Response to NERC Request for Comments on TPL-007-1

Comments Submitted by the Foundation for Resilient Societies
October 10, 2014

The Benchmark Geomagnetic Disturbance (GMD) Event whitepaper authored by the NERC Standard
Drafting Team proposes a conjecture that geoelectric field “hotspots” take place within areas of 100-200
kilometers across but that these hotspots would not have widespread impact on the interconnected
transmission system. Accordingly, the Standard Drafting Team averaged geoelectric field intensities
downward to obtain a “spatially averaged geoelectric field amplitude” of 5.77 V/km for a 1-in-100 year
solar storm. This spatial averaged amplitude was then used for the basis of the “Benchmark GMD
Event.”!

In this comment, we present data to show the NERC “hotspot” conjecture is inconsistent with real-world
observations and the “Benchmark GMD Event” is therefore not scientifically well-founded.? Figures 1
and 2 show simultaneous GIC peaks observed at three transformers up to 580 kilometers apart, an
exceedingly improbable event if NERC's “hotspot” conjecture were correct.

According to Faraday’s Law of induction, geomagnetically induced current (GIC) is driven by changes in
magnetic field intensity (dB/dt) in the upper atmosphere. If dB/dt peaks are observed simultaneously
many kilometers apart, then it would follow that GIC peaks in transformers would also occur
simultaneously many kilometers apart. Figure 3 shows simultaneous dB/dt peaks 1,760 kilometers apart
during the May 4, 1988 solar storm.

In summary, the weight of real-world evidence shows the NERC “hotspot” conjecture to be erroneous.
Simultaneous GIC impacts on the interconnected transmission system can and do occur over wide areas.
The NERC Benchmark GMD Event is scientifically unfounded and should be revised by the Standard
Drafting Team.

1 See Appendix 1 for excerpts from the “Benchmark Geomagnetic Disturbance Event Description” whitepaper
relating to NERC's “spatial averaging” conjecture.

2 Data compilations in Figures 1 and 2 are derived from the AEP presentation given to the NERC GMD Task Force in
February 2013. Figure 3 is derived from comments submitted to NERC in the Kappenman-Radasky Whitepaper.



Observed Data from AEP Network Shows GIC Peaks Occur Simultaneously
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Figure 1. American Electric Power (AEP) Geomagnetically Induced Current Data Presented at February
2013 GMD Task Force Meeting



Locations and Distances for GIC Peaks at Kammer, Jackson’s Ferry, and Rockport Transformers
All Peaks Observed Simultaneously at ~¥22:42 Universal Time on July 15, 2000
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Figure 2. Location of Transformer Substations with GIC Readings on Map of States within AEP Network



Magnetometer Readings from Ottawa and St. John’s Observatories During May 4, 1988 Solar Storm

Figure 3. Magnetometer Readings Over Time from Ottawa and St. John Observatories
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Appendix 1

Excerpts from

Benchmark Geomagnetic Disturbance Event Description
North American Electric Reliability Corporation

Project 2013-03 GMD Mitigation
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Introduction
Background

The purpose of the benchmark geomagnetic disturbance (GMD) event description is to provide a defined event
for assessing system performance during a low probability, high magnitude GMD event as required by proposed
standard TPL-007-1 — Transmission System Planned Performance for Geomagnetic Disturbance Events. The
benchmark GMD event defines the geoelectric field values used to compute geomagnetically-induced current
(GIC) flows for a GMD Vulnerability Assessment.

On May 16, 2013, FERC issued Order No. 779, directing NERC to develop Standards that address risks to
reliability caused by geomagnetic disturbances in two stages:
e Stage 1 Standard(s) that require applicable entities to develop and implement Operating Procedures.
EOP-010-1 — Geomagnetic Disturbance Operations was approved by FERC in June 2014.
e Stage 2 Standard(s) that require applicable entities to conduct assessments of the potential impact of
benchmark GMD events on their systems. If the assessments identify potential impacts, the Standard(s)
will require the applicable entity to develop and implement a plan to mitigate the risk.

TPL-007-1 is a new Reliability Standard developed to specifically address the Stage 2 directives in Order No. 779.
The benchmark GMD event will define the scope of the Stage 2 Reliability Standard.

General Characteristics
The benchmark GMD event described herein takes into consideration the known characteristics of a severe GMD
event and its impact on an interconnected transmission system. These characteristics include:

e Geomagnetic Latitude — The amplitude of the induced geoelectric field for a given GMD event is reduced
as the observation point moves away from the earth’s magnetic poles.

e Earth Conductivity — The amplitude and phase of the geoelectric field depends on the local or regional
earth ground resistivity structure. Higher geoelectric field amplitudes are induced in areas of high
resistivity.

¢ Transformer Electrical Response — Transformers can experience half-cycle saturation when subjected to
GIC. Transformers under half-cycle saturation absorb increased amounts of reactive power (var) and inject
harmonics into the system. However, half-cycle saturation does not occur instantaneously and depends
on the electrical characteristics of the transformer and GIC amplitude [1]. Thus, the effects of transformer
reactive power absorption and harmonic generation do not occur instantaneously, but instead may take
up to several seconds. It is conservative, therefore, to assume that the effects of GIC on transformer var
absorption and harmonic generation are instantaneous.

¢ Transformer Thermal Effects (e.g. hot spot transformer heating) — Heating of the winding and other
structural parts can occur in power transformers during a GMD event. However, the thermal impacts are
not instantaneous and are dependent on the thermal time constants of the transformer. Thermal time
constants for hot spot heating in power transformers are in the 5-20 minute range.

* Geoelectric Field Waveshape — The geoelectric field waveshape has a strong influence on the hot spot
heating of transformer windings and structural parts since thermal time constants of the transformer and
time to peak of storm maxima are both on the order of minutes. The frequency content of the magnetic
field (dB/dt) is a function of the waveshape, which in turn has a direct effect on the geoelectric field since
the earth response to external dB/dt is frequency-dependent.

¢ Wide Area Geomagnetic Phenomena — The influence of GMD events is typically over a very broad area
(e.g. continental scale); however, there can be pockets or very localized regions of enhanced geomagnetic
activity. Since geomagnetic disturbance impacts within areas of influence of approximately 100-200 km
do not have a widespread impact on the interconnected transmission system (see Appendix 1), statistical
methods used to assess the frequency of occurrence of a severe GMD event need to consider broad
geographical regions to avoid bias caused by spatially localized geomagnetic phenomena.
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Appendix I — Technical Considerations

The following sections describe the technical justification of the assumptions that were made in the development
of the benchmark GMD event.

Statistical Considerations

Due to the lack of long-term accurate geomagnetic field observations, assigning probabilities to the occurrence of
historical extreme geomagnetic storms is difficult because of the lack of high fidelity geomagnetic recordings of
events prior to the 1980s. This is particularly true for the Carrington event for which data that allow the direct
determination of the geoelectric fields experienced during the storm are not available [15].

The storm-time disturbance index Dst has often been used as a measure of storm strength even though it does
not provide a direct correspondence with GICL. One of the reasons for using Dst in statistical analysis is that Dst
data are available for events occurring prior to 1980. Extreme value analysis of GMD events, including the
Carrington, September 1859 and March 1989 events, has been carried out using Dst as an indicator of storm
strength. In one such study [16], the (one sigma) range of 10-year occurrence probability for another March 1989
event was estimated to be hetween 9.4-27.8 percent. The range of 10-year occurrence probability for Carrington
eventin Love’s analysis is 1.6-13.7 percent. These translate to occurrence rates of approximately 1 in 30-100 years
for the March 1989 event and 1 in 70-600 years for the Carrington event. The error bars in such analysis are
significant, however, it is reasonable to conclude that statistically the March 1989 event is likely more frequent
than 1-in-100 years and the Carrington event is likely less frequent than 1-in-100 years.

The benchmark GMD event is based on a 1 in 100 year frequency of occurrence which is a conservative design
basis for power systems. Also, the benchmark GMD event is not biased towards local geomagnetic field
enhancements, since it must address wide-area effects in the interconnected power system. Therefore, the use
of Dst-based statistical considerations is not adequate in this context and only relatively modern data have been
used.

The benchmark GMD event is derived from modern geomagnetic field data records and corresponding calculated
geoelectric field amplitudes. Using such data allows rigorous statistical analysis of the occurrence rates of the
physical parameter (i.e. rate of change in geomagnetic field, dB/dt) directly related to the geoelectric field.
Geomagnetic field measurements from the IMAGE magnetometer chain for 1993-2013 have been used to study
the occurrence rates of the geoelectric field amplitudes.

With the use of modern data it is possible to avoid bias caused by localized geomagnetic field enhancements. The
spatial structure of high-latitude geoelectric fields can be very complex during strong geomagnetic storm events
[17]-[18]. One reflection of this spatial complexity is localized geomagnetic field enhancements that result in high
amplitude geoelectric fields in regions of a few hundred kilometers or less. Figure I-1? illustrates this spatial
complexity of the storm-time geoelectric fields. In areas indicated by the bright red location, the geoelectric field
can be a factor of 2-3 larger than at neighboring locations. Localized geomagnetic phenomena should not be
confused with local earth structure/conductivity features that result in consistently high geoelectric fields (e.g.,
coastal effects). Localized field enhancements can occur at any region exposed to auroral ionospheric electric
current fluctuations.

1 Dst index quantifies the amplitude of the main phase disturbance of a magnetic storm. The index is derived from magnetic field
variations recorded at four low-latitude observatories. The data is combined to provide a measure of the average main-phase magnetic
storm amplitude around the world.

ZFigure I-1 is for illustration purposes only, and is nhot meant to suggest that a particular area is more likely to experience a localized
enhanced geoelectric field.
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Figure I-1: Illustration of the Spatial Scale between Localized Enhancements and
Larger Spatial Scale Amplitudes of Geoelectric Field Observed during a Strong
Geomagnetic Storm.

In this illustration, the red square illustrates a spatially localized field enhancement.

The benchmark event is desighed to address wide-area effects caused by a severe GMD event, such as increased
var absorption and voltage depressions. Without characterizing GMD on regional scales, statistical estimates could
be weighted by local effects and suggest unduly pessimistic conditions when considering cascading failure and
voltage collapse. It is important to note that most earlier geoelectric field amplitude statistics and extreme
amplitude analyses have been built for individual stations thus reflecting only localized spatial scales [10], [19]-
[22]. A modified analysis is required to account for geoelectric field amplitudes at larger spatial scales.
Consequently, analysis of spatially averaged geoelectric field amplitudes is presented below.

Figure |-2 shows statistical occurrence of spatially averaged high latitude geoelectric field amplitudes for the
period of January 1, 1993 — December 31, 2013. The geoelectric field amplitudes were calculated using 10-s IMAGE
magnetometer array observations and the Quebec ground conductivity model, which is used as a reference in the
benchmark GMD event. Spatial averaging was carried out over four different station groups spanning a square
area of approximately 500 km in width. For the schematic situation in Figure I-1 the averaging process involves
taking the average of the geoelectric field amplitudes over all 16 points or squares.
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As can be seen from Figure 1-2, the computed spatially averaged geoelectric field amplitude statistics indicate the
1-in-100 year amplitude is approximately between 3-8 V/km. Using extreme value analysis as described in the
next section, it can be shown that the upper limit of the 95% confidence interval for a 100-year return level is
more precisely 5.77 V/km.
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Figure I-2: Statistical Occurrence of Spatially Averaged Geoelectric Field Amplitudes.
Four curves with dots correspond to different station groups and the gray area shows a visual extrapolation to 1-
in-100 year amplitudes. The legend shows the data coverage for each station group used in computing the
averaged geoelectric field amplitudes.

NERC | Benchmark GMD Event Description| Draft: August 21, 2014
10 of 26



10

Impact of Local Geomagnetic Disturbances on GIC

The impact of local disturbances on a power network is illustrated with the following example. A 500 km by 500
km section of a North American transmission network is subdivided into 100 km by 100 km sections. The
geoelectric field is assumed to be uniform within each section. The analysis is performed by scaling the geoelectric
field in each section individually by an intensification factor of 2.5 and computing the corresponding GIC flows in
the network, resulting in a total of 25 GIC distribution simulations.® In these simulations the peak geomagnetic
field amplitude has been scaled according to geomagnetic latitude of the network under study.

Figure 1-6 shows the number of transformers that experience a GIC increase greater than 10 Amps (in red), those
that experienced a reduction in GIC of more than 10 Amps (in blue), and those that remain essentially the same
(in green). It can be observed that there is a small set of transformers that are affected by the local amplification
of the geo-electric field but that the impact on the GIC distribution of the entire network due to a local
intensification of the geoelectric field in a “local peak” is minor. Therefore, it can be concluded that the effect of
local disturbances on the larger transmission system is relatively minor and does not warrant further consideration
in network analysis.

Number of transformers

Systematic enhancement of the geo-electric field

m GICdecrease > 10 Amps W GICIncrease > 10 Amps m Noimpact

Figure I-6: Number of Transformers that see a 10 A/phase Change in GIC due to
Local Geoelectric Field Intensification

Impact of Waveshape on Transformer Hot-spot Heating

Thermal effects (e.g. hot spot transformer heating) in power transformers are not instantaneous. Thermal time
constants associated with hot spot heating in power transformers are in the 5-20 minute range; therefore, the
waveshape of the geomagnetic and geoelectric field has a strong impact on transformer hot spot heating of
windings and metallic parts since thermal time constants are of the same order of magnitude as the time-to-peak
of storm maxima. The waveshape of the March 13-14 1989 GMD event measured at the Ottawa geomagnetic
observatory was found to be a conservative choice when compared with other events of the last 20 years, such

> An intensification factor of 2.5 would make a general 8 \//km peak geoelectric field in the entire network show a 20 V/km intensified
geoelectric field in one of the twenty five 100 km by 100 km sections.
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