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Dear Ms. Walli,

EB-2018-0130 - Hydro One Networks Inc.’s 2019 Transmission Revenue Requirement
Application — Response to Procedural Order No. 1 Regarding Line Losses

In Procedural Order No. 1 dated January 11, 2019 in proceeding EB-2018-0130, the Ontario
Energy Board (“OEB”) directed Hydro One Networks Inc. (“Hydro One”) to provide an update
on the status of its work regarding transmission line loss reduction, as previously ordered by the
OEB in the EB-2016-0160 proceeding. A brief update is provided below. Hydro One looks
forward to discussing this issue in further detail at its next rebasing application.

Hydro One worked collaboratively with the IESO on the transmission regional planning to
explore cost effective opportunities for line loss reduction. While the recommended projects
from the regional planning process are primarily aimed at addressing specific reliability and
system capacity needs, the recommended solutions (for example: converting the area supply to a
higher voltage; or reconfiguring the system to provide dual supply to the area) also reduce line
losses. This is reflected in the investment planning process that forms the basis of Hydro One’s
next rebasing application.

To explore effective opportunities for transmission line loss reduction, Hydro One requested the
Electrical Power Research Institute (“EPRI”) to review transmission line loss mitigation
practices of other utilities and to assess Hydro One practices with work done in other
jurisdictions. The EPRI report is enclosed herein. Overall, EPRI noted that Hydro One design
practices are materially consistent with industry best practices for loss mitigation. This report
will also be filed as part of Hydro One’s next rebasing application.



Moving forward, Hydro One will continue to consider cost effective opportunities for the
reduction of line losses in the planning and selection of its transmission equipment for projects,
and will continue to work collaboratively with the IESO to identify and investigate cost effective
opportunities to reduce line losses as part of the regional planning process.
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ABSTRACT

Hydro One requested EPRI’s assistance in preparing a best-practices review of the electric
transmission industry concerning how transmission line and transformer losses are being
addressed across the industry, and also a review of Hydro One’s own efforts at mitigation of
transmission losses.

To meet the request, this report presents an overview of what causes losses within the
transmission grid, how different mitigation techniques are applied to reduce losses, how the
industry is addressing loss mitigation in its planning and capital improvement programs, and
obstacles preventing direct loss mitigation efforts. The report also describes Hydro One’s
accomplishments in mitigation losses on its system and discusses the results of a sensitivity study
of 11 Hydro One transmission assets, addressing the magnitude of losses incurred over a year
and the impact potential mitigation efforts would have on the level of losses.

The investigation of industry best practices and Hydro One’s efforts at mitigating transmission
losses showed these key points:

1. Transmission losses and their mitigation are not a focal point of transmission service
providers, their independent system operators, or their regulatory bodies. At best, a few
entities include the impact on losses that various design options may have in the selection
of their project solutions.

2. Transmission Projects are initiated based on system need to ensure adequacy and
reliability of supply. No utility is pursuing loss mitigation projects solely based on the
potential mitigated loss savings over the life cycle of the asset.

3. The industry’s best practices address transmission losses during the design and purchase
of assets, such as: reducing losses with proper conductor selection and transformer
design.

4. Hydro One design practices are materially consistent with industry best practices for loss
mitigation.

Keywords
Energy Efficiency
Losses
Transmission Line
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EXECUTIVE SUMMARY

Electric utilities are facing continuing growth in demand for reliable, high-quality, low-cost
electricity to meet everyday demands and expanding applications of electricity. To meet these
demands, utilities are employing a mixture of increased system efficiencies, conservation efforts,
controlled capital expenditure, and a diverse injection of distributed generation, mostly renewable.

Following the Ontario Energy Board’s decision in Hydro One transmission rate application, Hydro
One (with support from the IESO) requested EPRI to carry out a comprehensive assessment of
current best practices in the industry relative to the mitigation of losses in transmission line and
station equipment.

The study investigated the current best practices relative to how transmitters, independent system
operators, and regulatory bodies are addressing the loss mitigation concern. The research explored
how transmission losses occur, the chief sources of losses, the methods employed by utilities to
mitigate losses through reducing equipment resistance and upgrading voltage levels, and the
incorporation of loss mitigation from a system planning perspective. While driving for a goal of
more efficient delivery of electricity, the electric utility industry does not pursue rebuilding and
upgrading existing facilities solely for loss mitigation. The lifetime benefits of the mitigated losses
do not offset the financial cost of performing the necessary transmission line modifications. In
addition, the majority of transmission assets operate at levels 30-40% of their capacity, only
operating near capacity a few hours a year if at all. The low load factor means transmission lines
generally do not create significant losses and loss mitigation has an even smaller impact.

The study was also intended to better understand Hydro One’s own transmission loss mitigation
efforts in the context of these industry best practices. The project reviewed Hydro One’s
accomplishments in loss mitigation to date. A sensitivity analyses was also performed using
characteristic data from nine transmission lines and two transformers in the Hydro One system. To
assess the potential loss mitigation levels, an assessment was conducted on the level of losses that
occurred in 2016 based on available element loading patterns and equipment characteristics for the
subject transmission assets and a set of more efficient transmission conductors and transformers
that are available.

The investigation in best practices and review of Hydro One’s current practices showed these key
points:

e Transmission losses and their mitigation are not a focal point of transmitters, independent
system operators, or their regulatory bodies. At best, a few entities include the impact on
losses that various design options may have in the selection of their project solutions.

e Transmission Projects are initiated based on system need to ensure adequacy and reliability
of supply or provide supply to customers. No utility is pursuing loss mitigation projects
solely based on the potential mitigated loss savings over the life cycle of the asset.

e The industry’s best practices address transmission losses during the design and purchase
of assets, such as: reducing losses with proper conductor selection and transformer design.

e Hydro One design practices are materially consistent with industry best practices for loss
mitigation.
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1

INTRODUCTION

Objective

Electric utilities are facing continuing growth in demand for reliable, high-quality, low-cost
electricity to meet everyday demands and expanding applications of electricity. To meet these
demands, utilities are employing a mixture of increased system efficiencies, conservation efforts,
controlled capital expenditure, and a diverse injection of distributed generation, mostly
renewable.

Following the Ontario Energy Board’s decision in the Hydro One transmission rate application,
Hydro One (with support from the IESO) requested EPRI to carry out a comprehensive
assessment of current best practices in the industry relative to the mitigation of losses in
transmission line and station equipment. The study investigated the current best practices relative
to how transmitters, independent system operators, and regulatory bodies are addressing the loss
mitigation concern.

The study also assessed how Hydro One is applying the identified best practices in loss
management and provided examples of loss mitigation efforts.

Background

Efficiencies are required to address the differences between demand-driven project requirements
and the available capital investment in infrastructure that utilities can commit. Efficiency is also
critical due to changes in load and the unpredictability of the availability of renewable
generation. To address these challenges, utilities are pushing their aging infrastructure to provide
a longer service life, and to carry increased loading to meet the demand.

An important aspect of this interaction is the fact that the electric utility infrastructure is aging.
Although the book life from an economic standpoint of a utility asset is typically 40 years, its
service life in most cases can be exceeded with appropriate maintenance. Utility assets typically
are removed or replaced only for failure, end of life, or inadequate capacity. For example, a
conductor may be in-service for many decades; and is removed only when increased capacity
requirements lead to a reconductoring of the line, or as a result of weathering, the conductor
deteriorates and needs to be replaced. Hydro One has been proactive in asset management of
existing facilities, identifying infrastructure and equipment that has reached or is reaching its end
of life, and is taking steps to repair, or maintain as appropriate, equipment to extend its life.

With time, system topology grows and changes with various load, transmission capacity and
generation injection changes. Existing facilities are very seldom removed completely. Rather, the
assets are modified or upgraded as needed. One aspect that remains constant with each specific
asset is its characteristics relative to current-carrying capability and its associated resistance.
Transmission losses are intrinsically related to the resistive properties of the equipment, which
cannot be altered. Therefore these parameters may mean the equipment or asset is not as efficient
as newer designs and applications of technologies that have been applied in newer-technology
equipment.
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This report will address the characteristics of losses in current technology applied on
transmission systems and what newer-technology has to offer in loss mitigation. The report also
addresses what the best practices are being applied across the electric utility industry related to

loss mitigation and how Hydro One is applying loss mitigation efforts in managing their
transmission system.
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LOSSES WITHIN THE TRANSMISSION SYSTEM

The section provides a brief overview of how transmission losses occur in an electric utility
system and the impact of these losses on electricity delivery.

Sources of Losses

Losses on the transmission system can be attributed to the system configuration/topology as well
as the equipment characteristics.

System Configuration/Topology

The size, configuration and topology of the transmission system have a large impact on the
amount of losses that can be incurred. As the following section on Equipment Characteristics
will disclose, each type of equipment has loss characteristics. Some are fixed per piece of
equipment, e.g., the losses associated with a transformer; while other characteristics are
attributed to size, e.g., length of a transmission line and kilometers of conductor in operation or
voltage class of equipment which influences losses.

Hydro One’s transmission system is very large, with substantial distances between generation
sources and load demand centers. The transmission system is also an aging asset with lines and
equipment that are older technologies that are less efficient than newer technology equipment.
Older transmission lines that traverse many kilometers typically used smaller conductors which
were adequate based on loading at that time. These lines contribute a large portion of the losses
incurred as loading levels have increased. As the transmission system changes to meet reliability
and load demand, the topology changes with newer assets added as greenfield installations or as
upgrades and replacements of existing assets to meet capacity requirements.

Evolving Industry

The electricity industry is experiencing a new paradigm relative to providing a network to
provide cost-efficient and reliable energy to its consumers. At one time, utilities operated in a
monopolistic environment and did their planning and design, construction, and operation to meet
their specific customer needs. With deregulation, open access allows any company with the
wherewithal to build generation. Initially, these new generation forays were by utility or ex-
utility interests using typically identifiable sites at the juncture of fuel and water sources and
high-voltage transmission lines. That was the first wave, and the transmission grid had to expand
to provide adequate transmission capacity to move power from these new nodes to an unconfined
array of load nodes.

The next wave of generation encompassed larger-scale renewables. Initially, these facilities, too,
were at logical large-scale sites, often remote due to size, which required transmission expansion.
Now the size and site-ability of renewable generation mean that it can be placed anywhere. This
flexibility creates new constraints and contingency scenarios on both the distribution and
transmission grids in their areas.

2-1
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Transmitters have been required to maintain open access to any requester, and to expand,
upgrade, or rebuild many of its assets to meet the new and/or modified load and generation. The
most difficult aspect of this expanding market is that it is less than predictable when it comes to
reliability. Renewable generators are predominantly fueled by wind and solar and therefore
depend on favorable environmental conditions to generate power. However, the transmission
system is required to provide capacity whether these renewables are on line or not on line. Thus
the transmission system must be designed for both of these two operating scenarios which often
require a diametrically different transmission system. Power will flow in one pattern with
congestion constraints when renewables are on and a different pattern when they are not.

Daily market drivers (load demand, generation bid pricing, equipment outages, system
congestion) make the electric industry a dynamic environment where assets from generation
through transmission, and substation are required to perform differently on an hourly basis. For
example, the load, which may have been supported by a few large scale generation sources in the
past, may now be supported by multiple small scale generation sources throughout the network
or a combination of both the large and small-scale generation. The transmission system will need
to support each of these delivery path scenarios reliably. The transmission system has become a
dynamic topology, physically and operationally.

Equipment Characteristics

Transmission equipment experiences losses while transmitting power. This is a normal and
accepted phenomenon in the electrical industry. The amount of losses is governed predominantly
by two parameters, which have passive and dynamic aspects.

Passively, the losses are determined, first, by the resistance of the current-carrying component—
e.g. the higher the resistance of a conductor, and the longer the length of the conductor, the
greater the thermal losses, and, second, by the associated equipment construction—e.g., the core
construction of a transformer. These parameters are fixed once the asset is manufactured and
installed.

Dynamically, the losses are proportional to the amount of power flowing through the asset,
squared. With an ever-expanding demand for capacity, the current level generally increases and
the losses increase.

Transmission Lines

Conductors, whether elevated in open air or buried in underground facilities, have a known
resistance, which creates heat when the current flows through them. The only alternatives to
reduce losses are to use a different conductor with lower resistance or to reduce the current
flowing through the equipment.

Any elements within the transmission path that carry current are sources of losses due to joule
heating.

Joule heating losses are proportional to the square of the current load. The joule heating causes
two operating issues—namely, conductor elongation and increased resistance. The conductor
elongation is a driving influence on transmission line design dictating span lengths and structure
heights. The elevated resistance accentuates the joule heating with power flow, increasing
losses.



On a much smaller scale, losses are attributed to corona discharge around hardware and to
conductor and field effects induced on parallel metallic objects, such as pipelines, other electric
circuits, railroads, etc. Fortunately, current design practices have reduced these contributions to
minimal levels.

Corona consumes energy, creating a line loss, as it ionizes air around energized parts of insulator
assemblies and along the conductor. Corona only occurs at high voltage levels, increasing in
severity as voltage rises above 230 kV. The voltage causes a gradient around all energized parts.
Generally, the shape of the components is smooth enough that the voltage gradient is fairly
smooth and low. However, if the surface is rough and has some protuberances, the voltage
gradient is distorted, causing high gradient transitions. If the gradients are large enough, the
energy causes ionization of the air and corona. The phenomenon requires a high base voltage
(i.e., EHV level) and a protuberance (e.g., water droplet ready to drop from the surface, a metal
nick sticking out, or bird droppings).

Station Equipment

Equipment, such as transformers, breakers, and switches, have internal current carrying
components that are like conductors fixed in their resistive characteristics. Transformers have an
additional component of losses associated with the core construction of the transformer and
induced currents through them. Newer designs and core materials have provided increased
efficiencies that reduce the transformer losses, but their application requires replacement of the
existing assets.

Station equipment, breakers, switches, bus conductors and metering equipment all create a small
contribution to system losses. Mitigation of losses in stations is limited since the majority of the
equipment is sized for withstanding fault levels of current which dictate the design and sizing of
components.

Overall, transformers drive station losses and are the focal area for loss mitigation.

Transformer losses have both voltage-related and power-flow-related losses. Voltage-related
losses are associated with transformer construction and core materials. Eddy currents develop
within the core that contributes to the losses. They are induced by the voltage level and occur
anytime the transformer is energized.

Power flowing through the transformer coils experiences losses from the joule heating due to
conductor resistance. The level of these losses is proportional to the square of the current flowing
through the transformer.

Losses are also incurred from the auxiliary devices on transformers that assist in cooling the unit.
Pumps for passing the mineral oil through radiators and fans blowing air across the radiators are
used on some units to cool the units. These losses become proportional to the transformer load;
the more load transferred through the transformer, the hotter the unit becomes.

Impact of Losses

Losses represent energy, or units of electricity that must be created in the process of generating
electricity to replace energy lost. Replacing lost energy has several impacts on the electric
system.
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Each unit of energy lost must be generated, requiring additional fuel sources. Additional
generation capacity may be needed if the cumulative losses cause demand greater than the
installed capacity. Additional generation may also cause additional pollutants and environmental
impacts depending on type of generation source.

Similarly for transmission lines, additional capacity may be required on certain lines to meet
demand at load points. Meeting this demand may require new lines, upgrades, or some other
measures to ensure a reliable transmission system.

EPRI performed a study for the New York State Energy Research and Development Authority to
assess the level of electric losses across the electric production, delivery and use spectrum.
Cumulatively, transmission losses average 1.5 to 5.8%.!

An important factor in reviewing the impact of losses on transmission lines is the actual loading
that most lines experience under normal operation compared to the actual load-carrying
capability of the line. If losses are estimated on capacity, they give a false representation of the
actual system losses. This point will be expanded upon in the discussion in the Sensitivity Study
in Section 5.

! Assessment of Transmission and Distribution Losses in New York, EPRI, Palo Alto, CA: 2012. PID071178
(NYSERDA 15464).
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LOSS MITIGATION METHODS

This section reviews constraints to loss mitigation, several general principles related to loss
mitigation, the results of utility surveys on loss mitigation efforts, and methods of mitigating
losses through reducing equipment resistance, upgrading of voltage level, and power flow
control.

Loss Mitigation

Loss mitigation reduces overall demand on the transmission system by requiring less power from
generation. However, due to the geographic nature of the power system, a reduction in losses
doesn’t necessarily lead to fewer transmission and/or distribution facilities. These facilities are
still required to serve customers across the utility’s service territory.

One of the major constraints to pursuing loss mitigation is the need to justify the benefits of the
loss reduction versus the capital expenditure to execute the mitigation. Unfortunately, in most
cases, the benefits do not offset the cost of mitigating losses, even when considering the life
cycle economics. Initiating and funding projects for the sole purpose of mitigating transmission
losses are not typical throughout the industry. Rather the economic benefits realized from
different aspects of a project that mitigate losses are part of the life cycle cost analysis of a
project that may sway approval of a project or make one project a better choice over another
solution. In reality, today loss reduction is driven by available opportunities, not direct need.

Key Principles Related to Loss Mitigation

Through EPRI’s research, a framework around improving transmission efficiencies (including
transmission losses) and a methodology for measuring the potential benefits has been developed.
The key principles related to transmission efficiency that have been identified are:

¢ Efficiency is more than simply reducing losses: A more economically efficient
transmission system that fully utilizes existing assets and incorporates renewable energy
sources and storage technologies may actually have higher losses.

¢ Efficiency initiatives should not reduce reliability: Transmitters (e.g., Hydro One) and
system operators (e.g., IESO) must focus their efforts first on reliability to meet customer and
regulatory expectations. In a simple example, removing a transformer that is not carrying
much load may reduce some of the core losses but introduce risks to reliability if another
transformer is lost.

¢ Efficient transmission will require new and upgraded systems: The expansion of the grid
to meet the challenge of adding renewables and storage capabilities to meet load growth and
to replace retiring infrastructure will offer significant opportunities to improve the efficiency
of the transmission system. However, the application of better equipment and new
technologies and the replacement of less efficient retiring equipment are part of a long-term
process that will take many years.

o Efficiency must be considered in business cases: Transmission system expansion and
refurbishment must incorporate efficiency considerations in the development of projects.
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e A regulatory framework with incentives is needed to encourage transmission loss
reduction: For loss reduction to be a prioritized criterion requires regulatory change to
incentivize it. Currently the life cycle benefits of loss mitigation are not large enough to make
direct loss mitigation projects justifiable.

These findings have been documented in several reports including:

Transmission Efficiency Technology Assessment: Phase 1. EPRI, Palo Alto, CA: 2008
1010692.

Transmission Efficiency Initiative: Key Findings, Plan for Demonstration Projects, and
Next Steps to Increase Transmission Efficiency. EPRI, Palo Alto, CA: 2009. 1017894.

Transmission System Efficiency Technology and Methodology Assessment, EPRI, Palo
Alto, CA: 2010. 1020143.

Transmission System Efficiency and Utilization Improvement: Summary of R&D Activity
and Demonstration Projects. EPRI, Palo Alto, CA: 2012. 1024345.

Utility Practices on Loss Mitigation

This section lists some of the results of the studies and important factors that other utilities are
considering to reduce transmission losses.

New York State Study

Losses can be mitigated in several ways. EPRI performed a study with the New York State
Energy Research Development Authority? reviewing the issue of line losses in support of
NYSERDA'’s larger investigation into Electricity Efficiency improvements across the state. The
New York investigation is much broader than transmission line losses and focused on other
efficiency initiatives; but EPRI was asked to participate to provide visibility to the transmission
loss impact.

Each utility provided some insight into their current loss calculation methodology and mitigation
actions. In general, losses were not tracked or directly measured throughout the industry.
Transmission losses were obtained based on a high-level view—measured sales versus
generation input.

The utilities also noted the ways they are looking at mitigating losses. Of the eight utilities
participating in the project, the following methods were being applied:

e Reconductoring projects (seven utilities)

2 Assessment of Transmission and Distribution Losses in New York. EPRI, Palo Alto, CA: 2012.
PID071178 (NYSERDA 15464).
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e Application of capacitors and shunt devices for reactive power control (five utilities)
e System operating methods for voltage control (two utilities)

e Replacing substation transformers (two utilities)

e Voltage upgrade of circuits (two utilities)

EPRI Utility Survey

Through a utility survey, EPRI researched energy efficiency activities with utilities related to
transmission line losses.? Table 3-1 provides a summary of the loss mitigation efforts being
considered and applied by the 25 EPRI survey respondents, including investor owned, public
power, cooperatives, transmission providers, and federal utilities. The respondents covered
voltages from 115 to 765 kV. Note that, while many options are being considered, few methods
are being actively applied, and few utilities are actively pursuing the efficiency efforts.

Table 31

Transmission Loss Mitigation Areas of Interest
Methods Under Consideration Under Consideration Actively Applying

(%) (%)

Raising Nominal Voltage 33 4
Optimization of Voltage Profile 22 0
Use Lower Loss Conductors 56 0
Re-direct Power Flows 44 8
Bundle Conductor Optimization 11 0
Improve Corona Losses 11 0
Shieldwire Segmentation 22 0
Improve Insulation Losses 11 0
Installation of Low-Loss Transformers 56 8
Convert to DC, Bipole or Tripole 0 0
Switch off Equipment Not in Use 0 0

The survey asked whether the utilities were conducting loss studies. Of the 25 participants, 29%
responded that they had done loss studies on lines and some transformers. However, only 14%
reported that they had used measured data for their investigation.

When asked by EPRI why the loss studies were performed, 36% reported they needed the data
for a rate or regulatory filing. Billing of transmission services accounted for 36% of the reasons.
Again the application of actual data in loss quantification was only in 28% of the cases.

3 Transmission Efficiency Technology Assessment: Phase 1, EPRI, Palo Alto, CA: 2008. 1010692.
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The survey further asked whether the loss considerations were at peak loading. Of the 56%
percent that responded, 70% said they made their analysis at peak loss levels using computer
simulations, SCADA data was used 25% and 5% were based on transmission studies.

The EPRI study summarized that loss mitigation within the transmission system can be
addressed in three general concepts: equipment characteristics, voltage level, and power flow
control. In many cases, aspects of these three concerns interplay and contribute collectively to
losses and their mitigation. For example, the resistance of the conductors and the amount of
current flowing through the conductor define the losses. The greater the current flow, the higher
the losses. Coincidentally, the losses are the result of resistance heating; the heat rise causes the
conductor resistance to increase, coupling to further cause losses. Voltage and current levels can
mitigate congestion—increased power can be accomplished with higher voltage and less current
or by maintaining voltage and increasing current. Since losses increase by the square of current
flow, IR, voltage increases and lower currents improve losses

Equipment Resistance

Joule resistance heating is the greatest contributor to transmission equipment losses. The
majority of transmission lines are constructed using electrical grade EC 1350 aluminum strands
for current-carrying capacity. Various constructions are available using aluminum alloys, steel,
or composite materials for providing additional mechanical strength to the conductor. Figure 3-1
shows cross sections of a traditional steel core ACSR conductor and an ACCC composite core
conductor. Typically, a core stranding provides the mechanical strength and supports the
aluminum strands. The number of strands and their diameters build up a cross-sectional area that
is sized to provide the desired current-carrying capacity. The strand resistance causes joule
heating when electrons flow through the conductor, creating a temperature rise. The temperature
rise has two effects on the conductor: first, it causes thermal elongation in the strands, which
cause the line conductor to expand and sag more. Second, the increased heat causes the
resistance to slightly increase, causing additional thermal losses.

Figure 3-1
Comparison ACSR and ACCC

On any given operating day, the ambient conditions of temperature, wind, and solar radiation
affect the thermal stability of the conductor catenary system. As current flows, heat is created
from the resistance heating. In addition, under daylight conditions, solar heating can occur. The
ambient temperature serves as the base thermal setting. The hotter the ambient, the higher the



conductor temperature; conversely, cool days and night reduce the thermal content. Wind
blowing across the conductor also cools the conductor. Under power flow, a quasi-steady-state
condition develops, where the heat being introduced by resistance and solar heating is balanced
by the ambient temperature and wind effects. The transmission line is designed such that the
conductor temperature remains below a certain operating temperature with the design power
flow. Structure type, heights, and strengths are determined by the conductor selected and the
terrain and environmental loadings that will govern design for safety and reliability concerns.
Larger conductors provide lower resistance and losses but require taller and stronger structures to
perform as required. Thus, a life cycle cost evaluation must be performed of the initial capital
expenditures, maintenance costs, cost to deliver power (including losses), and service life.

Figure 3-2 illustrates the cost development of a transmission project, including capital costs and
the cost of electrical losses on the transmission line. The Present Worth of Future Requirements
for Revenue (PWRR) is the present worth sum of the cost to build a line (increasing cost with
increase in diameter) plus the present worth of the future savings attributed to line losses (lower
cost of losses with increase in conductor diameter). A range of conductors provide an optimum
life cycle cost.
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Figure 3-2
Lifetime Cost as a function of conductor diameter

With the different types of conductors available, and various sizes and strandings, an
optimization study can be performed to select a conductor that will provide the capacity desired,
while maintaining code clearances, optimizing life cycle costs, and mitigating line losses. One of
the caveats of conductor selection is that a different conductor could be the best fit for each
project. This is not a practical solution, however, for transmission providers to design a
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transmission line for each unique situation. The costs of maintaining and building unique designs
are too high. Rather, utilities typically develop classes of capacity designs that optimize the
design and life cycle costs for a manageable number of designs to meet transmission needs. This
is particularly true for new construction.

When looking at increasing capacity on existing lines, an economic study is required to select a
solution that has supportable life cycle costs. Some projects can be solved with re-conductoring
the line on existing structures, with or without modest modifications. Advancements in
conductor designs using composite materials for the mechanical support have made this solution
viable in many cases. However, some upgrades require significant additional capacity that
requires line reconstruction. These solutions revert back to the optimized solutions based on new
construction design packages. Note: one of the issues with many of the composite core
conductors is their inability to provide conductor sag within acceptable clearance limits.

Voltage Level

Power is equivalent to the Voltage times the Current (VI). So, for an equivalent level of power
transmission, the lower the voltage, the higher the current level must be. Increased current means
increased line losses. Operating lines at higher voltages reduces losses.

In day-to-day operations, voltage levels fluctuate on lines by a manageable few percent. These
changes are not sufficient or intended to mitigate losses. Slightly larger voltage changes are
accomplished with Load Tap Change (LTC) transformers, intended for voltage control and
reliability concerns. Again, LTCs are not loss mitigation measures, but are a technology to
maintain voltage levels at the ends of long transmission lines and power quality.

Transmission grids are developed around specific voltage classes of construction to appropriate
bulk power levels. For example, common transmission voltages at a utility may include 69, 138,
230, and 500 kV. Other combinations could be 138, 230 and 345 kV or various combinations of
69, 115, 138, 230, 345, 500, and 765 kV. Changing a voltage class typically calls for a change to
a higher level that requires significant system changes. For example, insulator assemblies need to
change out to higher class voltages requiring more space, new structure geometry, and probably
a complete rebuild. The voltage upgrade becomes a complete rebuild. Voltage upgrades also
affect customer equipment and facilities, requiring added expense at their stations, which must
be borne by the customer.

EPRI has performed studies and developed a guideline for voltage upgrades that require minimal
structure modifications, Feasibility of Increasing Transmission Line Capacity by Voltage
Upgrade. EPRI, Palo Alto, CA: 2007, 1013984.

EPRI and AEP performed a study investigating the benefits of an overlay EHV system. This
example is greater in scale than evaluating the benefit of upgrading the voltage class of a single
line, but it exemplifies that grid efficiency can be significantly enhanced when a “large” EHV
overlay is used to improve the overall performance of a grid’s region. Evaluation of Efficiency
and Utilization Benefits from Extra High Voltage Transmission Overlay. EPRI, Palo Alto, CA:
2011, 1024617.
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Power Flow Control

Since current-driven losses are the most significant driver for line losses, controlling the amount
of current that flows through a given line section could reduce losses. Power sources provide
electricity which follows the path of least resistance to the points of load.

Another important factor in power flow control and grid operations is that the grid topology
changes constantly. It changes from continuous completion of transmission, load, and generation
projects. As load changes by the connection of new load points and demand at existing points,
the grid itself is inherently dynamic in responding to that load, changing the power flow levels
and paths constantly. Interconnection of generation changes due to traditional generation
connections, distributed generation, and the burgeoning smart grid impacts constantly changes
the flow patterns across the grid. Topology changes daily due to the outages taken to complete
emergency as well as planned maintenance on equipment throughout the grid.

Methods used by utilities to “direct” flow include:

e Phase shifters can be used to direct flow over a transmission path.

e Direct Current technology is another way to gain some control over the flow of current. The
cost of DC station equipment makes this option viable only for long distance, bulk power
transfer over 450 km without intermediate stations.

¢ Another option is using Flexible Alternating Current Transmission Systems, FACTS. FACTS
equipment allows control of the impedance of a line and can direct power down some paths
rather than others. FACTS is also typically applied to bulk power transfer lines over longer
distance to control reliability characteristics and enhance efficiency.

The power flow control systems require installation of sophisticated equipment at key locations.
The solutions noted are not applicable to local issues, but are typically applied for issues that
arise for long-haul bulk power transfer cases.

Summary on Loss Mitigation Methods

Loss mitigation can be achieved through application of a variety of technologies including
application of equipment that create fewer losses at the same power flow, controlling power flow
through lines to prevent high losses attributed to less efficient assets, and upgrading assets to a
higher voltage class. Unfortunately, these changes cannot easily be applied to existing assets;
they require upgrading, reconductoring or construction of new transmission assets.

Surveys of have shown that the preferred options under consideration are:

s Use of Lower Loss Conductors

o Installation of Low-Loss Transformers
e Raising Nominal Voltage

e Optimizing Voltage Level

e Re-direct Power Flow

One other key aspect is that Reliability is the driving force in transmission system development,
maintenance and operations. Efficiency is an aspect of consideration but does not drive or initiate
projects.
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SYSTEM PLANNING PERSPECTIVE

This section summarizes the best industry practices for incorporating loss mitigation in system
planning efforts. It reviews different kinds of system planning efforts, including customer
connection projects, reliability projects, and economic relief projects. The section also looks at
the process of project selection and development, the findings of a CIGRE survey on drivers for
transmission investment, how refurbishment and end-of-life drives transmission projects, and a
US Department of Energy analysis of opportunities for energy efficiency.

Transmission lines are justified and planned based on capacity requirements. Capacity
requirements are attributable to a snapshot in time with a certain transmission grid topology,
generation mix, and forecast load built in a nodal model of the grid. Numerous scenarios are
configured and run against the transmission grid to test the reliability level of operation and to
identify cost constraints due to congestion patterns. The results of those runs identify deficiencies
in the grid—i.e., elements in the grid that are inadequate in capacity and become reliability or
congestion constraints during scenario solutions. When a threshold of concern established by the
responsible operating manager is reached, added transmission assets may be required. Many of
the transmission elements are only governed by a few or a singular contingency scenario. Under
those conditions, that transmission asset’s full capacity may be required. Under all other
conditions, that element may be loaded at a significantly lower level. One of the critical aspects
of transmission operations, planning, and design is that capacity is required for reliability first,
and for congestion cost possibly second. Lightly-loaded lines are the grid’s insurance against the
contingency.

Responsibility Roles

The responsibility for managing the transmission facilities, and the losses that are realized, is a
split responsibility. Mitigation of losses, or the process that leads to mitigation, occurs in all
aspects of the utility industry, from the selection of the equipment to the day-to-day decisions on
operations. The transmitter such as Hydro One, is responsible for managing transmission assets
(e.g., lines, transformers, etc.); and bulk system planning as well as generation dispatch and flow
control are the responsibility of the grid system operator, such as the Independent Electricity
System Operator (IESO) in the case of Ontario.

Planning for grid enhancements is a shared responsibility between the System Operator (the
[ESO in Ontario) and the associated Transmitters (such as Hydro One in Ontario).

In Ontario, the provincial Minister of Energy has the authority to set policy objectives for
transmission and distribution planning. The Ontario Energy Board established the province’s
regional planning process framework, which it advances through codes and license conditions.

In Ontario, bulk system planning is carried out by the IESO to ensure sufficient resources are
available to meet Ontario’s electricity needs, and that the transmission system is capable of
delivering electricity to consumers in a reliable and cost effective manner. When designing
solutions to address transmission needs, the IESO works collaboratively with stakeholders,
including Hydro One, Distributors, and Direct Customers.
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At a regional level, planning in Ontario is coordinated between the IESO, Transmitters and
Distributers, following the Process for Regional Infrastructure Planning formalized by the OEB
in 2013*. The process identifies regional transmission and distribution needs and develops plans
which recommend solutions for addressing those needs.

Types of Projects

Transmission projects typically fall in the following main categories. These projects, however,
have decision points where the outcome will impact transmission losses. The influence that these
decisions play in transmission projects will be reviewed as we progress through the following
sections.

Customer Connection Projects

Transmitters are required to provide service to load points and access to the grid for generation
interconnections. These projects establish the need. Like all projects, they are planned and
assessed to provide the best connection at an optimal cost. All of these projects have direct
connection components (e.g., the transmission connection from the grid to the point of
interconnection [POI]). Other aspects of the project may be associated with reinforcing the grid
in the area of the interconnection point (e.g., upgrading existing lines or adding lines to ensure
the system meets all reliability criteria once the load or generation is connected).

Reliability Projects

Reliability needs are recognized through planning assessments or through the normal system
operations performance of the grid. The IESO and most utility systems are operated on an N-1 or
N-2 contingency basis. This means that the grid will remain within all reliability constraints
when either one or two elements are lost, no assets are overloaded, and voltages are within
acceptable limits.

Planning assessments will indicate if the grid will develop unacceptable voltages or thermal
overloads with forecasted load growth. This behavior is recognized, and planning starts to
evaluate different options to resolve the issue.

Economic Relief Projects

Economic relief projects are largely associated with congestion relief. Congestion constraints
that cause less economical dispatch of generation can have significant financial impacts on
customers and market participants.

Project Development and Selection

As the projects are identified to meet one of these three areas, different solution scenarios are
proposed and evaluated. Since transmission grids are interactive dynamic systems, the issues and
solutions are typically broader in impact than a direct one-on-one solution to issue. Rather issues
affect regions, and solutions affect the characteristics of the grid over a broad region. Therefore
many solutions have interrelated impacts on other grid operation characteristics. These impacts
can be beyond the borders of a single transmission owner or even more owners.

4 https://www.oeb.ca/oeb/ Documents/EB-2011-0043/PPWG_Regional Planning_Report_to_the Board App.pdf
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CIGRE Findings

CIGRE conducted several surveys of its members to assess various drivers for transmission
investment. While not a direct survey for loss mitigation efforts, the results of the reports address
the prioritization accorded by utilities to address various demands for capital investment for new
construction and refurbishing existing assets; energy efficiency and mitigation of losses were
among the drivers. The surveys included the following:

Life Cycle Assessment (LCA) of Overhead Lines TB265. CIGRE WG B2.15. 2004.

Refurbishment Strategies Based on Life Cycle Cost and Technical Constraints TB448.
CIGRE WG B5.08. 2011.

Market Price Signals and Regulatory Frameworks for Coordination of Transmission
Investments TB692. CIGRE WG C5.18. 2017.

Review of Drivers for Transmission Investment Decisions TB701. CIGRE WG C1.15.
2017.

The survey participants represented a broad range of committees and study groups constitutes
within the utility industry, covering planning, design, operations, and regulatory and financial
concerns.

The first survey concerning drivers for transmission investment, 7B701, 24 respondents were
received. 75% were TSOs from state ownership companies; however, of the six non-state
respondents, four were TSO respondents from North America, Italy, Spain, and Great Britain.

Three significant drivers were stated for investment: security of supply, connections for demand
and generation, and economically driven projects, in that order. Two main drivers were identified
for refurbishments: end of useful life (50%) and upgrade of assets (35%).

Table 4-1 provides a summary of how the respondents attributed the various driving factors
impacting their project identification and development. It is evident the development of projects
and their selection for funding are driven by Long Term Integrated Strategic Basis. Reducing
transmission losses is not a singular driving factor, but is embedded as part of the solutions’
process for all categories.

—



Table 4-1
Summary of Percentage of Projects Impacted by External Factors®
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Security of Supply 46% 59% 56% 15% 8% 12% 7% 76% 20%
New Connection 50% 68% 58% 18% 5% 14% 7% 65% 40%
Generation Integration 35% 72% 62% 21% 4% 10% 7% 58% 55%
Economic 31% 47% 63% 22% 8% 15% 8% 80% 19%
Market Access 37% 37% 59% 41% 4% 15% 7% 81% 41%
Loop Flows 44% 50% 2% 8% 8% 0% 3% 81% 28%
Refurbishment 36% 57% 64% 21% 50% 7% 14% 36% 14%

Similarly CIGRE document, TB6926, focuses on the changing environment that transmission
systems must respond to today’s unregulated industry. The diversity and granularity of
generation sources entering the industry put a different light on the traditional electric delivery
system. A new paradigm has arisen where the wires industry will serve as insurance to those
depending on distributed generation as their primary source of energy, yet insist that the
traditional wires business is ready and willing to provide the energy when the customer needs it
with total transparency of the shift. The demand capacity required to support nominal load and
the “insured load” must be provided by the wires delivery system. Continuing to support this
demand on the transmission system is critical for the future and requires greater coordination
during operations and efficiency from planning through operations. Conversely, systems will
become less efficient as segments only serve as insurance for contingency loads or customer-
choice load (fallback load). Caution must be exercised to avoid creating stranded investments
that operate with minimal loading if any.

Furthermore, CIGRE’s document, TB4487, undertaken by CIGRE’s Protection and Automation
Study Commiittee addressed the refurbishment and end of life drivers. While the work was
largely focused on station equipment used for protection systems, their strategies and application

5 Review of Drivers for Transmission Investment Decisions TB701. CIGRE WG C1.15. 2017.

¢ Market Price Signals and Regulatory Frameworks for Coordination of Transmission
Investments — TB692, CIGRE WG C5.18. 2017.

7 Refurbishing Strategies Based on Life Cycle Cost and Technical Constraints — TB448, CIGRE
WG B5.08, 2011.
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of life-cost analysis are fully applicable to the development of projects to address concerns with
aging or degraded assets and when best to replace them.

Many utilities are facing end-of-life issues with many of their transmission assets. Infrastructure
assets reach end-of-life levels due to age, environmental degradation, or obsolescence (e.g., parts
are no longer available to repair and maintain older vintage equipment). The question of when to
refurbish or replace equipment is a major consideration in planning budgets. The risk of failure
or misoperation presents substantial liabilities to the utility and the public. Several sub-drivers in
this arena affect the need and justification to replace an existing asset, including:

e Upgrades and expansions of facilities to accommodate load growth

¢ Obsolescence of equipment, including lack of spare parts, non-maintainable equipment, and
inefficiency of operations

e Reliability and availability
e Excessive maintenance costs

The life-cost analysis is especially important in this evaluation because direct justification in a
cost-benefit analysis seldom supports a decision to proceed. Rather incorporating all factors of
risk, liability, maintenance, and efficiencies to be gained is required to fully justify proceeding to
action. Loss mitigation costs and projected benefits are other facets that should be incorporated
into these life-cycle studies.

US Department of Energy Policy and Systems Analysis

The U.S. Department of Energy (DOE) in the United States conducted a study into the
opportunities for energy efficiencies in transmission and distribution systems®. The study’s
summary identified the advantages, drawbacks, key uncertainties, road blocks to application, and
range of loss reduction for the same initiatives that we have identified throughout this report. The
key drawbacks identified support the position that major policy changes and investment to the
grid are required to reduce losses (e.g., reconductoring lines, replacing transformers, adding
reactive power compensation, and FACTS equipment).

The constraint to accomplishing improvements is realizing a positive benefit-to-cost ratio for
initiating the project on its incremental benefit. Once again, the long-term strategies
incorporating loss mitigation strategies in the expansion, maintenance and refurbishment of the
transmission grid are the best means to realize additional energy efficiencies.

Best Practices Summary

As part of this study, contact was made with several Independent System Operators (ISOs),
including PJM, CAISO, SPP, ERCOT, MISO, NYISO, and ISO-New England. In addition, the
project team also reviewed the ISOs’ Planning Criteria and Guidelines, which are available on
their websites. Transmission line losses, including station equipment, are not a substantive part

8 Opportunities for Energy Efficiency Improvements in the U.S. Electricity Transmission and
Distribution System. Oak Ridge National Laboratory, Oak Ridge, TN: 2015.
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of any documents. The same is applicable to the Planning Guides and Criteria used by the
transmitters within these areas of grid operations.

A few guidelines indicate that loss mitigation benefits attributed to different project solutions
may be included in the assessment of the best solution to propose for approval by the ISO and
subsequently funded by the transmitter.

Loss mitigation is not used as justification for any project development or required for project
evaluations.

Planning Summary on Loss Mitigation

The review of best practices applied across the industry, including international concerns,
supports several clear points about the issues associated with incorporating loss mitigation efforts
on transmission grids:

e Transmission grids seldom operate at near-capacity levels. The generation — transmission
grid — load nodal system is designed for reliability and economic electric delivery with
contingencies for the loss of one or many elements.

¢ The advent and expansion of distributed generation of many forms and sizes affect the
transmission grid in ways that we are just beginning to experience and respond to.

¢ Loss mitigation projects are not self-supporting in that the projected loss savings do not
exceed the cost of performing a mitigation project. As such projects with their primary
objective being mitigation of transmission losses can seldom be justified based on lifetime
savings alone.

¢ Loss mitigation costs and benefits should be considered in all project development and
solution total cost analyses, such that the most cost-efficient solution is pursued that meets all
reliability and safety criteria.



)

HYDRO ONE’S LOSS MITIGATION EFFORTS

This section discusses Hydro One’s accomplishment in loss mitigation and the potential for
additional future loss mitigation. It identifies accomplishments in line losses and station losses;
reviews the utility’s efforts at operating voltage adjustment; provides a listing of opportunities
for Hydro One to mitigate losses; and presents the results of a sensitivity study of Hydro One
data, which revealed the potential for future loss mitigation.

Hydro One Accomplishments
Network Characteristics/System Configuration/Network reinforcement

The IESO market rules define the voltage range for each voltage class. The Hydro One
transmission network is operated at the upper end of the voltage range; the 230-kV system
operates between 240 kV and 250 kV, and the 115-kV system between 121 kV and 127 kV. This
helps to reduce losses.

For new projects, consideration is given to converting 115-kV areas to 230-kV supply. Two area
supply projects in the Hydro One five year plan to meet capacity needs in the Barrie and Ottawa
West areas involve conversion to 230kV supply. While the main reason for the both conversions
is the inadequacy and cost of maintaining the existing 115kV supply, both projects also help
reduce system losses. The Barrie area project converts an end-of-life 115-kV line and station

to 230-kV facilities. The Ottawa West area project converts an existing 115-kV line to a 230-kV
line to supply new load.

System reinforcement by building a new line or reconfiguring the system also helps reduce
losses. The Southwest GTA Reinforcement project, provides for reinforcement of the existing
supply by building a new double circuit 230kV line as the existing lines would be overloaded.
The Aylmer-Tillsonburg Project provides for system reinforcement by reconfiguring the network
and building a short section of line to provide dual supply to Tillsonburg TS. Capacitor banks
will also be installed at Tillsonburg TS. Both projects reduce flows on the existing lines and help
reduce losses.

Table 5-1 shows the loss mitigation projected through these three projects.



Table 5-1
Impact of Network Upgrades

Project Reduction in Peak Estimated Annual
Losses (MW) Energy Savings (MWh)

Barrie Area Transmission Upgrade 0.6 2,238

South Nepean Transmission 0.7 1,202

Reinforcement (Ottawa West)

Aylmer Tillsonburg Transmission 1.5 3,778

Reinforcement

Southwest GTA Transmission 0.8 2,942

Reinforcement

Lines and Station Equipment
Corona Losses

Hydro One has addressed the corona issue throughout its transmission design standards.
Conductor diameter selection for high-voltage lines is made with corona mitigation as a
parameter. In addition, all hardware assemblies are designed to mitigate corona by providing
smooth edges and surfaces of hardware and incorporating appropriate corona and gradient rings
to manage the electric field strength around the hardware assemblies.

Conductor Losses

Hydro One implicitly considers the impact of losses in all of its conductor selection for new
projects and upgrades of existing lines.

For new projects, conductors are usually selected to satisfy the capacity requirements in the
planning criteria based on forecast demand growth. Normally this approach results in the
selection of a large conductor that has low losses. For line reconductoring projects, the conductor
selection is limited by the existing tower structures. Hydro One has used ACSR TW (Aluminum
Conductor Steel Reinforced Trapezoidal Wire) conductor on many projects. This conductor has
lower resistance for the same diameter as the ACSR conductor and has lower losses.

Table 5-2 shows the loss mitigation projected through two of the upcoming projects involving
line reconductoring.

Table 5-2 Impact of Reconductoring Adjustments

Project Reduction in Peak Estimated Annual
Losses (MW) Energy Savings (MWh)

Manby TS to Wiltshire TS Conductor 0.9 3,615

Upgrade

M30A/M31A Conductor Upgrade 14 3,167




Transformer Losses

Hydro One addresses transformer losses in several ways. First, during procurement, each
transformer’s design and performance are evaluated per requirements and criteria in the purchase
specification. HO requires the transformers to be designed to minimize losses at load and while
unloaded. Second, overall transformer losses are reduced as transformers of older and less
efficient designs at existing stations are replaced with newer more efficient designs due to end-
of-life or load growth considerations. This is a gradual and long-term strategy given the
economic impact and timing of the replacements.

Samples of the loss mitigation estimates for two transformers that were replaced on the Hydro
One system are shown later in the Sensitivity Study and Appendix A.

Summary of Current Practice and Opportunities

As the study has shown, the majority of loss mitigation tasks must be resolved during the
development of different project solutions to the mandated generation and load interconnections,
regulatory, and reliability projects. Reduction in transmission losses is considered at the planning
level as one of many priorities that the IESO and Hydro One must balance. Economic impact
assessments of losses are conducted when such losses could reasonably be consequential to the
selection of a least cost plan.

Energy efficiency projects do not justify their funding solely based on improving the socio-
economic-environmental issues that efficiency can derive. However, Hydro One already
addresses many of the identified means to mitigate losses in their current practices listed in
Table 5-3. Hydro One practice is summarized in Table 5-3below.

Table 5-3 Summary of Hydro One Practices

Methods Under Consideration HO Current Practice

Raising Nominal Voltage Due to expense, voltage upgrades are driven more by
reliability and adequacy concerns. Will continue to
evaluate conversion of 115kV systems to 230kV
operation for cost effectiveness and reduction of losses.

Optimization of Voltage Profile System is already operating close to equipment limits.

Use Lower Loss Conductors Currently use ACSR or compact ACSR TW
conductors for capacity needs. Consider use of larger
size conductors which have lower resistance, where
cost effective, in the future.

Hydro One does not use ACCC conductors because of
poor performance under ice loading conditions.

Re-direct Power Flows Power flow at any given time is dependent on the
connected load and generation. Losses are a factor
considered in the overall optimization of the generation

dispatch by the IESO.
Bundle Conductor Optimization Use bundled conductors for 500 kV
Improve Corona Losses Insulator Hardware systems have been designed to

eliminate corona. Conductor sizes also selected to
avoid corona.
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Shieldwire Segmentation Not used due to high tower ground potential rise.

Improve Insulation Losses Considered during insulation coordination design of
insulator assemblies and structure configurations.

Installation of Low Loss Purchase specifications include cost of losses and

Transformers vendor transformer designs and quotations are assessed
based on lowest lifetime costs including the cost of
losses.

Convert to DC, Bipole or Tripole Currently there are no HVDC systems in the province.

Switch off Equipment Not in Use Not used due to safety and reliability concerns.

Uncertainty as to the availability of equipment when it
is required to be back in-service.

Sensitivity Study

Hydro One provided loading information and conductor and transformer characteristics for nine
transmission lines and two load transformers to allow the performance of a sensitivity analysis to
see how much loss mitigation could potentially be achieved on a sample of Hydro One assets.
The sensitivity study is further described in Appendix A.

The power flow data was provided in the format of the hourly average line flow or transformer
loading for the assets for every hour in 2016. One of the significant aspects of the loading data is
the fact that the assets were loaded much less than their full thermal capacity. Table 5-4 shows
that only three of the lines are loaded over 30% above average. .

Table 5-4 Sample Line Descriptions and Annual Load Factor

. Section Conductor Conductor Conductors Per
Line # |Voltage (kV) Lena i) Conductor Size il Strdnding Bundle Average Loadflow
1 230 7.3 1780.0 (kcmil) ACSR 59/19 1 38%
2 500 208.7 585.0 (kcmil) ACSR 26/7 4 19%
3 115 6.9 605.0 (kemil) ACSR 54/7 1 39%
4 115 40.0 336.4 (kcmil) ACSR 26/7 1 23%
5 230 12.1 1192.5 (kemil) ACSR 54/19 1 13%
6 230 12.0 1192.5 (kemil) ACSR 54/19 1 31%
7 230 168.3 795.0 (kemil) ACSR 26/7 1 11%
8 230 116.8 795.0 (kemil) ACSR 26/7 1 24%
9 230 30.4 795.0 (kemil) ACSR 26/7 1 14%

This is not an indication that Hydro One is underutilizing its assets. Rather it is proof that the
way transmission grids are operated per NERC requirements of meeting N-1 contingency criteria
means many assets are lightly loaded, supporting the heavier loaded assets for occasions when
they fail or are take on outage for maintenance. In addition, economic dispatch of generation to
meet loads on the system governs line loading.



In the case of the two transformers, Table 5-5, you see that they are more heavily loaded, but
again, on average, only 60%.

Table 5-56 Sample Transformer Descriptions and Annual Load Factor

Voltages Average
Asset
(kv) Loadflow
50 MVA 121/28 60%
75 MVA 244/44 60%

Using the provided power flows, calculations of the estimated losses were made for every hour
using the asset characteristics (e.g., resistance-impedance) for the existing conductor or
transformer and the more efficient lower resistance conductor or transformer.

Hourly plots throughout the year were made to visualize the potential loss mitigation. The first
frame in Figure 5-1 is for Line 1 and is similar to most of the line plots. The second frame in
Figure 5-1 is for the 500 kV line, where loading levels averaged just under 20% for 2016. In both
cases there is a marginal difference between the losses calculated for the in-service conductor
versus the more efficient conductor for the loading profiles of Hydro One.
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Figure 5-1
Sample Plots for Transmission Lines

Hourly plots throughout the year were also made to visualize the potential loss mitigation for the
two transformers. The results are shown in Figure 5-2. The constant No-load losses are shown in
each frame for the in-service unit and a potentially more efficient design transformer of the same
size. The hourly tracking data represents total losses (i.e., No-load plus the losses from power
flow).
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Figure 5-2
Sample Loss Plots for Transformers

Newer transformers offer more benefits as they are more efficient with lower losses than older
units. However, replacement costs are high and transformer replacement is not undertaken for
loss mitigation alone.

Table 5-6 summarizes the results of the loss mitigation comparison. For the transmission lines,
the potential benefits of reconductoring existing lines are limited. The loss mitigation percentage
is not significant, and it would not offset the costs to install the replacement conductor. This
example validates why line loss mitigation projects are not self-justifying themselves.

Newer transformers offer more benefits as they are more efficient with lower losses than older
units. However, replacement costs are high and transformer replacement is not undertaken for
loss mitigation alone.
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Table 5-6
Loss Mitigation Potential

In-service Efficient
Section % Loss
Asset |Voltage (kV) Langth (km) Average Loadflow | Approx Annual | Approx Annual Reduction
Losses (Mwh) | Losses (Mwh)

1 230 7.3 38% 1,987 1,922 3%

2 500 208.7 19% 63,185 48,772 23%

3 115 6.9 39% 1,567 1,510 4%

4 115 40.0 23% 3,000 2,617 13%

5 230 12.1 13% 451 428 5%

6 230 12.0 31% 2,438 2,311 5%

7 230 168.3 11% 3,785 3,589 5%

8 230 116.8 24% 14,442 13,752 5%

9 230 30.4 14% 1,225 1,161 5%

50 MVA 121/28 50 MVA 60% 1,230 815 34%
75 MVA 244/44 75 MVA 60% 1,887 1,134 40%

Sensitivity Study Summary

The sensitivity analysis on nine transmission lines and two transformers indicated the following
potential loss impacts and potential reductions with a more efficient conductor or transformer
design. The lines’ effective losses were 11% of the losses based on full load power flow.
Reconductoring with a more efficient conductor would result in loss reduction of only 3-5% for
seven of the lines and 13% on the eighth line. The 500-kV line could reach about a 23%
reduction due to the fact that the line is more heavily loaded. The two transformers have the
potential to reduce losses by 34-40% with replacement by a more efficient transformer. Losses in
general amount to 1.5-5.8% on transmission lines as published in the NYSERDA report’.

The design and operation of the transmission grid as a “capacity”-based system, with adequate
capacity to serve safely and reliably under normal as well as contingency operations due to loss
of one or more elements, cause many transmission assets to operate normally in ranges of 30-
50% of their full rated capacity. The cushion of capacity is needed to meet reliability criteria
when system models indicate the capacity is needed for contingencies. The fact that assets
operate at lower load factors also greatly reduces the impact of potential losses due to full
capacity levels.

° Assessment of Transmission and Distribution Losses in New York, EPRI, Palo Alto, CA: 2012. PID071178
(NYSERDA 15464).
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6

CONCLUSIONS

Hydro One requested EPRI’s support in preparing a comprehensive assessment of current best
practices in the industry relative to the mitigation of transmission losses for line and station
equipment. This report addresses how losses are realized during the operation of the transmission
grid and various mitigation techniques that can be applied to reduce losses. More importantly,
the study investigated the current industry best practices relative to how transmission system
providers, independent system operators, and regulatory bodies are addressing the loss mitigation
concern.

Conclusions

The investigation in best practices showed these key points:

I.
2.
3.

Transmission losses are not avoidable.
Losses can be mitigated to a limited extent with appropriate application of design.

Transmission losses and their mitigation are not a focal point of transmitters, their
independent system operators, or their regulatory bodies. At best, a few entities include
the impact on losses that various design options may have in the selection of their project
solutions.

Transmission grids seldom operate at near-capacity levels. The generation — transmission
grid — load network system is designed for reliability and economic electric delivery with
contingencies for the loss of one or many elements.

Transmission Projects are initiated based on system need to ensure adequacy and
reliability of supply or provide supply to customers. No utility is pursuing loss mitigation
projects solely based on the potential mitigated loss savings over the life cycle of the
asset.

Hydro One design practices are materially consistent with industry best practices for loss
mitigation.
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APPENDIX A

Loss Calculations for Sample Hydro One Data

Hydro One supplied loading data for nine transmission lines and two transformers. With the data
provided, the project team could calculate estimates of the losses incurred throughout the year
and make a comparison to an alternative conductor or transformer design that is more efficient
from a losses perspective. A range of line lengths, voltage classes and conductor sizes was
provided as shown in Table A-1. Of particular note is the average power flows for the lines. All
lines are loaded at 40% or lower capacity typical of transmission networks.

Table A-1
Sample Transmission Line Descriptions
- Section Conductor Conductor Conductors Per
Line# |Voltage (kV) Eength (k) Conductor Size Material Strandisg Bundle Average Loadflow

1 230 73 1780.0 (kemil) ACSR 59/19 1 38%
2 500 208.7 585.0 (kcmil) ACSR 26/7 4 19%
3 115 6.9 605.0 (kemil) ACSR 54/7 1 39%
4 115 40.0 336.4 (kemil) ACSR 26/7 1 23%
5 230 12.1 1192.5 (kemil) ACSR 54/19 1 13%
6 230 12.0 1192.5 (kemil) ACSR 54/19 1 31%
7 230 168.3 795.0 (kemil) ACSR 26/7 3 11%
8 230 116.8 795.0 (kemil) ACSR 26/7 1 24%
9 230 30.4 795.0 (kemil) ACSR 26/7 1 14%

The in-service conductors are ACSR (Aluminum Conductor Steel Reinforced), which have a
steel core strand. The steel stranding increases the conductor’s resistance and thus losses. The
ACCC (Aluminum Conductor Composite Core) has a composite core rather than a steel core and
has trapezoidal-shaped aluminum strands that allow for a greater area of aluminum for the same
overall conductor diameter; both characteristics provide lower losses... Figure A-1shows a side-
by-side cross-section view of the ACSR (left) and ACCC (right). The aluminum strands are the
same electrical grade aluminum. The cores are different: galvanized steel versus a carbon-
composite matrix core.



Figure A-1
Cross Sections: ACSR and ACCC

The following sets of charts for each line, Figure A-2 to Figure A-10, identify the power flow in
a histogram showing loading level frequency on the vertical axis. Note that, all of the loadings
are skewed to lower load factors, in quantity and level.

The second frame shows the hourly loading as a load factor, % of line capacity, during the
course of the year. Finally, each line has a plot of the line losses calculated for the in-service
conductor and an appropriate more efficient alternative, ACCC conductor. Note how seldom, the
load factors peak and how short the peak loadings are throughout the year.

Table A-2 contains a comparison of the line losses for the in-service conductor and a more
efficient alternative.

Similar data was provided for two transformers on the Hydro One system for analysis—a 50
MVA and a 75 MVA transformer. Hourly average loading was provided, as well as the No-load
and Loaded losses measured at manufacture by the vendor (Figure A-11 and Figure A-12).

The 50-MVA unit shows a slightly skewed lower loading histogram, while the 75-MVA unit
shows a near normal distribution. Both units averaged a 60% load factor for the year.

The third plot in the two sets provides a plot of the losses estimated for each unit using the
hourly average loading values. For a transformer, there are No-load losses associated with just
energizing the unit and the eddy current hysteresis in the coils. That value remains constant while
the unit is energized. In this case, the in-service units had 71- and 72-kW losses for the 50- and
75-MVA units, respectively. When the units carry load, they incur additional joule heating
losses, and those losses follow the loading pattern. In plot three of the two sets, the loss curves,
other than the No-load, contain the sum of the Load-loss and No-load losses.

In comparison, Hydro One supplied transformer characteristics for replacement transformers that
would be purchased according to their new specifications that require improved efficiency by the
transformer vendors. The No-load loss levels are considerably lower, 27 and 43 kW for the 50-
and 75-MVA units, respectively.
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Line 3 Loading and Loss Comparison
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Line 4 Loading and Loss Comparison
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Figure A-6
Line 5 Loading and Loss Comparison
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Figure A-7
Line 6 Loading and Loss Comparison
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Line 7 Loading and Loss Comparison
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Figure A-11
50 MVA Transformer Loading and Loss Comparison
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Figure A-12
75 MVA Transformer Loading and Loss Comparison

Loss Calculation Comparison

Based on the analysis and comparison for the transmission lines and transformers, the
comparative losses and reductions are shown in Table A-2. Only two of the transmission lines
showed significant savings from using a more efficient conductor to reduce losses. The other
seven lines ranged from a 3 to 5% reduction. The analysis of the two transformers showed
that more efficient transformer designs available on the market today efficiently reduce losses
by 30-40%.

Table A-2



Loss Comparison Results

In-service Efficient
Section % Loss
Asset |Voltage (kV) Length (km) Average Loadflow | Approx Annual | Approx Annual Radchon
Losses (Mwh) | Losses (Mwh)

1 230 7.3 38% 1,987 1,922 3%

2 500 208.7 19% 63,185 48,772 23%

3 115 69 |  39% | 1,567 1,510 4%

4 115 40.0 23% 3,000 2,617 13%

5 230 12.1 13% 451 428 5%

6 230 120 | 1% 2,438 2,311 5%

7 230 168.3 11% 3,785 3,589 5%

8 230 116.8 24% 14,442 13,752 5%

9 230 30.4 14% 1,225 1,161 5%
50 MVA 121/28 50 MVA 60% 1,230 815 34%
75 MVA 244/44 75 MVA 60% 1,887 1,134 40%

The line losses estimated from the loading information provided by Hydro One are a very small
portion of the losses if estimated based on the rating of the transmission element. This is
especially true in the case of the line losses.
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