a longer time period and possibly cut out some of the noise, the



solar and wind generation correlations are calculated on a monthly basis dating back to 1972 (so
each correlation array has around 720 time points due to the number of hours in a month, resulting
in 588 coefficients because of the number of months studied). As seen in Figure 2-2, the correlation
in solar generation output has centered around 0.8, while the correlation in wind generation output
has centered around 0.5. Therefore, according to Figure 2-2, solar correlation continues to remain
higher than wind correlation.

Daily Correlation for 2021
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Figure 2-1 Daily correlation between the electric real power generated from wind
and solar in studied states of EI and WECC in 2021
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Figure 2-2 Monthly correlation between the electric real power generated from
wind and solar in studied states of EI and WECC from 1972-2021

Figure 2-2 shows the long term need for the joined EI and WECC grids, as the correlation values
in wind generation vary greatly and do not center around 1. This is especially highlighted in daily



correlation as seen in Figure 2-1, as the wind generation changes substantially, often times even
dipping into negative correlation, which possibly means that one side of the grid is producing far
more wind energy and is therefore possible to share power across the seam.

2.6 Renewable Power Correlation between US States

To further understand the relationships between renewable generation output, there is a need for a
more detailed study on the individual renewable correlation between each state’s renewable output.
As seen in Figure 2-2, there are certainly days that merit further study in a synchronous grid
consideration. In Figures 2-3 to 2-5, the studied states are arranged in spatial order based on their
geographic location (from West to East). The top 10 states for installed wind generation [42] in
both the EI and WECC were compared and their output power from renewable correlations are
calculated. Figure 2-3 shows only 24 hours of correlation study on a day of particular interest. In
this heat map, there is a clear division in wind generation output between the El and WECC grids.
This highlights the possible benefits of a connected grid, as a day such as this would yield a high
amount of power transfer between the grids to better utilize the wind generation. It is important to
note that Figures 2-3 is an example of an outlying date that particularly highlights the possible
benefits of a joined grid.
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Figure 2-3 Correlation of Wind Output from March 9, 1998
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Next, the top 10 states for installed solar generation [43] in each grid are compared to one another.
Solar generation correlation has a less specific pattern due to the nature of sunlight. Given clear
sky conditions, the time at which a solar generator outputs its highest amount of power is solar
noon, the time of day when the sun is at its highest point in the sky [44]. In a grid that has a vast
range of latitudes and longitudes, solar noon occurs at very different times, increasingly so across
the states on the opposite coasts of the United States. As shown in Figure 2-4, which shows solar
generation correlation of WECC and EI states in a sample day, states that are in close proximity
to one another have a high correlation of solar generation, but there is still a big difference between
the El and WECC grids. Simply due to the behavior of the Earth’s rotation of the sun and time
differences, there is a notable differential in solar power and therefore a need for power transfer
between the EI and WECC grids.
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Figure 2-4 Solar Generation Correlation from April 8, 2015

Finally, the three states with the highest renewable energy capacity (solar and wind combined) are
correlated considering both wind and solar sources. Florida, despite having a substantial solar
capacity, is excluded from consideration due to having zero wind capacity. Figure 2-5 shows the
summed solar and wind renewable generation correlation for the same US states since 1972.
Although there is less of a defined differential in this heat map, there is still more correlation in
the states inside each individual grid than the comparison between states on different sides of the
seam. Note that the El and WECC grids are separated with a dotted line and are organized spatially.
Even with the combined solar and wind capacities, states inside each part of the grid experienced
a higher correlation than states in different grids. Performing a cross-comparison, there is either a
low correlation or more often a negative correlation.
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Figure 2-5 Overall Renewable Generation Correlation in Top 3 Producing States
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2.7 Load and Wind Generation Correlation

Another comparison that should be considered in the possibility of joining the EI and WECC grids
is the relationship between load demand and renewable generation, specifically wind generation.
Factors such as peak load demand and wind generation patterns, along with the geographical
distribution of renewable resources further contribute to the complexity of this comparison.

The Federal Energy Regulatory Commission (FERC) provides FERC Form No. 714, containing
load data for every electric utility with a planning area having an annual peak demand for power
200 MW or more. This dataset is utilized when studying load-use and its changes [45].
As seen in Figure 2-12, the load typically peaks in the afternoon and decreases at night. While load
exhibits patterns that are commonly predictable, renewable generation, particularly
wind generation, is far more erratic. Solar does see a common pattern with its renewable generation
due to the nature of the sun and capturing its energy. As for a general pattern, wind tends to increase
at nights when solar generation is not available.

Because of this variable behavior, it is important to study the differences between the EI and
WECC in terms of load and renewable generation. Figure 2-6 shows the normalized load for the
year 2022. The data has been normalized to make direct comparisons between the two grids. This
normalization is crucial due to the significant difference in load demand between the EIl and
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WECC. By scaling the data as a percentage of each grid, similarities or differences become more
discernible, providing a clearer understanding of their respective characteristics.
As seen in this image, both the EI and WECC exhibit similar patterns of load use.

While Figure 2-6 might not show any notable difference in load demand between the two grids,
Figure 2-7 does show a notable difference in wind generation trends. It is important to mention
that the EI grid has much more installed wind generation than the WECC grid, but the WECC
wind generation stayed fairly constant during the year 2021. The EI had a decrease in its wind
generation in the summer months and then increased again in the fall into spring.
Figure 2-8 correlates the load demand and wind generation on a 24 basis for the entire year of
2021. From fall to winter, both grids are consistent with an erratic correlation. On the
other hand, the spring to summer season notices a difference: the EI grid stabilizes above 0 and
the WECC grid stabilizes below zero. This pattern is an important finding, as these differences
further communicate the benefit of a joined grid.
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Figure 2-6 Normalized Load in the El and WECC Grids
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Overall El and WECC Wind Generation
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Figure 2-8 Load-Wind Correlation in the El and WECC Grid

The difference in correlation values illustrates an advantage of a joined grid. The high correlation
between load and wind generation signifies that as load increases, so does the amount of wind
generation—a highly desirable characteristic in sustainability considerations. When correlation is
negative, it means that either there is high load and little wind generation, or high wind generation
and little load—neither of which are beneficial for sustainability. Since wind energy is non-
dispatchable and cannot be stored in large amounts, it must be used as it is produced. Therefore, if
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wind energy is generated in large quantities during times of high power demand, it can be utilized,
reducing the need for less clean or non-renewable energy sources.

As seen in Figure 2-8, there are times when the EI or when the WECC have low correlation
between load and wind generation. In a connected grid, these periods would more greatly allocate
renewable resources or mitigate gaps in renewable energy production.

2.8 Studied Weather Scenarios

Different weather scenarios can change the flow between the El and the WECC, especially if
renewables are more available on one side. Using historical weather data, we can create realistic
weather scenarios to simulate. Some of these scenarios of interest include a day where there’s a
high amount of wind and solar generation, a day with a low amount, and most interestingly — days
where there is a large difference across the seam of the two grids. The purpose of simulating past
scenarios is not intended to recreate the grid at the moment in the past, but rather to study future
events. If a weather event has already occurred, it is likely to happen again at some point in the
future. The following table shows the weather scenarios that were studied:

Table 2-1 Studied Weather Scenarios

Scenario Number Description Date

w1l The date with the highest East | 12/5/2013 (max occurs at
to West renewable difference | 3am with 41.5 GWh
in an hour difference)

W2 The date with the highest 12/19/2008 (max occurs at
West to East renewable 3pm with a 10.5 GWh
difference in an hour difference)

w3 The highest East to West 3/9/1998 (827 GWh in total
renewable difference in a 24- | for the day)
hour period

w4 The highest West to East 12/1/2013 (119 GWh in total
renewable difference in a 24- | for the day)
hour period

W5 The date with the highest 4/15/2008 (66 GWh at 1pm)
overall renewable generation
in an hour

W6 The date with the lowest 10/12/2005 (1.4 GWh at
overall renewable generation | 8pm)
in an hour

W7 A date with average 11/7/1976 (634 GWh in total
renewable generation for the day)

These interesting weather scenarios can be visualized with the following graphs to show the
renewable output for the date studied.
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Figure 2-9 Weather Scenarios

2.9 Studied Load Scenarios

The case provides the maximum load value at each bus. Different regions are also provided in the
case. Using FERC 714 load data, we can study the load-use patterns in many regions and normalize
the data. FERC Form No. 714 is a collection of data from the United States electric utility
balancing authorities and planning areas. The goal is to use the latest trends and scale the maximum
load based on their region. The load can be studied on an hourly basis for up to a year.
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Figure 2-10 Reference Maps

Sometimes an entire area is posted (like SPP, MISO, CAISO for example) on the public
submission portal. Other times they are not (such as FRCC, WECC, SERC). In this instance, the
data of utilities or co-ops in the region can be summed and then normalized. For example, FRCC
is comprised of Florida Power and light, Duke Energy Florida, Orlando Utilities Commission,
Tampa Electric Company, and so on. If the load is not tailored perfectly for the region in question,
it does not affect the analysis, as the load data is normalized and simply utilized to study the load
demand changes in a general area on a certain date. The studied FERC 714 load data simply
provides trends.

When normalizing the data, all values in the dataset are placed between 0 and 1 (with 1 being the
peak that region experienced in that year and each other value being a ratio based on the peak).
This allows a cross-comparison between areas that experience different levels of demand. This is
also useful for the study because the max load value is already provided in the case. Having a data
array that is a ratio of the maximum demand allows for time-series studies with realistic load-use
patterns. The following images show examples of how the load is normalized in different regions
on different days.
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Figure 2-11 Load scenarios

Several days of interest were included in this study when considering load scenarios.
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Figure 2-12 Overall high, average and low load scenarios

MW Load Demand for Entire Grid

2.10 Cost Curves

This study requires that the cost of generators is known. Using EIA data, each generator is
randomly placed within a realistic cost value for its fuel type. Given the considerable quantity of
generators, the Law of Averages holds true. Wind and solar generation are assumed to have no
fuel cost. The following table shows the EIA data that provides the average cost in US dollars $
for generators in the last decade by year and fuel type.
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Year

20Mm
2012
2013
2014
2015
2016
2017
2018
2018
2020
2021

Total

Nuclear Fossil Steam Hydro-electric Gas Turbine and Small Scale
2470 35.00 833 44 54
2742 37.20 11.34 3567
27.20 379z 10.88 3r.az2
26.79 38.04 11.90 42 60
2571 3726 1342 3324
2536 36.08 10.98 30.18
24 38 3541 10.29 31.76
23.86 3586 10.65 3243
2373 36.66 10.80 2833
21.92 3486 1271 24 55
2274 35.66 12.30 3018

Figure 2-13 EIA cost curve data
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3. Using Power Flow Application Capabilities to Visualize and Analyze US
Energy Information Administration Generation Data

3.1 Introduction

The US Energy Information Administration Form 860 (EIA-860) [46] dataset serves as a valuable
and publicly accessible resource for professionals and researchers in the power and energy sector,
offering extensive information on electrical generators in the United States with a capacity of one
megawatt or more. This dataset, released annually and available on the EIA website, includes
details on traditional fossil fuel facilities as well as wind and solar power capacities. The section
presents a method for translating EIA-860 data into a generic power flow simulator format for
visualization and analysis. Utilizing this data and weather measurements, the section demonstrates
scenarios like the impact of a partial solar eclipse in October 2023. The power system model
follows a copper plate model [47], allowing generation to flow with zero impedance. Various
power flow structures, such as buses, substations, and weather-dependent models, are used, and
advanced visualization techniques like geographic data views and contour mapping are explored,
enhancing the understanding of complex generation data. The coupling of weather information to
power flow studies is highlighted as a useful tool for calculating expected wind and solar
generation outputs based on weather conditions.

3.2 Methodology

This section details the creation of a power flow case using only the EIA-860 dataset for enhanced
power flow visualization and analysis. Employing a copper plate approach, all generators connect
directly to a slack bus using low-impedance lines, simulating the absence of a real transmission
grid. The process involves defining basic data structures like areas, buses, generators, substations,
and zones. Schedule 1 represents utility data, introducing a fictitious slack area and a super area
covering all regions for the slack area. Schedule 2, representing plant data, employs substations
and buses, with a single bus assigned to each substation. Hypothetical slack bus and slack
substation are introduced. Generator models from Schedule 3 are allocated for each dataset
generator, including a fictional slack bus generator. The slack bus, vital for maintaining reactive
and real power equilibrium, is crucial in this case. Optional generators, based on proposed and
retired generation data, can be included in scenarios, allowing customization for different cases,
as further explained in subsection E.

3.2.1 Using EI1A-860 Utility Data to Define Areas

The EIA-860 Schedule 1 data is utilized to establish areas in the grid being constructed. The
"Utility ID" column serves as the area number, with the "Utility Name™ as the area name.
Additional fields like "Street Address,"” "City," or "Zip" can be stored but are non-essential for this
case. This information is then transferred to the "Area" component in the power flow package. To
enhance organization and hierarchy, all areas are controlled by a super area. After adding the super
area, it is crucial to create an area designated for the slack bus, with a distinct area number like
999999 to prevent overlap with other bus numbers.
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3.2.2 Using EIA-860 Data to Create Substations

The EIA-860 Schedule 2 data is used to create substations and buses in the case model (buses will
be created in the following section). The “Plant Code” becomes the substation number, and the
“Plant Name” becomes the substation name. The geographic coordinates need to be saved. As
mentioned previously, other fields can be stored, but are not necessary. This can now be sent to
Substation in the power flow package.

Additionally, a slack bus substation will need to be created, named, and numbered (with a large
value). This can have its latitude and longitude left blank since it represents a virtual location.

3.2.3 Creating Zones

Zones provide another way to group the information in the created case study. The Federal
Information Processing System (FIPS) code is a two-digit number that uniquely identifies states
and territories in the United States [48]. The FIPS code can be the zone number, while the state’s
postal abbreviation can be the zone name.

3.2.4 Using EIA-860 Plant Data to Create Buses

Using EIA-860 Schedule 2 data, buses are generated, distinct from substations. Utility codes set
the bus's area, state fields determine the zone, and the Plant Code serves as both bus and substation
number. "Utility ID" designates the area number, "Plant Code™ as the bus number, and "Plant
Name" as the bus name. Any additional data from Schedule 2 can be stored or deleted. After adding
this data to the Bus section in the power flow package, a slack bus must be created, with a large
number, a proper name, and matching slack area, zone, and substation numbers. Proper
specification of the slack bus in the case is crucial for the power flow package to operate correctly.

3.2.5 Using EIA-860 Generator Data to Create the Generators

In EIA-860 Schedule 3 1 data, there are three sheets: "Operable™ lists generators in service,
"Proposed” includes upcoming generators, and "Retired and Canceled" covers out-of-service
generators. For the "Operable" sheet, generators are sorted based on the "Synchronized to the
Transmission Grid" column, including only those with ™Y" or "X" (synchronized). "Proposed"
and/or "Retired and Canceled" sheets can be copied with aligned column names by sorting
generators based on the "Plant Code," which serves as the bus number. To accommodate power
flow package requirements, a new primary label is created by combining the bus number and
"Generator ID" for uniquely identifying generators.

CONCATENATE( Bus Number,” ", Genl D)

Another basic ID will need to be created by taking the mod of the row number to have a unique
value for each generator (once again changing the column name as necessary).
MOD(ROW ( BusNumber), 100)

Other changes need to be made to the EIA-860 Schedule 3 data to make the generators ready to be
added to the case model that is being created. The following table shows that changes that need to
be made:
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Table 3-1 Changes made to Generator Spreadsheet

New Col? | Original Name New Name Value
N Prime Mover Unit Type Code original values
N Energy Source 1 Fuel Type Code original values
N Minimum Load Min MW original values
(MW)
Y Max MW *See below
equation
N Status Status Yes
Y Set Volt 1.0
Y Gen MW set 0
point
Y Max Mvar 0
Y Min Mvar 0
Y Gen Myvar set 0
point
Y AGC No
Y AVR No

New Col? indicates whether a new column needs to be created () or if an existing column is used
(N). Original Name shows what the column is currently called in the spreadsheet. New Name is
what the column is renamed to. Value is the data held in each column, which can be kept the same
or changed as indicated.

The "Prime Mover" is the machine that converts the energy into electricity, which can be described
as a unit type in a power flow package. The "Energy Source" is where the energy is being obtained
(like coal, gas, wind, solar, etc.) and can also be known as the fuel type. A generator has a minimum
amount of power it can output as indicated by the "Minimum Load". Each also have a maximum
power output. The EIA-860 data has two fields that could be used: either the “Summer Capacity
(MW)” or the “Winter Capacity (MW)”. Whether to use one or the other depends on the
application. One approach, particularly when studying wind and solar outputs modified by the
actual weather is to just pick the largest value. For this approach, the entries in that column need
to be set to the maximum of those two fields (change the arguments in the equation as necessary):
+ = MAX(SummerCapacity, WinterCapacity)

"Status” refers to whether or not the generator is in use, so therefore they are all set to yes. The
"Set Volt" is the value at which the voltage is set, and since per unit values are used, all generators
are set to 1.0. The "Gen MW Set Point" is initially set to O since all generators are started out as
not outputting any power, but this can be changed based on the application. The "Min Mvar" and
"Max Mvar" specify the allowable reactive power output from the generator and since nothing is
flowing, it is set to zero (as well as the "Gen Mvar set point™. "AGC", which stands for automatic
generation control, is set to "No" so that the generator can be set on manual control. "AVR", which
stands for automatic voltage regulation, is also set to zero since the voltage regulation plays a role
in reactive power regulation and that's already been set to zero.

At this point, the generator data is ready to be loaded in the power flow package for the Generators
section.
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3.2.6 Creating Lines to Connect the Buses

The final step involves establishing low-impedance lines to connect all buses to the slack bus,
forming a copper plate model for a power flow solution. Despite the absence of a real transmission
grid, this allows for operational simulations. Creating branches involves assigning the sending bus
number in the proposed model to all implemented bus numbers, directing them to the previously
created slack bus. Impedances and line limits are set to zero or very low values. Note that zero
capacity lines are suitable for models allowing line limit capacities in soft constraints or assuming
zero as infinity; otherwise, line capacities should be set to a large value. With these elements in
place, operation simulations can be run, starting with all generator outputs at zero but adjustable
to any value, especially their maximum.

3.2.7 Setting up Power Flow Weather Models

It is helpful to utilize the EIA-860 information given in the Schedule 3_2 wind and 3_3 solar files
(although these only have data for the operating generators, not the proposed ones) when creating
new power flow weather (PFW) models. These files should have the same unique IDs as before
(which is a combination of the plant code and generator ID).

For wind turbines, the important fields are the “Wind Quality Class” and the “Turbine Hub
Height”. These should be stored in columns and then when input into the power flow package,
organized based on the wind quality class. New PFW models should be inserted for these
generators based on the wind quality class.

For the solar models, the important columns are “Single-Axis Tracking” (usually a change in tilt),
“Dual-Axis Tracking” (which rotate horizontally and change tilt), “Fixed Tilt” (which is a mounted
panel with fixed angle and orientation), “Azimuth Angle” (which is the angle from due north), and
“Tilt Angle” (which is the angle a panel is tilted up from being parallel to Earth). A new field will
need to be created that numerically describes the tracking with an integer code. The data can be
input into the power flow package now, creating new photovoltaic (PV) models for these
generators. The tracking and angle data should be added to the PFW models.

Table 3-2 Solar Panel Parameters

| Tracking Type Integer Code
No Tracking 0
Single-Axis with Fixed Tilt Angle 1
Single-Axis with Fixed Azimuth 2
Dual-Axis 3

3.3 Simulations and Visualizations

Utilizing the power flow case created based on the EIA-860 data a wide variety of simulations can
be performed including the direct inclusion of weather information as described in [75].
Using the actual generator data is useful for several studies such as emission calculations
[49].

To enhance the visual analysis of power grid operations, there are many useful tools to employ,
such as the Geographical Data View (GDV) [65], contour mapping [67], and broad visualizations
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of the transmission grid [71]. These tools are used to increase situational awareness of the grids
across diverse scenarios and temporal spans [50], [51].
Figure 3-1 shows the retired generators in the 2023 EIA-860 form as ovals, where the size is
proportional to the generator capacity and the color refers to the fuel type. In this figure, red
refers to nuclear units, black refers to coal, brown refers to natural gas, green to wind, blue to
hydro, yellow to solar, and magenta to energy storage. Figures 3-2 to 3-4 use the same color
code and show renewable generators at the end of 2022.

o
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o

Figure 3-2 Overall renewable generator maximum capacity in the US

25



Figure 3-3 High renewable generation at 1
pm of April 15, 2008 (UTC) Figure 3-4 Low renewable generation at 8

pm of October 12, 2005 (UTC)

Having all weather measurements can help in visualizing interesting scenarios, such as the solar
eclipse than happened on October 14, 2023. Figure 3-5 visualizes the annular eclipse by contours
where the color shows the percentage of solar radiation, with dark blue referring to 0% and dark
red referring to 100%. Figures 3-5 and 3-6 shows the impact of the eclipse on the solar generation.
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Figure 3-5 Solar Eclipse in the United States Figure 3-6 Potential “clear sky” impact of
in 2023 the eclipse on US generation

3.4 Conclusion

This section has utilized the EIA-860 data to develop a case study model for power flow analysis,
and it has presented a series of informative visualizations. The EIA-860 dataset is a valuable
resource and by following the procedure outlined in this section, others can replicate the model
and further contribute to the knowledge of this field. The significance of data visualization enables
effective communication to a broad audience and increases the situational awareness of a large
grid.
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4. Enhancing Power Flow Studies Through Representative Scenario
Selection

4.1 Introduction

When conducting planning studies on the electrical grid, both load and renewable generation vary
throughout the year. Typically, the grid witnesses its peak demand for load during the summer,
with winter ranking second in terms of high demand. On the other hand, load is typically the lowest
in the spring. The traditional approach to scenario usage involves utilizing the peak load scenarios
in summer and winter, along with the low load scenarios in spring. However, this section departs
from the traditional approach by introducing a novel method for identifying scenarios to be
examined in planning studies, moving away from the conventional focus on specific operating
points.

It is essential to align the level of realism with the specific objectives of the planning study when
running power flow simulations. In the past, weather has only been modeled implicitly. This
includes modeled load values, real and reactive power output, transmission line limits, transformer
limits, and more.

Weather has long been affecting the grid and although the implicit methods were adequate in the
past, weather data now needs to be modeled explicitly. The two primary reasons for this shift is a
large increase in amount of renewable generators (specifically wind and solar) with the continued
expansion of their capacity and the occurrence of extreme weather events with the need to plan for
worst-case scenarios [52].

Incorporating weather data into power flow simulations is just one characteristic of the evolving
landscape in grid modeling. Equally important is the inclusion of realistic load values and trends,
reflecting the dynamic nature of power demand in various regions. The demand for electrical
power exhibits fluctuations influenced by a multitude of factors. One of these is the significant
impact that weather has on the load in an electrical grid [53]. For example, during the summer in
southern areas of the United States, there is a surge in electricity due to air conditioning usage. On
the other hand during the same season in more northern areas, there is less of a surge because it
stays relatively cooler. Another factor is the economic or commercial operations in an area.
Industrial hubs exhibit distinct load profiles compared to residential areas. Understanding these
nuances is vital to understanding the infrastructure [54].

Another crucial consideration is the utilization of actual data in these simulations. For the most
authentic and reliable outcomes, it is imperative to employ genuine, real-world data. The research
in [55]. also uses publicly available data to create synthetic time series of load at buses in a
synthetic system. Additionally, [56] also develops scenarios by determining generation and load
characteristics. Similar to these sections, this section also uses publicly available data to create
scenarios; the difference here is that a clustering method is used to reduce the number of scenarios
to be tested.

The research in [57] highlights the importance of clustering in reducing the number of scenarios
to aid with computational complexity. The research in [58] and [59] also mention the benefits in
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the context energy and power, with the both considering unit commitment and the second
highlighting the wind generation scenarios. [60] compares several methods to reduce the amount
of tested scenarios and does a case study on a 24-bus case.

The work in this section presents a new method of three-dimensional clustering to study wind
generation, solar generation, and load demand and choose the scenarios for testing. Load and
weather-related time series are created as explained in chapter 2. This is different from other
clustering methods, as it will choose the central scenario as well as the outlier. There is a great
need to study outliers because those scenarios are when the grid is under stress (the importance of
outlying data in [61]). The scenario selection method will be demonstrated using Texas data for
its renewable generation capacity and its unique grid situation. This method is aimed at enhancing
the resiliency of the power grid by offering scenarios for testing in order to plan and prepare for
all possible events. Most of this chapter is based on what is published in [62].

4.2 The Problem

A common challenge faced with such vast datasets is that there is an abundance of information,
but difficulty in finding meaningful representation of what is presented. For instance, studying a
single year on an hourly basis yields 8,760 data points. When encompassing multiple factors for
study, the number of potential scenarios grows exponentially. To illustrate, the combination of a
year's worth studying hourly of two dimensional data leads to 80 million permutations for analysis.
This complexity is compounded by the inclusion of decades-long datasets, dating back to 1972 for
weather data and the early 2000s for load data.

This sheer magnitude of data points presents a challenge, due to computational limitations and
resource constraints (time, amount of people working, available computers, etc.). The need for a
discerning approach in data point selection arises from the practical need to optimize the testing
process and work efficiently, ensuring a focused and meaningful analysis within the constraints of
available resources.

In the past, the load values at the summer peak are often used when running these simulations, as
well as scenarios in the winter or the spring for lows. Although it is important to plan for demand
that would cause the grid stress, it is necessary to consider weather, as the dependency on
renewable generation grows. This approach also couples wind and solar weather data with the load
to get accurate, realistic scenarios to run as operating points.

4.3 Proposed Solution

K-Means Clustering, as explained in [63], is a popular unsupervised machine learning algorithm
that aims to group data points together based on their characteristics. The solution proposed here
uses this K-Means clustering method in three dimensions to aid in data point selection. This
method uses three characteristics:

1. Calculated Output of Solar Generation

2. Calculated Output of Wind Generation

3. Total Load
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For every n-clusters, there will be 2n-scenarios for testing. This is because two points will be
chosen from each cluster - the point closest to the centroid and the point furthest away from the
centroid (‘closeness' refers to the Euclidian distance in three dimensions). This allows for both
average data to be studied as well as the outlying data.

The inclusion of both average data points and outlying data points is crucial for obtaining a
comprehensive understanding of the underlying patterns and dynamics within a dataset. Analyzing
average points allows for grasping central tendencies and typical behaviors exhibited by the
features studied in the power grid, therefore providing a baseline understanding of the general
trends. On the other hand, the examination of outlying points is equally essential, as these instances
often carry valuable information about anomalous conditions. The study of outliers aids in
identifying potential scenarios when the grid faces periods of stress. Typically if a grid can
withstand the troublesome times, it can withstand baseline operations. Thus, the dual exploration
of averages and outliers enhances the robustness of this analysis, offering a more complete
perspective.

When choosing the amount of scenarios that should be studied, it is important to also consider the
data properties. As explained in [64], the elbow method is a way to determine the minimum number
of clusters a dataset should have. When calculating the variance that is preserved for an increasing
number of clusters, there is a point in the curve, known as an 'elbow’ or 'knee' that is a leveling off-
point. The integer that corresponds to this change is often considered the minimum number of
clusters that is ideal for a dataset. It is important to note that the 'elbow’ point does not exclude the
need to have more clusters, as the amount that is chosen for each study must reflect the necessary
level of depth needed to understand a situation.

Since this method gives a data point that is only a singular time snapshot, it would also be
beneficial to conduct studies based on the entire day for the selected time point. This is particularly
helpful when trying to study how the grid morphs or changes based on past and future conditions.
This is only something to keep in mind based on the studies that are being performed.

4.4 Case Study and Results

To effectively demonstrate the method proposed in this section, a case study will be showcased
utilizing Texas data. The choice of Texas is particularly apt, given its distinctive characteristics as
both a self-contained grid with large renewable penetration and a singular state. This allows us to
have consistent data from one entity, which significantly reduces the amount of discrepancies in
the time-series data used.

For this case study, data from 2021 was used since that is the latest publicly available load data
provided by FERC. Although for each study, this can be tailored as necessary, even concatenating
data sets that span multiple years or decades. A single year is easier to demonstrate and visualize
for the purposes of this section.

This raw load and generation data can be seen in Figure 4-1. Something to note is that solar

generation is relatively low compared the wind generation and total load, so pre-processing has to
be done on the raw data so that the algorithm takes the solar generation input into account (such
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as normalizing the data so that all variables are given equal consideration in the clustering process).
The different scales of solar, wind, and load can be seen in Figure 4-4, as each box and whisker
plot shows the MW values from the dataset.

Texas Load and Renewable Generation for 2021
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Figure 4-1 Texas Load and Generation 2021

From here, the elbow method is used. The following result can be seen in Figure 4-2, which leads
to a selection of 4 clusters to capture the data, as that is the integer that has the sharpest angle
change.

Elbow Curve for Fitted Data
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Figure 4-2 Elbow Plot for Texas 2021 Data

As seen in Figure 4-3, the data is split into four base clusters. The characteristics of these clusters
can be generalized in Table 4-1.
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Table 4-1 Cluster Characteristics

Color | Solar | Wind | Load
Green | Low Low Low
Gray | Low | High | Low
Pink Low High High
Teal High | High | Varies
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Figure 4-3 3D Clustering of Data

It is important to mention that there is only one cluster for the case of high solar generation
independent of total load and wind generation due to the fact that there is a relatively low density
of data points with high solar generation. This is because solar has many points around zero
because of the nature of solar generation at night. Wind varies around much, going from 0 MW to

upwards of around 30,000 MW. Load never dips below 25,000 MW for any time points, so this
also is represented in the clusters.
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Figure 4-4 Box & Whisker Plot for 3 variables

Finally looking at Figure 4-5 one can see X's that mark the data that is closest to the centroids of
the clusters. On the other hand, the diamonds that mark the points that are furthest from their
respective centroid. These furthest points are the extremes of typical operating conditions that

could potentially affect the stability of the grid. These selected points reduce the amount of data
points that we have to simulate, while still having a diverse range of scenarios.
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Figure 4-5 Closest and Furthest Data Points

Although the centroid in the green cluster is close to the pink cluster, it is still a scenario that merits
testing, especially since no other points in its proximity are being tested. Both the pink and teal

outlier point will merit interesting scenarios that would not normally be tested when studying
typical grid operations.

Figure 4-8 shows a bar plot of the different scenarios, with the centroid on top being directly

compared to the outlier in each cluster. This allows one to visualize and easily understand what is
being changed in each of the proposed scenarios.
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4.5 Conclusion

This section showed an initial approach for scenario selection using K-Means clustering. It used
both average points of operation that is often seen as well as the outliers that could potentially
cause some stress in the grid. This method was demonstrated and visualized using data from 2021
in the state of Texas.

The results help finding interesting scenarios based on using clusters discovered in the raw data.
Future work includes adding more dimensions into this study, such as time itself, region, or more
weather factors. Adding time as a dimension for clustering could potentially help in finding
scenarios for different seasons, adding regions could help in identifying areas of weakness in a
grid, and adding more weather measurements would make the model more accurate. Validation
could also be done by studying these selected points in PowerWorld and seeing the effects these
scenarios have on the grid.
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