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Executive Summary

A modern grid requires modern infrastructure, including new devices enabled by digital
technology or simply new paths for electricity to flow. Grid-enhancing technologies (GETs)
maximize the transmission of electricity across the existing system through a family of
technologies that include sensors, power flow control devices, and analytical tools. This report
establishes an assessment methodology and outlines key findings with respect to an identified
case study region on how GETs can be applied today to save ratepayers money while the grid
transitions to a cleaner generation mix.

The Federal Energy Regulatory Commission (FERC) has been actively working to establish the
appropriate incentive mechanisms for technology adoption. This report focuses on the
evaluation of the impacts of GETs on wholesale and retail power rates. A case study is
presented on regional, wide-spread deployment of GETs to assess the potential benefits and
costs to utilities and ratepayers.

This report establishes the techno-economic framework for the benefits quantification of GETs
on the wholesale power market. The outcomes from this report show that GETs can be cost-
effective in the target region, ultimately saving ratepayers money while integrating more
renewable generation. However, the impact of GETs is highly location-specific, and this location
was selected because of its high likelihood for increased renewable generation and GETs
suitability. Additional studies should be completed to assess GETs impact in other regions of
interest.
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To fully understand the results of the case study, a short overview of both the power system
and GETs is provided. The electric power system must balance electrical supply and demand in
real-time because electricity travels rapidly and misalignment can lead to a broad spectrum of
consequences ranging from unsuitable frequency and voltage at the customer-level to
cascading outages and load shedding across the network. To ensure the alignment of supply
and demand, generation has historically been adjusted and dispatched to meet the needs of
consumers and the economy.

In an ideal world, the most affordable generation would be dispatched first, and increasingly
more expensive generation would be ramped up to meet customer demand. Unfortunately,
generation merit order based solely on economics is unrealistic because of physical constraints
on the system. The generation portfolio is thus usually sub-optimally dispatched, often
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constrained by non-economic factors including lacking the transmission and distribution
infrastructure required to move electricity from generators to load centers. When the
transmission system limits generation dispatch economics, this is known as “congestion.”
Transmission congestion is defined by the U.S. Department of Energy (DOE) as the economic
impact on the users of electricity that results from physical transmission constraints that limit
the amount of power flow to ensure safe and reliable operation [3]. For example, the flow of
power may be restricted by the maximum thermal limit of a transformer or power line
conductor. Therefore, operators are forced to reroute power through less optimal paths and
rely on more expensive power generation, like conventional fossil fuels, while curtailing
renewable wind or solar to safely meet the demand of their customers. The end result is that
congestion causes customers to pay more money for the energy they use. According to a 2018
DOE report, the sum of real-time congestion cost for 2016 among major system operators—
specifically, the California Independent System Operator (CAISO), the Electricity Reliability
Council of Texas (ERCOT), Independent System Operator New England (ISO-NE), Midcontinent
Independent System Operator (MISO), New York Independent System Operator (NYISO), and
PJM—was $4.8 billion [4]. In comparison, value of electricity retail sales in the U.S. totaled $387
billion in 2016 [5].

There are a variety of methods that can be used to address congestion. Thinking of the
transmission system like a transportation system (roads) often helps new audiences. Traditional
upgrades for the transmission system include upgrading existing equipment with higher
capacity alternatives. In the transportation system, more capacity involves adding a new lane to
an existing highway. Another traditional upgrade is to simply build new lines or roads to provide
alternate routes for power/traffic flow; however, permitting and construction for these
methods can be costly and time consuming. GETs can usually be deployed more quickly than
those traditional alternatives. The term GETs encompasses new technology used to enhance
the existing grid infrastructure, and include energy storage, customer-side management, and
coordinated electric vehicle charging. This report discusses optimization software and dynamic
transformer rating (DTR) in depth, but focuses on the following:

¥l 5:7)8#* ;4" . <)TE"+,25;<>,?,Hardware and/or software used to appropriately update
the calculated thermal limits of existing transmission lines based on real-time and
forecasted weather conditions. Often, these schemes establish new limits that safely
allow more energy transfer across existing infrastructure.,

¥ @/A."BI/A,C/™1"/0."1,=0BC>,?,Hardware and software used to push or pull power,
helping to balance overloaded lines and underutilized corridors within the transmission
network.,

Extending the transportation analogy to GETs is relatively straightforward. PFCs provide some
traffic control for the transmission system. These effectively allow for more optimal use of the
existing infrastructure, similar to how reversible center lanes allow for traffic to flow in different
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directions depending on the time of day.' Dynamic Line Ratings can be thought of in terms of
variable speed limit highways. Rather than a fixed maximum speed at which traffic is allowed to
travel on a given highway, DLR might allow traffic to travel at much higher rates of speed when
it is appropriate to do so given a vehicle’s proper roadworthiness (well-equipped supercar and
professional driver versus an original wood-spoked single engine classic with a driver who only
has a learner’s permit) and the environmental conditions (sunshine, no rain or snow or ice in
the forecast). The opposite may be true as well: DLR provides situational awareness for when
the road conditions change due to poor weather moving in or reduced speed limits due to road
construction, resulting in line ratings that are operationally less than static or ambient adjusted
ratings. While the ratings are operationally less than static, the additional situational awareness
yields system reliability and visibility benefits.

This report outlines a methodology for quantifying the benefits of GETs by employing a techno-
economic power grid planning study using a technique known as production modeling. The
study evaluates grid operations with respect to generation dispatch optimization under a
variety of scenarios with and without the implementation of PFC and DLR technologies across
each hour of the year. The primary objective of the study was to develop a techno-economic
framework for evaluating GETs generally through a case study of one region in the State of New
York with high renewable energy potential. As a result, the methodology can be used as a
template for future analyses by grid operators, transmission owners, and technology vendors.
Specifically, the objectives of this case study were five-fold:

¥! Develop a screening methodology to identify candidate regions and transmission lines
best suited for the deployment of GETs.

¥! Identify candidate technologies and better understand their capability, technical
specifications, and necessary inputs for grid modeling.

¥! Establish a methodology to site GETs for maximum value.

¥! Create a process to model the utilization of GETs with respect to grid operations that
isolates and quantifies the impacts of GETs on a variety of factors.

¥! Develop a methodology for calculating system benefits and ratepayer impact.

C)1.,D74%: Et+(t+(71,

There is ample opportunity for GETs to support existing grid infrastructure and alleviate existing
transmission constraints, as well as future constraints from expected shifts in power supply and
demand. The case study presented here evaluates a near-future scenario (2025) with increased
renewable adoption in an area of the State of New York to better understand how GETs could
integrate more generation on the existing transmission infrastructure.

The New York Independent System Operator (NYISO) service area was selected as the regional
case study for this analysis because it has existing wind curtailments despite low overall
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penetration, high congestion costs, and large proposals for new transmission and wind and
solar resources. To integrate the large amounts of wind and solar resources needed to achieve
the state’s 70% renewable energy goal by 2030, significant transmission investment is required,
however the use of GETs and other enabling technology can help facilitate this transition by
making better use of existing transmission lines and potentially defering or augmenting costly
traditional transmission upgrades.

To assess the impact of GETs, the case study evaluated multiple generation scenarios and
technology strategies:

D*. ")"#/1F, D7'")T7.+4.1F,

e/ The 2)1.,C)1., which evaluated the ¢! The 2)1.,C)1., which establishes a
level of renewables currently built in baseline performance based on 2025.
NYISO, _bu_t Iayere? atop the 2025 ol —")$7:/7)0,06+")$. 1, which include
transmission topology. reconductoring most of the region and

ol The("7."*/"" *1t/" HA.4. scenario, building a new substation.
which added approximately 3 gigawatts el 18-1C)1.1, which provide

(GW) of additional solar capacity and

4 GW of additional wind capacity from
the NYISO Interconnection Queue to the
system, for a total buildout of roughly

8 GW of solar and 6 GW of wind. o 1&-1P-")$i74/")0, which leverages a

] ) combination of PFCs, DLRs, and
el The 1JK,L:,MINJ scenario, which was . .

q del th i traditional upgrades in an effort to
create tc:c moae tble apprommateh maximize the benefits of both
amount of renewable ggneratlon that traditional and GETs strategies.
would be needed to achieve the State of
New York’s goal of 70% renewable
generation by 2030.

combinations of DLR (rather than static
line rating [SLR]), and PFCs at varying
points in the region (6 cases total).

Line loading is used to understand the flows along the transmission system and verify the cost
savings attribution of more efficient generation dispatch. Table 1 outlines the various cost
savings metrics associated with each of the technology strategies. The ability for DLR and PFC
technologies to be used together and achieve nearly the sum of their parts highlights their
complementary nature. Instead of having overlapping gains, the results of this case study show
that each technology provides unique value to the system: for example, all PFCs evaluated
showed a significant (23 — 43%) reduction in curtailment, and some line segments’ utilization
more than doubled with PFCs versus the Interconnection Queue case. As discussed in Section
2.2, note that these savings metrics all reflect more efficient dispatch and should not be added
together for a total system impact metric.
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Wholesale cost-savings are just one metric. Understanding the net impact to the ratepayer
helps solidify the scale of cost savings and the potential for GETs. As covered extensively in
Section 2.2, the evaluation of GETs is challenging on both the benefit and cost sides. With
respect to costs, investment decisions in advanced transmission technologies need to consider
total lifecycle costs, including capital and operations and maintenance (O&M), integration, and
business process improvements. When examining benefits, even limiting the benefit
calculations of GETs to market impacts can yield multiple metrics, which cannot necessarily be
summed. Additionally, GETs also provide benefits that are more difficult to quantify, such as the
value of asset deferral, improved asset health monitoring, better situational awareness,
improvements in public safety, and increased resilience. Due to their nature as dynamic
resources, the evaluation of GETs is a multivariate endeavor that reflects the complex nature of
transmission planning.

Translating the above wholesale cost savings to ratepayers is an indirect exercise. Adding to the
complexity, consistent details on GETs costs are unavailable in the public sphere. Even if
detailed cost for GETs were readily available, details typically held internal to utilities would
need to be identified for a detailed ratepayer impact assessment. Moreover, policy guidance is
needed on appropriate benefits allocation, given the breadth of impact of GETs across the
market when deployed in small regions.

This report outlines a variety of methods to consider benefits of GETs. Generally, the results of
this case study suggest that GETs could prove cost-beneficial in avoiding renewable generation
curtailment in the short-term and remain useful to facilitate the interconnection of future
generation resources while also providing situational awareness and flexibility resources in the
longer term. To be clear, the GETs strategies did not integrate as much renewable generation as
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traditional solutions, but they also cost less and may be faster to implement. Another key
takeaway from the case study is that finding the 4#%t#3) location for GETs is unnecessary; each
scenario that was studied proved promising and worthy of additional inquiry.

Finally, to obtain a detailed assessment of the impact to ratepayers, Figure 1 outlines the cost
estimates for the various technology strategies considered relative to the annual value of
energy curtailment avoided. Note that relative to the Traditional Upgrades, the GETs strategies
are generally significantly less costly and inch toward the high benefit established by traditional
upgrades.
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<.*/88."$)1/"1,

The following are some of the recommendations and takeaways from the results of this study.
More context for the basis of these recommendations is available throughout the report and in
Section 3.4, which is dedicated to recommendations.

9 &

==
==
==
==

D.0.*74"+,;/*)74/ " 1IF,The impact of DLRs and PFCs is highly location-dependent
and should be assessed on a per case basis.

18&-1,D(/A$,L.,C/"1#$." . $F,GETs should be evaluated as a candidate
technology in resource and transmission planning and directly compared
against traditional technologies. Commercial solutions exist and should be
considered for full scale implementation as optimization and refinements
continue.

Q11.8L0.,),-)13,B/"*.,7/,D()".,1&-1,5)7)F Electric,utilities,are traditionally
risk averse organizations. The gaps in public knowledge with respect to GETs
leads utilities to established, known solutions. A task force should be charged
with providing industry with the data needed for fair GETs consideration to
ameliorate perceived risk of the modern technologies.

R/"39/"*.,5.5.0/68. "TF,Many modern grid technologies seem to be stuck in
a cycle of “pilots” where the technology is considered in isolation, rather than
as part of the new “business-as-normal.” Shifting organizational thinking is
possible by requiring enhanced training for planning engineers & grid
operators such that they are trained and versed in new approaches when
faced with the implementation of innovation.
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B4"7(.",<.1.)"™(#,T..$.$,7/,Q0**.0.")7.,Q$/674/ "F The case study outlined
herein and those found in other recent works advance the methodologies and
public knowledge surrounding GETs, but additional research could further
modernize bulk-power system planning and operations by:

Il Expanding the scope of GETs studied here (PFCs and DLR) to include
transformers, energy storage, and dispatchable demand side resources.

Il |dentifying the optimal solution set of GETs alongside traditional
upgrades.

I Providing a toolkit for incorporating transmission capacity forecasting
into generation dispatch decision-making.,

2.7 971L,U,C/17,Q00/*) 74/ " U,6™*. "TiS . 1IF The incentives to build GETs are often
misaligned from those who benefit most. There are many interested
stakeholders whose primary focus is 7*) on the efficient economic planning
and operation of the power system. Mechanisms are needed to ensure GETs
are implemented and utilized for the benefit of ratepayers as appropriate.
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1! Introduction
UL #8%88 ()'$F8&+, -$& - #8U$8/ 018.2$3-2'43- !

The United States (U.S.) electric power grid is a complex system divided into three main
sections or “interconnections” that consist of more than 7,300 power plants, nearly 160,000
miles of high-voltage transmission lines, and millions of low-voltage power lines and
transformers [6], [7]. While this electrical system has enabled extraordinary benefits to
everyday quality of life, it has also increased society’s vulnerability when reliability is disrupted.
The recent power outages due to the 2020 California wildfires [6] and the 2021 Texas winter
storm [7] highlight the modern dependence on reliable electric power. Without changes, similar
disruptions are expected to continue as climate change is projected to strengthen weather
events [8].

In response to climate change, efforts are being expended to reduce human environmental
impacts by supplying electricity from clean energy sources. However, shifting the generation
mix is impeded by the Nation’s transmission infrastructure, most of which was designed to
transmit energy from large fossil fuel generators to load centers. One measure of this outdated
infrastructure is known as congestion, which often results in the curtailment of renewable
energies to avoid damage to the system.? In 2018, a combined 723.2 gigawatt hours (GWh) of
solar energy was curtailed in California, Texas, Arizona, and Hawaii, accounting for 2.2% of
potential solar generation in these states [9]. As the demand for electric power continues to
increase, so will the expectations on the infrastructure that facilitates its delivery, ultimately
leading to more curtailment of solar and wind energies unless the current infrastructure is
modified to support a grid heavily reliant upon clean energy.
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In addition to facilitating climate impacts, infrastructure modernization, whether through grid-
enhancing technology or more traditional system upgrades, is an urgent need as many of the
grid’s assets are aging and due for replacement in the coming decade. Modernizing this
infrastructure will help to ensure continued safe and reliable grid operations in a clean energy-
focused future. Moreover, the grid of the future will stress the existing system, but the
transition to that future will require a grid with new capabilities, potentially leveraging
intelligent features of grid-enhancing technologies (GETs) to prevent transmission corridors
from being overloaded. As shown in the case study in this report, these technologies face many
hurdles to achieve widespread deployment, but have the potential to save people money while
integrating more renewable generation.

1'51 63%,/7-//-(,'8(, 9&/$-(,’

The goal of the electric grid is to safely deliver reliable power to customers at an affordable
cost. Transmission congestion is defined by the U.S. Department of Energy (DOE) as the
economic impact on the users of electricity resulting from physical transmission constraints that
limit the amount of power flow to ensure safe and reliable operation [3]. For example, the flow
of power may be limited by the maximum thermal constraint of a transformer or a transmission
conductor. Therefore, operators are forced to reroute power through less optimal paths and
rely on more expensive power generation, like conventional fossil fuels, while curtailing
renewable wind or solar in order to safely meet the demand of their customers. This may
increase reliance on high-emissions fossil fuels, delaying the clean energy transition, as well as
cost customers more money and extend the time required to recoup the cost of generation
investment. Extreme cases of transmission constraints may push the entire system beyond its
operational limits, forcing utilities to employ periodic load shedding tactics (i.e., rolling
backouts). These cases are highly problematic in that blackouts can endanger public health and
result in large financial losses for the economy. The three main causes for transmission
congestion are voltage limits, system stability limits, and thermal limits.

L SO,

The power grid has various voltage classes that are measured in kilovolts (kV) (e.g., 500 kV,

230 kV, 138 kV, 46 kV, 13.8 kV, etc.) throughout the system. Different standards inform
acceptable tolerances around these levels. These standards also specify an acceptable
magnitude and duration of voltage that may exceed these tolerances. Voltages below these
tolerances, or undervoltage, can be caused due to insufficient power generation to support
loads. The low voltage results from loads attempting to draw more current than the generators
can produce. To compensate, the generator allows the voltage to drop so that additional
current may be fed into the system. Various loads, such as air conditioners, motors, and
manufacturing plants cannot function if the voltage drops too low. Undervoltage issues are
primarily due to a lack of generation reserve to support loads as opposed to congestion
concerns. Conversely, a voltage above a specified tolerance is known as overvoltage. This may
be caused by complicated effects of dispatch patterns, generation settings, and transients, such
as lightning strikes or short circuits, or when too much power is injected into the system during
peak solar generation and low energy demand. Overvoltage has the potential to damage both
equipment on the power system and loads on the system. Overvoltage may contribute to
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congestion issues if specific areas of the grid are operating at upper voltage limits, which may
require operators to rebalance power flow in a less cost-effective manner.

Insufficient reactive power support is also a potential cause of congestion issues. Capacitive and
inductive elements within the power grid consume reactive power, whereas resistive elements
consume “real power.” If power needs to be rerouted due to thermal congestion, the
different—and usually longer—path will have greater reactive power demand. If the generator
is at its maximum power operating condition, it may not be able to support the additional
reactive power demand on the new route, causing the unit to eventually trip offline. Typically,
power-factor (i.e., phase angle) correction devices, which are a type of grid-enhancing
technology, attempt to alleviate reactive power demands from the system.

'g'#l 0"(1-4-"24,- "/

The U.S. bulk-power grid uses alternating current (AC) operating at 60 Hz. Standards such as the
Institute of Electrical and Electronics Engineers (IEEE) C37.016 and ANSI C84.1 specify
acceptable frequency deviation tolerances during nominal operations. Frequency deviations
can occur in two forms: over/under frequency where the operating frequency deviates from 60
Hz, and phase deviations where 60 Hz voltage and current waves are not oscillating in sync.
Over- and under-frequency deviations follow similar patterns to overvoltage and undervoltage
issues resulting from a mismatch between power production and load demand. Phase
deviations may result from sudden changes in the load, faults on the power line, or insufficient
reactive power support. If the phase difference between the voltage and current deviates
significantly, the generator may become damaged, trip offline, and/or require other generators
to make up for its lack of production. This sudden demand for energy generation can cause
further phase deviation with other generators on the system, which, if significant enough, can
cause a chain reaction of other generators tripping offline. Faults on the power line may also
cause phase deviation because they force the generator to suddenly ramp up energy
generation; however, fault protection devices usually guard against this.

1931 45%6 _ (U,- .-/t

As electricity passes over and through the infrastructure that makes up the transmission
system, that infrastructure is heated. Infrastructure components can operate at a range of
temperatures, and there are limits and risks associated with exceeding their thermal limits. The
thermal limits of a power line conductor are based on either the maximum or emergency
operating temperature of the conductor or to avoid distance-to-ground clearance violations.
These thermal limits are one of the leading causes of transmission congestion and are directly
related to the line itself, rather than as some function of the broader system. Therefore, system
operators have a direct interest in safely increasing the power capacity of transmission lines.
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The maximum current carrying capacity of a conductor is termed ampacity. Industry standards
for ampacity calculations have been published by IEEE in standard 738 [10] and in technical
brochures 207 [11] and 601 [12] by the Council on Large Electric Systems (CIGRE). The ampacity
equations are based on the thermal energy balance of a conductor, wind and radiative cooling,
and heating from the sun and joule effects as shown in Figure 2. These standards provide the
methods for determining the ampacity using methods, such as Static Line Rating (SLR),
seasonally adjusted ratings, Ambient Adjusted Rating (AAR), or Dynamic Line Rating (DLR).

Heat Transfer Model

R(Tc)+q,-g.-q, = pC, \LTTtC

2347 Yd=(E>%6,%1%08"83.. Ok . /8 ; %""88, " 0L/%, .. 0485 07*58 . , (&

The heat transfer model is an important reminder that these conductors are a physical material
with properties impacted by heating. In turn, high temperatures cause transmission lines to sag
more. In addition, regularly overheating the conductor will slowly deteriorate the conductor,
shortening its useful life. More extreme overheating of the conductor may lead to annealing,
compromising the integrity of the material.

As the conductor is heated, the material sags toward the ground. This can lead to safety
concerns, line outages, and stability concerns. In addition, conductors too close to the ground
or next to vegetation can cause sparks that under the right conditions can lead to wildfires. In
addition to ensuring safe conductor temperatures, thermal limits consider the distance of the
conductor to the ground as a limiting factor.

"1 43-.;0,*%,2-,9'6&2*, (1(9-&/'<=&3=-&>'

A formal definition of “GETs” has not been established by DOE and requires further analysis and
discovery as innovation evolves in this space. Regardless, this report briefly covers many of the
currently recognized GETs technologies to ensure the reader is well prepared to understand the
outcome of the case study presented. Additional discussion on GETs in general can be found in
Appendix A.

GETs can help increase the transfer capability of transmission systems across real-time and
operational planning horizons. This report focuses on: Dynamic Line Ratings and Advanced
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Power Flow Control, while also discussing Topology Optimization and Dynamic Transformer
Ratings. However, there are many types of GETs, including energy storage facilities, which can
be used as grid assets to employ during times of need [13]. For example, the Nantucket Island
supply in the State of Massachusetts directs stored energy to the Island during the summer
peak, augmenting transmission capacity to the mainland [14]. Other demand-side resources,
such as demand response, can also be used as a form of GET. Another type of GET is a High-
Temperature Low-Sag (HTLS) conductor, which increases the ampacity of a transmission line by
using materials in the conductor that increase heat emissivity and reduce thermal expansion
(i.e., sag in the line). Though utilities have been employing this technology [15], it has several
tradeoffs, such as lower line loadability and steady-state stability limits.

1'3'11 728( - -0, -8% = ("-8)/+

Traditionally, transmission operators (TOs) have used the SLR method, which assumes constant
environmental variables in the heat balance equation [16].- More broadly, TOs use seasonal
ratings, where those static environmental assumptions are adjusted depending on the time of
year. Recently, some TOs have adopted AARs, which adjust line ratings based on ambient air
temperature, but do not account for wind or solar effects.:

Across the U.S., various methods are employed [2]. Many Transmission Operators, Regional
Transmission Organizations (RTOs) and Independent System Operators (ISOs) choose to utilize
different values for the weather variables to calculate SLR ampacity. For instance, they may use
historical local weather data in their region to get a better estimate of the weather variables
and improve the estimate for the ampacity of a conductor in their area. Some choose to use
seasonal SLRs to take advantage of lower ambient temperatures in the spring, fall, and winter.
Yet another potential approach is to allow for a higher conductor temperature. All these
strategies inch toward DLR.

In recent years, attention on research and use-cases for DLR methodology has increased. DLR
uses near-term weather conditions in the heat balance equation to give a more accurate
representation of the true ampacity of the conductor. Oftentimes, using the actual weather
information or observed conductor behavior results in higher line rating ampacity than what is
assumed in SLR. Consequently, power flow can be unnecessarily limited when using SLRs since
conductors are not actually at their thermal limits.

To attain better situational awareness of transmission conductors and safely increase their
ampacity, the adoption of DLR methodologies is gaining traction. Today, there are many
technologies and methodologies for determining the near-term ampacity of overhead
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conductors. In principle, DLR is based on the same heat-balance equations as an SLR but
improves upon static ratings by utilizing near-term environmental conditions [17].

DLR adjusts thermal ratings based on actual field conditions. DLR approaches account for
ambient weather conditions and real-time monitoring of line behavior. DLR technologies fall
into two main categories: direct and indirect. Direct methods use sensors that may be directly
connected to the conductor, connected to towers, or on the ground. The sensors measure
variables such as line temperature, tension, or sag to rate the ampacity of the line. Indirect
methods infer the ampacity using technologies, such as forecasted wind velocity and direction
along the length of the lines.

DLR can provide insight into the performance of a line over time. Rather than relying on
engineering assumptions and maintenance schedules, the real-time status of the line can be
used in decision-making to decrease component failures and reduce congestion without
degrading reliability.

The increased operational flexibility offered with DLRs is beneficial during certain extreme
weather conditions, such as when extremely low temperatures and wind chill cause high
electricity demand, equipment failures, and fuel supply constraints that result in generators
being taken out of service. DLRs would provide grid operators the option and ability to take
advantage of the fact that colder temperatures and high winds allow for increased capacity on
transmission lines. In general, using DLRs can support more electricity delivery options during a
disruption, thereby mitigating demand interruptions. It can also facilitate recovery and
restoration after an event.

'3 728( - -9+46(8/;%6 - *6: (*-8)/+

As previously mentioned, GETs have the potential to unlock more capacity on existing
infrastructure. However, that extra capacity is only useful insofar as it can be carried
throughout the electric power system from generation to the end-user. For example, extra
capacity on one transmission line span is only useful if the next span can also accommodate it.
This idea is applicable throughout the power system, including within the substations that
facilitate power transfer. To use an analogy, DLR has the potential to expand the Nation’s
power highway system, but the exits and intersections must be capable of using that new
capability for it to be worthwhile. At the nexus of these power system exits and intersections
are transformers, which are often the biggest and most expensive component(s) of a
substation.’

Transformers shift power between voltages, helping to facilitate “step-up” and “step-down”
transitions throughout the power system. They have long been recognized as vital for the
resilience of the U.S. electric sector [18] [19]. Because of the power system’s reliance on
transformers, ensuring the health of these assets is important. Therefore, utilities set and
maintain standards for their performance and loading. Design standards vary across the
country, but generally follow guidance from IEEE working group 57 and the IEEE/American
National Standards Institute (ANSI) C57.91 standard [20]. Although transformers can
occasionally be operated safely at modest levels above the nameplate rating from the
manufacturer, this practice has the potential to accelerate the aging effects on the
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transformers, potentially driving the power system to a more fragile state if these impacts are
not adequately addressed [17].

In addition to operational contingency concerns for a failing transformer, these assets are
expensive to replace and can take months to purchase and deliver. In 2014, DOE defined large
power transformers (LPTs) as those with a maximum nameplate (i.e., nominal) rating of

100 megavolt-amperes (MVA) or higher. LPTs can cost millions of dollars and weigh between
100 and 400 tons (or between 200,000 and 800,000 pounds) [19]. Regarding the lead-time on
an LPT, a 2014 DOE report stated: “In 2010, the average lead-time between a customer’s LPT
order and the date of delivery ranged from five to 12 months for domestic producers and six to
16 months for producers outside the U.S. The LPT market is characterized as a cyclical market
with a correlation between volume, lead-time, and price. In other words, the average lead-time
can increase when the demand is high, up to 18 to 24 months.”[19]

Reports generalizing the limiting element of a given transmission corridor are not readily
available. A 1996 report on the New York power system [21] outlined that the conductor itself
served as the thermally limiting element about 42% of the time. The same report outlined that
transformers served as the limiting element nearly 10% of the time while other substation
equipment, such as current transformers (used in metering) and circuit breakers, contributed to
the rest of the thermal limits. PJM Interconnection (PJM) noted that the substation often
proved to be the limiting element in a DLR study in 2018 [22].

Similar to DLR for power lines, dynamic transformer ratings attempt to use additional
transformer capacity to prevent congestion while still limiting potentially detrimental thermal
impacts on asset health.

1'3'31  <YP=*6t>4%=1+?%8" 6% @+4%A%%) 2tBA"- _ -C("-%8t

In bulk electric system operations, the laws of physics state that electricity flows based on
network impedance. Power flow in AC systems is unlike other flow problems, such as flow in
transportation and telecommunications. In a transportation system, trucks can be routed along
a desired path from a source to a destination. Similarly, in a communications system, packets
can be routed such that they travel along the quickest path between a sender and a receiver.
However, electricity must follow paths according to physics, resulting in an inability to route
and directly control power flow. Power flow control is also different from other types of flow
problems since electricity must also be produced when needed and there is currently limited
storage on the system. In other systems for distributing goods, products can be stored in a
warehouse until they need to be sent to the end-user. If the desired supply is unavailable, the
end-user can wait, and it will arrive later. In power systems, customers are in control of how
much power they use and always expect that amount of power to be available.

The power flow control problem is further complicated by the highly interconnected structure
of transmission networks typical in North America. To ensure the reliability of the power
system, there are many smaller sub-systems working together to provide multiple paths,
guaranteeing that customers continue to receive power if any one thing fails. If some step does
fail, there are controls in place to isolate faulted areas quickly, limiting service interruption to
customers. However, a utility cannot effectively control how much power flows through its
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network due to the interconnections with other systems. When a transfer between two areas
occurs, it impacts the flows on other lines in the system, potentially even on lines which are far
away. These unintended flows due to interconnections can restrict transmission capability since
the available transfer capability (ATC) of an interface is limited by the first facility to reach its
limits. Even a single overload can prevent many transfers from being able to take place [2].

Power Flow Controllers (PFCs) are a set of technologies that reroute power away from
overloaded lines and onto underutilized corridors within the existing transmission network.
Several power flow control solutions exist, such as series reactors, phase shifting transformers,
Static Series Synchronous Compensators (SSSC), and Unified Power Flow Controllers (UPFC).
Some power flow control devices work by adjusting impedance of the lines, thereby enabling
utilities to effectively push power away from an overloaded line or pull power onto an
underutilized line.

Transmission topology optimization is a software technology that identifies reconfigurations in
the grid to route power flow around congested or overloaded transmission elements, taking
advantage of the meshed nature of the bulk-power grid. The reconfigurations are implemented
by switching high voltage circuit breakers. By more evenly distributing flow over the network,
topology optimization increases the transfer capacity of the grid.

Topology optimization can be used when responding to contingencies to help eliminate
overloads and violations, minimizing outages, and increasing reliability. The software can
quickly identify optimal corrective actions given the altered operating state. The technology can
also be used to improve outage scheduling and coordination. This enables optimized system
states for these contingency situations to avoid reliability violations and minimize congestion.

1'3'D!  EF%A"-%8+?5(8*8)*/+%;tGHA4/+

For a variety of reasons, the deployment of GETs in the U.S. has been slow. Some are outlined
below. The recommendations presented in Section 3 will help to overcome these challenges.

- X+, CON. T

The technological capabilities of GETs have been proven in various pilot studies; the case study
presented in Section 2 outlines millions of dollars in potential savings. Utilities and system
operators are conservative entities that require new technology systems and components to be
tested, evaluated, and proven to ensure reliable operation of the system. Continued
investments in transparent programs can simulate realistic end-use cases and environments
and allow for third-party evaluations of those programs.

The successful implementation of GETs requires the ability to communicate between the field-
deployed equipment, such as sensors and control devices, and the control rooms or other
decision systems in a timely manner. This combination of field equipment and software
increases complexity of the installed systems by requiring communications to coordinate
functions, among other issues. Many different technologies can be used as communication
channels, including radio, cellular networks, satellite, fiber optics, and physical media. However,
the choice of technology will depend on the monitoring approach, as well as the requirements
of the application, especially with respect to data-transfer capacity and latency levels. For
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example, simple weather stations only need to transmit a few environmental parameters to the
control center on a regular basis. For these small data packet applications, many existing
technologies can be used, and the choice becomes dependent on cost, terrain, and network
availability. As the number of capabilities and measured parameters increase for sensing and
monitoring technologies, the communications requirement to manage the availability, latency,
and integrity of larger data sets also increases.

Cybersecurity is an important aspect of implementing any grid-enhancing system. In the recent
past, there have been many credible reports that point to cyber-intrusion in our energy sector
from adversaries abroad. The fact that adversaries have infiltrated U.S. energy systems and can
easily cause disruptions to the electric supply highlights the importance of strong cybersecurity.
A recent example occurred on May 7, 2021, where Colonial Pipeline, a Houston, Texas-based
company that carries gasoline and jet fuel mainly to the Southeastern U.S., suffered a
ransomware cyberattack that impacted computerized equipment managing the pipeline [23].
Actions like these can result in unintended equipment outages on the bulk-power system and
loss of reliable energy supplies to customers. Field sensing devices, communication links, third-
party hosting services, controllers, power electronics, and other elements of a new system are
all potential threat vectors available to malicious actors.

6*$417":,COM. "+.1,

Many segments of the utility industry lack the incentive to promote and integrate new,
unproven technologies in the system. This incentive problem ranges from executive-level
decision-making down to engineering objective functions. With respect to the executive-level,
transmission owners and utilities receive a rate of return on their capital investments for
infrastructure projects. GETs often represent lower capital cost alternatives to traditional
investments such as new transmission lines, meaning a lower overall return for investors. With
respect to engineering objectives, system planners are required to meet transmission reliability
planning standards, and the performance of new technologies under worst case scenarios may
be unknown. Certain GETs, such as DLRs, principally improve economic efficiency rather than
providing a planning basis for worst case scenarios.

Adopting advanced transmission technologies into utility operations will require the integration
of technological systems, as well as human processes. Some of these technologies require new
equipment in the control room, increased human intervention, and additional training. Trust in
the performance of the new technologies is also critical for operator comfort. Utilities and
system operators need to be familiar with the operation of these new technologies to eliminate
unintended consequences.

&)/ CON. "+.1,

The case study presented herein outlines a framework for the evaluation of GETs, but the
temporal nature of GETs value requires a full, chronological, 8760 hour per year framework, in
addition to traditional steady-state assessments that evaluate individual system snapshots in
time. This shift toward temporal grid planning will need to be carried through each step of the
generation, transmission, and distribution planning processes. A variety of economic and power
systems planning tools and considerations are used in the procurement and implementation of
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modern grid equipment. Updating each of those tools to a temporal framework that
appropriately captures the economic and physical system value of GETs could present a barrier
to implementation.

121 A(%/%, . '<@M82%-=8/"()'$*&'BE&C(3S'

This report highlights methods that improve the utilization of the existing electricity delivery
system by enabling DLR, dynamically controlling the flow of electricity, and optimizing
electricity delivery system topology. Addressing the challenges of the growing complexity of the
modern grid requires better utilization of sensors, development of power flow control devices
and analytical tools, and novel control mechanisms that would allow maximized transmission of
electricity and improvement of grid resilience. These are all features provided by GETs;
however, many obstacles must be overcome to fully adopt and integrate GETs.

Adoption obstacles for GETs include market readiness, proper evaluation, insufficient
incentives, perceived risk associated with dynamic operation, cybersecurity, and technology
validation. This report focuses on the evaluation of the impacts of GETs technology on
wholesale and retail power rates. A case study is presented on regional, wide-spread
deployment of DLR technologies to assess the potential benefits and costs to utilities and
ratepayers.

This report also addresses the need to develop strategies that incorporate existing tools and to
have a better understanding of the benefit of GETs tools. An overview of GETs including DLR,
PFCs, and other technologies is provided and published case studies that demonstrate the cost
and benefits of GETs are presented. To obtain a detailed assessment of the impact to
ratepayers, this report also implements a methodology that can be used as a part of a
comprehensive approach to quantify the cost and benefits of GETs using production modeling
data and software.

Finally, this report outlines a methodology for quantifying the benefits of GETs by employing a
techno-economic power grid planning study. The study was conducted to evaluate grid
operations and renewable deployment with and without the implementation of PFC and DLR
technologies. A key objective of this report is to develop a general evaluation framework that
may be used as a template for future analyses by grid operators, transmission owners, and
technology vendors for evaluating GETs.

2! Grid-Enhancing Technology Case Study
5'11 D&$* (. (1(9E%, .'B&/F1S/"
#1011 2(/*0" IF2418"6%F 19"-%8:

Across the industry, the increase in wind and solar generation is changing the way power flows
across the power network. Utility-scale projects are generally located in rural areas and can be
far from large metropolitan areas and load centers. The transmission network transfers power
from the source of generation to the end-use customers. As a result, the integration of wind
and solar technology often requires additional transmission buildout.
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Lack of transmission infrastructure creates challenges for further renewable integration,
including transmission congestion, price separation across the network (e.g., high prices paid by
loads and low prices received by renewable generators), and renewable curtailment.

While wind, solar, and battery technologies can be developed quickly (e.g., 1-2 years), new
transmission has a much longer lead-time requirement—typically requiring several years to
plan, permit, and construct. Regardless of the timing challenge, new transmission projects are
notoriously difficult to site.

As a result, there is a growing need to utilize the existing transmission network more efficiently,
aside from any addition of new lines. New technologies are available to increase the flexibility
of the transmission network. These include sensor and modeling technologies that allow for
DLRs of transmission lines based on ambient conditions, PFCs that adjust line impedances to
reroute power away from congested elements, and software that can identify when changes to
network topology can lead to more efficient power flows across the grid.

These emerging technologies can increase flexibility in the transmission network and provide
significant value to both ratepayers and generation owners by reducing transmission
congestion, limiting renewable curtailment, and accelerating the renewable development with
less need for new transmission.

To quantify the costs and benefits of GETs, a techno-economic power grid planning study was
conducted to evaluate grid operations and renewable deployment, with and without PFC and
DLR technologies implemented. While this section provides a case study in one region of the
State of New York with high renewable energy potential, the objective of the study was to
develop a techno-economic framework for evaluating GETs more generally. As a result, the
methodology can be used as a template for future analyses by grid operators, transmission
owners, and technology vendors. Specifically, the objectives of this case study were five-fold:

¥! Develop a screening methodology to identify candidate regions and transmission lines
best suited for GETs deployment

¥! Identify candidate technologies and better understand their capability, technical
specifications, and necessary inputs for grid modeling

¥! Establish a methodology to site GETs technologies for maximum value

¥! Create a process to model GETs utilization and changes to grid operations and to isolate
and quantify the impacts of GETs on reduced transmission congestion, decreased
curtailment, environmental benefits, and generation cost savings

¥! Develop a methodology for calculating system benefits and ratepayer savings.

While there is ample opportunity for GETs to support existing grid infrastructure and alleviate
existing transmission constraints, this study focused on a future scenario with increased
renewable adoption. The reason for this was to evaluate GETs as an enabler of new renewable
deployment and as a tool to accelerate new generation interconnection and defer traditional
transmission upgrades. GETs can also be viewed as an intermediate step while renewable
generation is deployed, but before larger system upgrades can be put into place.
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To accomplish the goals of the study, a future scenario was evaluated that assumed the entire
wind and solar Interconnection Queue for a New York Independent System Operator (NYISO)
was deployed. While full deployment of specific projects in the interconnection queue is highly
unlikely, this information was used as a proxy for the type and location of new resources being
proposed and necessary to meet the state’s clean energy goals. As Section 2.1.4 illustrates, this
represents a near doubling of New York’s current wind and solar capacity. This would increase
the share of wind and solar generation from 30-40% of annual system load toward New York’s
goal of 70% renewable energy by 2030.

This case study developed a methodology that provides a template to evaluate GETs more
broadly, both in other regions and in support of other use cases. This case study is organized as
follows:

¥IRegional screening methodology for GETs ¥!0verview of case study transmission
evaluation topology

¥!0verview of modeling methodologies ¥!Modeling results, including a base case

¥!IScenario development without GETs deployment, with PFC, and

¥IGrid model inputs and assumptions DLRs

¥ISummary, conclusions, and next steps.
HUH %) %8 (H0*1+9" %8 %6 GHA/HK (41 (%8

The modeling for this case study focused on a relatively small region of the State of New York to
allow for a deep and detailed analysis of the local transmission network. This region was
identified via a robust screening analysis across the U.S. The objective of this screening
methodology was to develop a set of key indicators that could help prioritize regions and areas
of the grid where GETs deployment would be most valuable. This was considered both from a
cost perspective by relieving transmission congestion and from an environmental perspective
by prioritizing regions with increased renewable development activity.

Generally, GETs are most valuable in areas where the existing grid infrastructure is insufficient
and is projected to continue to be so in the future. As a result, a set of six key indicators were
identified that could be >"07),)0),5#(.Smeasured across the U.S. to prioritize regions of GETs
deployment. These indicators are:

¥! Relative share of existing renewable ¥! Locational Marginal Price (LMP)
energy differentials
¥! Existing renewable curtailment ¥! Proposed transmission
¥!' Transmission congestion ¥l Proposed renewables in interconnection
queues.

A brief description of these metrics is provided in Table 2.
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Base Case! Forward Flow (GWh) 896 37 927 7 140 1 228 6 166 38 190
Reverse Flow (GWh) 10 604 8 1029 14 348 0 126 1 112 1
(Tg\t,?,L';'°W 906 640 936 1036 154 349 229 133 166 149 201 4899
Utilization (%) 21 15 21 28 14 32 21 18 15 22 19 21
Interconnection  Forward Flow (GWh) 1870 276 1904 175 430 0 94 94 79 97 549
Queue! Reverse Flow (GWh) 1 648 1 885 1 674 144 76 65 175 0
(Tg\t,?,'hf'm"’ 1871 924 1904 1060 431 674 239 170 144 272 549 8237
Utilization (%) 43 21 44 28 40 62 22 24 13 40 51 35
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Figure 14. Annual line loading for selected lines in study region, without GETs deployment.
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Figure 15. Line flow duration curves for selected line segments, without GETs deployment.
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Figure 16. Hours of line congestion due to N-1 contingency constraints, without GET.
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Table 9. Summary data for the total renewable energy in the Hornell and South Perry Transmission Zone: Base Case versus
Interconnection Queue.
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Table 10. Monthly renewable generation and curtailment for renewables within the Hornell to South Perry Transmission Zone
for the Interconnection Queue case.
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Figure 17. Transmission map with dynamic line ratings deployed.
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Table 11. Annual dynamic line rating statistics by line segment.
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Figure 18. Hourly duration curve of line ratings for Canandaigua to Avoca 230 kV.
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Figure 19. Change to dynamic line rating relative to static line rating for Canandaigua to Avoca 230-kV line.
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Figure 20. Line Loading for key lines in and around the Hornell and South Perry Transmission Zone.
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Figure 21. Locations of analyzed power flow control devices.
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Figure 22. Annual line loading for selected lines in study region, with PFCs deployed.
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Spread Across Reasons for this Method Reasons against this Method
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) . + Bulk system is interconnected
+ Innovative value creation should serve
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+ Why stop at neighboring counties?
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with local population + Value outsized relative to the energy
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(8" ("%&21-$'34" (88183751538 -4(315-"5$="-$5$4(345'= ; 5$'645-$AFI$4C "3 (58CI88245'846* 458" (3"
1$: $49S1HQIEN'S ; $8$'706821-$8] =0T (1525 * 83'%$)451'3; $'45$")$ (8'3; (3" (8'%$$5"

$: (5" (3$175'3;18'83" 1)"(51'%(586(35-"3; $85'458F) $ (8'72- " 438" (<6488'3; $HT$NCS'4T'3 1 $(88$38"
=3;4"3'(<<4" 55-"T48"43; $8'C (8>$3'(51'-811'< ; (5-$8"18'94USC (3<i FALS'NCIN3; $'C (457
=0'OBRTALC 1ITTSES53) 15"+ +B+" (8" i $="kA>"<453)5 " $8'342535-4(3$' CAE$ 8$5$= (S $5$4- 23"
185 (<< 4(3$'34"<H(1C"3; $US5$T8'3; (3'=$4$"CA1$6$1"15"3; 18'<(8$'83" 1) '=04$C (15" (8'3; "
C(8>$3'8;7738'4:$8'3; $"18< (180 J4=$ $t'3 ; S THS0NE3) " (51'813" (3145 (5" (= (6$5$88"(T1441$1'%)"
UVHE'=2'52>$6) 8$C (15" 857" §'34468'748' 821" 49$6 (34481"

H:84" -3 4733 18'85<045K (5" (55 " (RYSL1'<483 4TS (< ; "846" 458" KV S LI #48'$ (< ;"UVHE'83 (35~
CKAF)$(E'83(0- ; 3'1$98S<U(A5 AT I510(6'<483 (51" j *L+H+++'45-4)5-"e pTF'<483'= (8" (88" C$1'5"
(5" (B$CI3'34'< (93" §$'45-415-"11<$5815-" (51" 9>$$9'<4838]"#48"% (123145 (5'* 9-& (LS8N ('B+F) $ (&
838(1- 13'1$98$<U(345"4T75030('<483'= (8' (88" C$11'08'78"128< " 88$1"25'Q0$<3I45'B . '9461<)" - "11 (5<$"
18'5$$1$1'45'3; $'(<<4 " 535-"%$(3CS5I4TUVHEY' J4=$: $a'3; $'8$5 (30 $6)'8 ; 44358" 1 $9E$<2(3045"
JCHN5$8" (884<2(3$1'=23;"(1: (5<$1"CH3$45-"1576(83%" <3"$Ma(3; $8'3; (5" (L1245 (E'CS<; (5 ('
CHISH5-1'84:21$1"(5'$0(C '™ 945'= ;1< ; "UVHS' (513 (L1245 (6" 9-&(1$' (88 CO3I458'<4*§1'%$"
%" 233"

/%012, (3$(40(-)5"43Ce*-0"7)1", (-$"_."



PUHS0e = " (8)*), (- ) VHS%0E " (&) *+**

@+ 12440% OA*T8)B)C8)) = #*HR)ESBI(-7)

H;$'9641"<3145'<483'8(:25-8"(884<2(3%$1"=13;"$(<; "47'3; $'8<$5(8248'< (5"%$'<4C9(4$1"=13;"(5"
(55" (62Y$1'<483'47'3; $'846" 3245("08"8 ; 4=5"15"H(%b$"**"%$64=A"5"84 C$'< (8$8K'3 ; $'(55 " (61Y$1"<483"
47'3;$'846"3245"8'04=$4'3; (5'3; $'9641 " <3145'<483'8(:15-8'81C "6(3$1"15"45$") $ (&i'15"< (8$8'=; $&$"
3;$'5" CU$t8" (8$'5%- (3: $N8$%E$8$53$1"%) "9 (6853 ; $32< (68" (51"-6$) $1"%40$8I'3 ; $'8(:25-8'764C"
3;$'C48$'$<454CI<"-$5$8(3145"1289 (3< ;" (645$'14$8'543'9() 7443 ; $'<483'47'3; $'846" 45('H ; $"

5" C%$E8"7512<(3$"3; $' (55" (6'8(:25-8"I<483N'5$3'47'3; $"(55 " (§'<483"744'3 ; $'845 " NA51'R$- (£16$88"47"
3;$'846" 324543 ; $8%'T2- "4$8'8; 4 "61"543'%$'$ - (67 (3$1"25"2846(3145("

A20.8'((*"?, ,$2.'625" , #6'Y4/631'<€'683'/-"h238<2=8%6"/ , .="4/ ,6"18%" , #'<h/1$43"/ ,'4/63'625" , #6" ,&3'/-'6/.$3'/ , "4/ 63

Annual Cost of Solution ($M)

Production Cost Savings ($M) | S1.70 || $2.85 | $1.21 || $459 | S0.11 || $3.21 | $248 | $4.01

NY Electric Customer $0.09  $0.15  $0.04 %020 §(0.03) $0.17 S(0.45) $0.13

Production

Utility Customer = $0.95 ~ $157 5040 $217 $(032) $1.80 $(484) $1.39 Costs

Personin 7 County Region | §1.90 = $3.12 | $0.80 | $433 75(0.64) @ $3.58 $(9.63) $2.76

INL: 21-50332_CostSavingsTechStrat_r2 "

05" (1113145'34'984 1 " <345'<483'8 (- 15-81'$ (<5 "4T'3; $'8<$5 (848" (10" 83$1'3; $'(C4"53'(51'UCS$'4T"
1CO483$1"-$554(3145"1534'3 ; $'03(3$'47" 1 $="KA&>T'QICH(8'34"3 ; $'964 1 " <345'<483'8 (- 15-81'5$3"
1CO443'8(:15-8'; 4" 61"$'<45821$8$1"15'3; $'$: (6" (45"4T'UVHE' (51"36( 11345 (5" 9-8(1$87"
H(H$B'8 ; 4=8'3; $'(55" (§'8(-15-8'<483'9$4'8$3'47'8 (339 () $48'e i "K'<45811 $45-"5$31C 9443'<483"
8(:15-81"

jQ6308312331 0SROBR09?68%AR2: 32529050000 : 34501\56 80831 A0SR2\A083 N : 6737P§A2C05288<211\e$3 10§ ™ 4CO>900MTDS: 2708
Y 6<1C$>450802 : 1SR097688853 1 08-iD6<83\8/0>46852L A6 ?3E “SROBN029 $Q63053 123402 - 136453 1 05C61129344><902$48831 0208
322107$: 2R3<90C$185R29083 10?70?50 > (NE% %-+Pgi90RI0?08348 :902?70CS: 67375368 <236 A09?_§

/%012, (3$(40(-)5"43Ce*-0"7)1", (-$"_L"



PUHS0e = " (8)*), (- ) VHS%0E " (&) *+**

A20.8')F?, ,$2.'625",#6'Y4/637'<€%'6&3' /- "%238<2=8%6"'RP+Q'4/ , 6" 18" , #' , 83" 7 </%3'4/63'625" ,#6" ,&3'/-'6/.$3"/ ,'4/63"

Annual Cost of Solution ($M)

Net Imports Savings (M)  [$1.26 (F $2.08 | 5253 | $1.85 | $2.27 | $S2.64 | $437 | $0.98

NY Electric Customer  $0.04 $(0.04) $0.17 §(0.08) $0.19  $0.11 $(0.25) $(0.18)

Net
Utility Customer  $046  5(039) $186 S(086) $207 $116 S@74) saoy ~ 'MPorts

Person in 7 County Region $0.92 5(0.78) $3.71 S5(1.70) $4.12  $2.31 S(5.46) $(3.92)

INL: 21-50332_CostSavingsTechStrat_r2 "

H; $8%'3 (Ui$8'<6$(85)'8; 4="3; (3% 5115-"5$="3(58C188145'8; 4 "61"543%$'$: (6" (3$1'45' (5"
$<A54CI< (8815 1845(3451'H; $85'< (83883 4="3; (3'C(5)"47'3; $'36(58C188145" 9-§(1$8'<4 61"
<483'<* B34 CHI8'CALS'CA5$)"3; (5'3; $'Z14F543;15-T'< (81" 1 438'3; (3'$ (< "47'3; $' 148 (8T~ " 4$85"
353" (%4 $'3(U6S8'< (93" 8$ 1759 (8$53; $BSB IS +i+ . NS SOESB$5375<8$ (8$1'<4838'34'< " 834 C$asy'
J4=$:$'3; $'714F543;15-]'< (83'38$7" 14$8'543" (<<4 " 53744" (88$3' 1$96$<1(345" (83 $'$02835-"
8)83$C8'-84="41$4i"Ha (58C88145'95(5525-"C " 83' (684'<45811$8'3 ; $'-$5$4(3145" (5154 (1"

748$< (838K (513 ; $'645-$4F3BEC "3 (1$<348) 473 ; $'8) 83$ CF'

/%012, (3$(40(-)5"43Ce*-0"7)1", (-$"__"



PUHS0e = " (8)*), (- ) VHS%0E " (&) *+**

F$62")%4)GB*01"1)>" (" 5 $:6"T)A2HKS$H6 = " (&)

08'128<"88$1" (%4 $'3; $': (5 $'47 (- 41115-"$5$4-) "< " 43(HC $538'943$53(8) "'C " 631968 C458'47"
145(881'0: 421$1'< " 83(BC$5378'$89$<I(66) 384 * %il5-"34"$038 (946(3$" (<4488 ("C "BF) $ (&' ; 482 45"
0:$5'3; (33:$'5(3" 6473 ; $94=$4"-811"I5" T K'=1'8 ;173" (84S (F3ICSH - $5$4 (345 CI0$88$ (< ; "5$="
- $0- 3 38"4T'4$5$= (S O$5$3k (3452 " 83 (BC 534" 6$8'C ()'8 5 113" (51'$5$8-) 153 8'6$-245"C ()"
B5$$1"34"4$'< " 83 (B$1'34">$$9'8$- "6(35-"4$8$4: $8"45615$1", " IBUICIAHN'(8'3; $'94=$4"-411"
3(58131458'34" ("-4$ (354" CL0"AT4$5$= (6"~ $5$4 (34543 ; $15<4$CH53(H': (5" $'47'$5$4-) V45" ("
—$5$8<F I ;" (881" 1IC508 ; $81'= ;'3 1 $I$C 4L (H' (5 184< (345 (8': (6" $'47'< (9 (<3)"15<4$ (8%
Q3BH73"28"* 87" 6'34"$ (6" (35'3; $'8< (6$'47'3 ; $'8$5%= (UHi$'< " L3(HC$53'(: 421 $1"15'$ (< ;"47'3; $6%"
<(BSB'ESH(30: $'34"3; $'<483'4T'3; $" (8BS3IH(US™ . "8 ; 4=8'3; $"(55 " ('8 (- 15-8'N<A83I'I$8'8$3'47"

(339 ()$68"e 1 °K'<45811 $415-""2e\'4T'< " 43 (BC$53)

A20.8'(>*?, ,$2.'625",#6'Y4/637'<%'683' /- "%238<2=8%6"'RP+Q'4/ , 6" 18%" , #'+ ; RL'/-'4$432". 78,3, &3'/-'6/ .$3"/ ,"4/63

Annual Cost of Solution ($M)

LCOE Cost Savings (SM) $422 %619  $5.09 98810 §1.72  $7.81 $13.60  $9.12

LCOE of
NY Electric Customer $0.35 %049 $0.43 S056  $0.13  $0.64  S0.69  $0.65 Avoided

Renewables
Utility Customer 8374  $5.27  $470 $6.07 $1.46  $6.90 $7.48  $7.05 | Curtailment

Personin 7 County Region = $7.44 51047 $935 $12.08 $2.90 $13.72 $14.87 $14.02

INL: 21-50332_CostSavingsTechStrat_r2 "

053865 (32: $H)34"2€V'C$3; 41464-181'=$'< (5" (88$88'3; $1C 9 (<3'47'3; $'9841 " <345"3(0'<4$ 113"

N, HoN'45"=051"-$5$4(45H = 7 1<; "964 :21$8" (3(0'<ESLI'ATKrX*rP> [ ;'748'3; $T883K+")$(68'47"
$1$<300<13) "~ $5$4 (45748 " Y F8< (6$'=0511'H ; $'9841 " <3453 (0'<E$ 13 =4"51"17>$6) 'T64="34"3; $"
=)51"0841$<3"1$ - $49$68'4(3; $4'3; (5% (S8CI88245"4=5348"48'< " 8IACHIBI'=; 1< ;"* 51$48<44$8'3; '
107TI<"§3) 15" 0$5$T138" (<<4 " 55-"T48"-L1F$5 ; (5<I5-"38< ; 5454-)'OMA'3 ; $'481$4'4T'C (~503" 1$744"
I54$CS5IE, H?'9 () CH5I8H (88" CI5-"3; $*+*K" | H2'8(3'4TKILIP> I ;4 (6$'< (93" 4$ 125 H(US*L"
%064 =("

/%012, (3$(40(-)5"43C*-0"7)1", (-$'_™"



PUHS0e = " (8)*), (- ) VHS%0E " (&) *+**

Annual Cost of Solution (SM)

Production
Tax Credit
($1.5¢/kWh)

for Modeled Year (SM) for Wind

Initial Cost of Solution ($M) | $7.12 | $1424 = $7.12 | $28.48 | $1.82  $16.06 5205.50 ' $51.06

Incremental PTC Payments By 551 eg 10 6500 [ 6810 | $1.72 | 781 |$13.60  $9.12

INL: 21-50332_CostSavingsTechStrat_r3 n

A20.&"(C*'H,4%87&,32." - A; '<2=78&,36"7218'<8%'64& , 2%"/*'

H:$': (6" $'47'UVHE 84S (1) "a" (51" ; $6$175"3 ; $'<453$03'4T4$5$= (S Si<aI<2)N %" 3'8 ; 4 "61"
5A3%S'U$1'846$6)'34"3 1 (FUSSSTIQB<IA5*TH1*"4" 35$8'3 ; $'C *696$': (6" $8'4T'UVHE%$) 451"
E$5$=(U6$'-$5$8 (3145753342451 QIH (‘(3$1CI(<38" (88$88C$53'47"UVHE'=23;25'3; $' i $="K4&>"
§$-145'<4"61"a " 1<>5)"8908 (7534 ('4$5$= (S’ $i$<38<3) 4 (358"2C 9 (<3'(83$88C$53H'= ; 1< ; 5() $48"
(113145 (5'<45811 $4(3458'45"349"4T" (5" (1S (1) 1534< (35'984<$881'088$8815-"6.(3$1C O (<38'4T"
U$5$=(U6$'-$5$8(3145'=4"11"5$$1'34"15<" 13" (88$88C$538'47", HPATHA' (<<$i$4(3$1"1$98$<2(3I45H"
145" 53(8)"-4$$5"94=$4"C (£>$38'18" <; " (8'-4$$5"98<I5-" 984 -4 (CBIK'3 ; $1534582<" (6" $'47'3; $
$$<36<'8) 836 CI5'94=$405-"3 ; $'CA1$45'$<454C )N (SL'E>$6)'9 " ki< ; (63 '<45821$8 (4581084
*+K " (51'<4864%44(3$1'=03; "S$8B(4<; 75'8 " 99463473 ; 18'8$94EN'54"825-6$'83" 1)" (85$88$8'$ (< ;47"
3:$8$7C9(<38"IL " nf"

"PME 2--3, <I)IFOGIH)+0*119!. 1 (26013:+!

V(<5 AT ; $RIBSFCI- (305" (5" $8" (830< 631" (%4 1 $'8$a " 138" (L 12345 (583" 10383 (548$ 134" $ (< ;"
1510:01 " (£'8)83SCHS() $425-"7" 63 ; $4'<4C 96$013) "4534"3 ; $'64< (6" (58C 18814596 (55!5-"044<$88$8"
(<8488'3; $'<4 " 53) "= ;1<;" (63" (8$ (1) "$H(H4E(35%) "3 $8'5 (3" 4$i'H ; $65'084<$88$8'<45821 34"

C " 63196$'8<$5 (448" (51'83(>$ ; 461$8815" (5'$77443'34'$58 " 43" 1 (3'94=S384$C (158" (: (B(H6$'34'3; $'
9" UEI<5'3; $'7(<$'4T'<453)5-$5<) 813" (24581083 ; $'%" 6>FI4=$4'8) 83$C8'<45315 " (i)"
CAL$ENSL A" CS$Y<; (5-15-"-$5$4(45'4$84 "8<$'CI0$8" (51" (8)5-"84 (LLUVHE 5341 " <$' (5"
(111345 (55 $8'4T " 5<$E3(153)" (<6488': (£)25-"31CS'14C (1581'H; $'83" 1)"47'UVHE'=1"%$' 1$3(iF
48055351 (51'B34(3: $HTI5195-"3; $'O$ET$<T64< (345" (51" 85'< (8$'744" ("UVHE 1583 (5 (3145"8" ("
10770< 63" (51"C " 830F7 (<344'9849 48130458V - $5"77" ("-1: $5'115.$18'8$6$<3$ 1 744"\ "RI'< (43'C * 83'%$'-1: $5'
34"1$5307)15-"3; $'HC1315-"8$3'47'89 (58'%$748$'3; $1C9 (<3'45'3$4C 5 (6'$a " 29C $53'48"5.$)- ; %445-"
[5$8"78" (88$88$1"(51'3; (37763 $4'14=583$ (C " $HSC$538'145(3'%$<4C$'3 ; $HCRI5-"$i$C$5381'0"
>$)"3C$(=()'TAC"3; $'<(8$'83" 1)"18'3; (3T15105-"3; $'perfect'id< (345" T46"UVHE"8"* 55$<$88 (&)
$(<3"8<35(84'3; (3'=(8'83" 11$1'984:$1'984C18I5-"(51'=483; )"47' (111345 (5252 )"

/%012, (3$(40(-)5"43Ce*-0"7)1", (-$"_W"



UAGHE ™ (0)*), () VHBUA " (&) H

08" (831<"6(3$1'3; 84 " - ;47 3'3;28"14< " C$53H'3; $1C(<38'4T"UVHB'<(5'< (8< (1315 %$5$7/38" (<4488"
3:$'8)83$CA%" 3'3; 48$'943$53(5) U$5STIA(62CI(<38'C " 83'%S" (88$88$1'744" * 5153$51 $1"4$H (CL413)"
ICO(<38}"

1$<("8%'3; $751 " 838) 18'8365$ (8525-" 5 4="34"%$83" " 85"UVHBH'S - $5"08248132Y25-" (43 (8'47'83" 1) 744"
3:8"(1: (5<$1'3%<; 5484-)'<(5'%S" (83" 1) 75" 138$H76'Q$< 45 *IKi*"984 118" (5'$O(COi$i" I ; %$'3; $"
C$3; 41464-)"74" 51" ('964CI815-"8$-145"144"UVHE 748"4 " §'83 " 17464 =15-"("80CH(4'944<$88"
$i8%=; $8$'C()'1511<(3$'3; (3'UVHB'14'543'C (>$'8$58$'15'84C$'54< (314581" 4= $i'3; $'

C 633" 1$'47'943$53)(5) '<4COBH5-"4$5$7238'= (8(53' (1123245 (5'83" L)' (51" (385 (32 $"

C$3; 41464-1$81' (88" COU458H (51'984% (h1831<" (5.(5)8%$8'C () "%$'=443; ) '47'$09548 (454"

1 UHSH O#S
2" <& 1.$98'5=4+9" /*<4$4& S ([, =T34 5>5() 7 .45 (¢

H: $'gI01' $6$<381<"94=$4"-821"18" ('<4C 96$0'8) 83$C"12:21$1"1534'3 ; 6$$'C (15'8$<31458'3 ; (3'<458183'4T"
CHM$'3; (5™ IB++'94=$8'96(SBIES(8)'K_+i+++'"CLSE'4T" ;- 1 F 463(-$'3(58C 288145515384 (51"
CliA58 4T54=F - 463(-$'94=$4'15$8" (513 (58746CSE8I'H ; $8%'$i$<34< (£'8)83$C8' ; (:$'$5 (%S 1"
$03%(44115(8)"%$5$7238'34'$: $6) 1()"a” (B3)"4THI$"%"3"; (13" (884" 25<6$ (8BS 1 84<1$31$85': " 1554 (%IF13)"
15"38" (%8$5<$"%)"3 ; $'8( C$'98494830451'H ; 18'3$51"=1'<4535 " $' (8'5$="$51""8$84'8" <;" (8"
3(589443(3145"(51'89(<$"; S (315" (8" $H$<3MS 11 FA1$E5" 1S 18" 1 $9$51$53'45' ; $'$i$<38<"- 411"
34984 :11$'94=$4"<458183$53%)" (51'8 (I$5)A")$3'3; $'1578,(838 " <3" 83" " 51$4915515-"3; $'-411"= (8'543"
1$82-5$1'34'8" 994433 ; $'4(901'<; (5-$'5$$1$1'34" (<3 1$:$"(CW34 " 8'<HIC (38'-4 (68" (<8488'3; $'
<4"53)f

H(58CI88145'<45-$83245"18" (44" 31531288 $'(<4488'3; $'<4 " 538)"3; (3'4<<"48'=; $5'34(58C188145"
8)83$CICI8T44<$" " 5$<454CI<" 1289 (3<; "47'-$5$4(R451'H; $'8 " C'AT4S (F31C$'<45-$83145'<4838"
IA5$'<4CO45$53'4T'343(5'<45-$8345'<A838NT 44" *+K_"(CA5-"C (144'8)83$C"49$4(3448'= (8'j . W1"
| .1§'"245-$83045"8" ("9 (830< *6(86)"(< " 3$'< ; (B$5-$'7(<I5-"3; $'$<454CI< 493ICY (RA5'4T'('8)83$C"
=03;"('6(8-$'CI0"4T'CI5IC (5'C (4-15('<483'-$5$4 (345 S - $5$58 (314584 4<$8"=13; "Y$84"T " $F"
<483'8"<;"(8'=151"(51'845(&N' 53 <A534% " 5-"7(<344'34"3%(58CI88145'<45-$8345"78'3 7 (332 $"
3.(58CI88245'8)83$C"18" (~15-"(51'6(8-$5)"49%8 (351" =13 "L $< (L$BF461"3$< ; 5464-1381"

I <& 19985+, - .*?" .3&. .7/

[:5$'3:$)'C()'6$6)"45"(5(6) 1<BH'8$584481" (51849 ; 183< (3$1'<453446'8< ; SCHEN'T; $'3$< ; 5464-1$8"
<4581 $6$1'=23;5'3; 28'6$9443' (§$"1$C 4583 (3514 1$964) C$534$ (1)K (51'=11$5)""8$1"75"3; §'
94=$4'8)83$C"151 " 834)" (<6488'3 ; $'=4851"I0$$'099$5110"0M" J4=$: $44'3; $4$<4C C$51 (31458"

4" 5$1"5'0$<3145'B] . "=4"61"89 " &' (1493245"47'3 ; $8$'3$< ; 5464 -1$8H'D (431< "6 (46)" (8'13'6$5(3$8'34"
15<48944(35-"5$="3$< ; 5464-1$8"1534"3 ; $'$0283)5-"% " 815$88"08 (<3< $8'47' 4938 (315-"3 ; $'94=$4'- 41"
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No PFC Network Network w/ PFC

PFC simulated a s a parallel DC line,
Limitis based on min/max angles

=== 115kV Network
=== PFC (parallel DC line)

DSSC PFC Min & Max Parallel DC Line Change to Line
Ratings (kV) ‘ Angle Limits ‘ Ratings ‘ Flows

kv Angle = —Ymax_ Rating = 2ngle *2m » MV4 1x5KV PFC devi
= 1 =
DSSC g Viominat g X *360° can change flow on
where V = Line & PFC Voltage where X = AC line reactance 115KV line +/-20 MW
120 p 1.04 =2 =100 (16%)
21l = ————————
+/-5kv 1.04= — 0873 *360° !

PH$HE) )Y /18", #'2<<1/249'2,1'42.4$.23" ,#'492 , #86™,"." ,&"h23" , #6'1$&'3/* = 1 ; 6+

*
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