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ABSTRACT

The choice between above-ground and below-ground power lines is critical in designing and
deploying electrical infrastructure, with implications for reliability, safety, and environmental
impact. This research paper comprehensively analyzes the differences between above-ground
and below-ground power lines, highlighting their pros and cons across multiple scenarios and
geographical locations.

This study examines the factors influencing the choice of powerline installation, including
cost considerations, reliability, maintenance requirements, environmental impact, and resilience
in natural disasters. By conducting an extensive literature review and utilizing case studies from
diverse geographical locations, we provide a holistic understanding of the trade-offs associated
with each installation method.

Our findings reveal that above-ground power lines offer cost advantages in initial
deployment but are susceptible to weather-related disruptions, pose fire hazards, and have
aesthetic and environmental concerns. Conversely, below-ground power lines are more resilient
to weather events, have a lower environmental impact, and are aesthetically pleasing. Still, they
involve higher installation costs and longer repair times in case of faults.

Furthermore, our research assesses the suitability of each installation method in different
scenarios, such as urban, suburban, and rural areas. It considers geographical factors such as
climate, population density, and geological conditions. We demonstrate that the optimal choice
between above-ground and below-ground power lines varies significantly based on these factors.

By shedding light on the nuanced advantages and disadvantages of above-ground and
below-ground power lines, this research paper aims to provide valuable insights for policymakers,
utility companies, and engineers involved in the planning and development of electrical
infrastructure. The findings presented herein can provide informed decisions prioritizing safety,
reliability, and sustainability in diverse geographical contexts, ultimately contributing to enhancing
our electrical power distribution systems.
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CHAPTER 1: INTRODUCTION

The ever-growing demand for electricity in contemporary society has led to continuous
advancements in power distribution infrastructure. Power lines, the conduits of energy that
crisscross our landscapes, play a pivotal role in supplying electricity to homes, businesses, and
industries. However, the deployment of power lines has undergone significant transformations
over the years, driven by evolving technological, environmental, and societal considerations. This
thesis endeavors to conduct a comprehensive "Comparative Analysis of above-ground and
Below-ground Power Lines: A Multi-Scenario and Geographical Perspective," specifically
emphasizing the undergrounding of power and utility lines.

Establishing electrical power distribution in the United States marks a pivotal moment in
the history of technological advancement. This chapter explores the early stages of U.S. electrical
power distribution, the transition from direct current (DC) to alternating current (AC) systems, the
reasons behind this shift, and the efficiency considerations that favored AC power. Additionally,
the chapter introduces the equation for AC power efficiency on high-voltage power lines per mile.

1.1 EARLY U.S. ELECTRICAL POWER DISTRIBUTION

In the late 19th century, the United States witnessed the nascent stages of electrical power
distribution, a transformative era led by the visionary efforts of inventors and entrepreneurs
(Jones, 2003). Thomas Edison, a prominent figure in this landscape, was pivotal in establishing
the first centralized power plant in the U.S. — the Pearl Street Power Station in New York City,
operational in 1882.

Edison's power station employed a direct current (DC) system, the prevailing technology
during the initial stages of electrification. In a DC system, electricity flows in one direction, primarily
for local power distribution. The Pearl Street Power Station was a testament to the practical
application of electricity, providing power for street lighting and select customers.

While Edison's DC system represented a groundbreaking achievement in bringing
electricity to urban areas, it faced inherent limitations, particularly inefficient long-distance
transmission. DC power suffered from significant energy losses over relatively short distances
due to its inability to be easily transformed to higher voltages, making it unsuitable for large-scale
power distribution.

The limitations of DC systems became increasingly evident as urban areas expanded and
the electricity demand grew. The need for an efficient solution to transmit power over longer
distances spurred innovations in the field, leading to the emergence of alternating current (AC)
systems.

1.2 TRANSITION FROM DC TO AC POWER

The transition from DC to AC power gained momentum with Nikola Tesla's contributions and the
support of industrialist George Westinghouse. Tesla's development of the induction motor and his
advocacy for AC power technology presented a compelling alternative to the constraints of DC
systems. AC power had the distinct advantage of being easily transformed to different voltage
levels using transformers.

One of the landmark demonstrations of AC power's superiority occurred with the
completion of the Niagara Falls power project in 1896 (Jones, 2003). The project showcased the
feasibility of transmitting electricity generated at Niagara Falls to Buffalo, New York, over a
distance of more than 20 miles. This successful long-distance transmission underscored AC
power's potential for large-scale and efficient power distribution.

12
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The adoption of AC power systems marked a paradigm shift in electrical power
distribution. It laid the foundation for developing grids, enabling efficient electricity generation,
transmission, and distribution over extensive networks (Jones, 2003). The transition from DC to
AC power was not merely a technological shift; it was a strategic move that addressed the growing
demands of an electrified nation and set the stage for the dynamic evolution of power distribution
infrastructure in the United States.

1.3 JOURNEY OF ELECTRICITY: FROM GENERATION TO END USERS

The journey begins at power generation plants. Electricity generated at power plants is
transmitted over long distances through high-voltage transmission lines supported by towers, as
shown in Figure 1.1 below. These lines operate at high voltages to minimize energy losses during
transmission.

Transmission substations receive high-voltage electricity and play a vital role in
transforming and regulating the voltage. Transformers adjust voltage levels for efficient
transmission and distribution. Voltage converters and transformers ensure the voltage is
appropriately adjusted as electricity moves through the transmission system. They step up voltage
for efficient long-distance transmission and step it down for local distribution (Schewe, 2007).

Distribution substations further reduce the voltage of electricity received from the
transmission system. These substations serve as the interface between the high-voltage
transmission system and the local distribution network. Electricity is distributed through lower
voltage distribution lines to neighborhoods, commercial areas, and industrial zones. These lines
are designed for local distribution. Local transformers near end-users adjust the voltage to levels
suitable for safe and efficient use within homes, businesses, and other facilities. The final leg of
the journey involves power lines connected directly to individual homes and businesses. These
lines operate at lower voltages and deliver electricity for various applications (Schewe, 2007).

The electricity journey is a complex and highly orchestrated process involving power
generation, transmission, distribution, and a network of end-user connections. Technological
advancements and smart grid integration contribute to a reliable, efficient, and resilient electrical
power supply, ensuring that electricity reliably reaches commercial and residential customers
worldwide. Understanding this journey is crucial for ensuring the continued evolution and
improvement of the electrical power infrastructure.

The electrical power system comprises three primary elements: generation, high-voltage
transmission, and distribution. The generation component involves the production of electricity
from various sources such as fossil fuels, nuclear energy, renewable sources like solar and wind,
and hydroelectric power (Gorman, 2019). Power plants are responsible for converting these
energy sources into electricity through turbines or other mechanisms. After generating electricity,
it must be transported over long distances to reach major load centers or urban areas with high
electricity demand. High-voltage transmission lines, typically operating at voltages ranging from
69 kV to 765 kV or higher, are used for this purpose (Hawaiian Electric, 2021). These lines
minimize energy losses during transmission by carrying electricity at high voltages, which reduces
the current and subsequently decreases resistive losses.

Once electricity reaches the load centers, it is distributed to end-users, including
residential, commercial, and industrial consumers. Distribution networks comprise lower-voltage
lines, transformers, substations, and distribution centers. These networks are designed to deliver
electricity safely and reliably to customers at the appropriate voltage levels for their consumption
needs. Each component of the electric power system plays a crucial role in ensuring the efficient
and reliable supply of electricity to consumers. Generation facilities Produce electricity,
transmission lines transport it over long distances with minimal losses, and distribution networks
deliver it directly to customers. These components form a complex, interconnected system that
powers homes, businesses, and industries worldwide.
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Figure 1.1. Basic Structure of U.S. Power System (Modified: Marston 2018)
1.4 STATEMENT OF PROBLEM

Deploying above-ground power lines has been a common practice in the electrical power
infrastructure for decades. While this approach effectively delivers electricity to end-users, it has
challenges and drawbacks. It raises a range of issues that impact the reliability of the power
supply and the overall well-being of communities.

1.4.1 Issues Associated With Above-Ground Power Lines

Above-ground power lines are susceptible to various external factors, including extreme weather
events such as storms, hurricanes, and ice storms (Hallstrom, 2005). The exposure of power lines
to these elements increases the risk of physical damage, leading to power outages and
disruptions in service. Aesthetic and environmental concerns include the visual impact of
extensive networks of overhead power lines, which can be a source of aesthetic concern,
particularly in residential areas and scenic landscapes. Additionally, above-ground power lines
may raise environmental concerns about potential impacts on wildlife and ecosystems.

The proximity of above-ground power lines to the ground poses safety hazards, especially
during severe weather conditions. Incidents such as fallen power lines can result in electrical
accidents and fires and threaten public safety. Installing above-ground power lines in urban areas
may pose challenges for urban planning and land use. The visual intrusion of power lines can
limit development options and affect property values.

1.4.2 Rationale For Exploring Undergrounding As A Solution

The exploration of underground power lines emerges as a viable solution to address the issues
above associated with above-ground power lines. Undergrounding involves placing power lines
Below the surface, providing an alternative approach that mitigates several challenges associated
with traditional above-ground installations.

Underground power lines are inherently more resilient to adverse weather conditions.
Shielded from the elements, underground cables are less susceptible to wind, ice, and storm
damage, thereby improving the reliability of the power supply and reducing the frequency and
duration of outages. Undergrounding power lines also improve aesthetics, particularly in

14
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residential and scenic areas. Eliminating visible power lines enhances the visual appeal of
landscapes and reduces the environmental impact associated with above-ground installations.

Underground power lines mitigate safety hazards associated with above-ground lines.
With cables beneath the surface, the risk of accidental contact, electrical fires, and related safety
incidents is significantly reduced, promoting a safer community environment. The
undergrounding of power lines increases land use and urban planning flexibility. Without the visual
intrusion of overhead lines, urban areas can optimize space utilization and design without the
constraints posed by above-ground infrastructure.

The problem statement highlights the multifaceted challenges of above-ground power
lines, including reliability issues, safety concerns, and environmental impact. The rationale for
exploring undergrounding as a solution emphasizes the potential benefits of enhanced reliability,
improved aesthetics, safety, and greater flexibility in land use.

1.5 OBJECTIVES OF THE STUDY

This study's primary objectives are to comprehensively understand the advantages, challenges,
and contextual considerations associated with above-ground and below-ground power lines.

The first objective is to conduct a thorough comparative analysis of above-ground and
below-ground power lines. This comparison will encompass various dimensions, including, but
not limited to, reliability, safety, environmental impact, cost-effectiveness, and adaptability to
different geographical and scenario-specific contexts. By scrutinizing these aspects, the study
seeks to provide an unbiased assessment of the strengths and weaknesses inherent in each
approach.

The second objective involves a detailed examination of the multi-scenario and
geographical perspectives related to the deployment of power lines. Different scenarios, such as
urban, suburban, and rural settings, pose unique challenges and opportunities for power line
infrastructure. Additionally, varying geographical conditions will be considered, such as regions
prone to extreme weather events, seismic activity, or those with aesthetic considerations. The
analysis aims to identify specific scenarios and geographical contexts where underground power
lines emerge as the most beneficial solution.

Several subsidiary objectives will be addressed in pursuit of the primary objectives.
Conduct a detailed cost-benefit analysis comparing the expenses of installing, maintaining, and
repairing above-ground and below-ground power lines. This analysis will consider both short-term
and long-term financial implications.

Evaluate the reliability and resilience of power supply systems based on the infrastructure
deployed. This includes analyzing outage frequency, duration, and each system's ability to
withstand environmental challenges. Assess the safety aspects associated with above-ground
and below-ground power lines, considering the risk of electrical accidents, fire hazards, and the
potential impact on public safety.

Examine the environmental impact of power line installations, considering factors such as
visual aesthetics, impact on ecosystems, and adherence to environmental regulations. Explore
the adaptability of each power line system to diverse scenarios, including urban, suburban, and
rural environments. Considerations will include the ease of integration into existing infrastructure
and compatibility with urban planning initiatives. Identify geographical contexts where above-
ground or below-ground power lines are more suitable based on climate conditions, seismic
activity, and landscape characteristics.

The objectives outlined in this chapter set the foundation for a comprehensive and detailed
exploration of power line infrastructure. By comparing above-ground and below-ground
approaches and considering many scenarios and geographical perspectives, this study aims to
provide valuable insights that contribute to informed decision-making in the deployment of power
lines.
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1.6 FUNCTION OF THE SYSTEM

1.6.1 How It Works

The flow of electricity within the supply system involves a network of substations that play crucial
roles in ensuring efficient and stable power transmission. High-voltage substations serve as
pivotal hubs, facilitating the connection and stabilization of the high-voltage transmission systems.
While electricity is typically generated below 34 kV, the high-voltage transmission system (HVTS)
operates at significantly higher voltages to minimize transmission losses. To bridge this voltage
differential, step-up substations are employed to elevate the voltage to suitable levels for
transmission over long distances. Subsequently, step-down substations reduce the voltage to
less than 69 kV, enabling the power to be fed into distribution substations that deliver electricity
directly to consumers. Additionally, several converter substations convert high-voltage AC to high-
voltage DC for regional interconnections.

High-voltage transformers, particularly those rated at 345 kV and above, play a critical role
in the functioning of the electric system (DOE, 2015). In the US, the HVTS has approximately
2,100 such transformers, each characterized by its high cost, large size, and substantial weight.
These transformers, which can cost between $2 and $7.5 million each, measure up to 56 feet in
width, 40 feet in length, and 45 feet in height, with weights reaching up to 410 tons. Due to their
specialized nature, these transformers typically have extended lead times for procurement, often
requiring up to 24 months for acquisition. Moreover, they are custom-designed for specific
applications to maximize efficiency. As a result, there are generally limited, if any, spare
transformers rated above 345 kV available in utility storage yards (Goodall, 2016). Furthermore,
like much of the US electricity supply infrastructure, many large transformers are nearing the end
of their design life (DOE, 2012).

The operation and planning of the HVTS in the United States have evolved significantly,
transitioning from control by vertically integrated utilities to oversight by regional transmission
operators (RTOs) or independent system operators (ISOs). These entities and vertically
integrated utilities operate within the regulatory framework established by the Federal Energy
Regulatory Commission (FERC, 2018). ISOs are responsible for managing the high-voltage grid,
administering wholesale electricity markets, and ensuring the reliability of the region's electricity
system. RTOs perform similar functions but possess greater authority and responsibility for
coordinating, controlling, and monitoring their region's transmission system (Hildebrandt et al.,
2021). While vertically integrated utilities still exist in certain US regions, Such as the West and
Southeast, they now account for only about 40 percent of the nation's electricity supply (NIST,
2014).

1.6.2 Developments In High-Voltage Transformer System

At least two primary factors propel significant transformations within the High-Voltage
Transmission System (HVTS): technological advancements and the shifting landscape of power
generation towards renewables (Goggin, 2021). The technological impetus stems from the advent
of smart grid technology, which entails substituting electronic devices for the electromechanical
components initially integrated into the HVTS during the 1950s. This modernization encompasses
adopting advanced control systems to enhance the system's reliability, resilience, and capacity,
all without expanding transmission infrastructure. This process is both cumbersome and costly.
Notably, these enhancements can augment the system's carrying capacity by over 30 percent,
as indicated by studies conducted by the National Energy Technology Laboratory (NETL) in 2010
(DOE, 2017a).
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Integration into generating renewable energy sources poses additional challenges for the
HVTS. The intermittent nature of renewable energy generation introduces complexities to grid
management, necessitating stringent voltage and frequency regulation to maintain system
balance (DOE, 2017). With a higher proportion of non-dispatchable (intermittent) generation
contributing to the grid, the system control task becomes more demanding, requiring increased
reserves to meet fluctuating demand patterns.

The accelerated adoption of innovative grid technologies holds promise for bolstering the
control capabilities of the HVTS, particularly as the demand for power transfer between regions
intensifies (Goggin, 2023). However, this transition would not have been without its
considerations. A notable tradeoff arises between the benefits of sophisticated control systems,
which rely on extensive utilization of internet-connected devices, and the potential vulnerabilities
they introduce to cyber threats (Glenn, 2016). As highlighted by the National Institute of Standards
and Technology (NIST) in 2014, the proliferation of internet-connected devices in smart grid
infrastructure heightens the susceptibility of the system to cyberattacks—a concern that
necessitates robust cybersecurity measures to safeguard the integrity and reliability of the HVTS
(NIST, 2014).

1.6.3 Developments in the Distribution System

The final segment of the electricity supply chain is the distribution system (DS), tasked with
conveying electricity from the High-Voltage Transmission System (HVTS) to end consumers
through step-down transformers. This component, which serves residential, commercial, and
industrial facilities, constitutes approximately 35 percent of the overall system costs in the United
States. Over the past two decades, the country has invested more than $400 billion in distribution
infrastructure (EEI, 2017). Despite its significance, the distribution system is also the most
intricate, with most power outages stemming from issues within this domain. Unlike the HVTS,
there are no standardized reliability metrics for the DS, and federal oversight is lacking, leaving
regulatory responsibilities to state authorities and local utility management boards (Warwick,
2016).

Traditionally, distribution lines have been situated above ground, encompassing over 5.5
million miles of lines and 180 million power poles nationwide (Gustavsen, 2004). However,
underground distribution infrastructure commenced in major cities during the late 19th century
before gradually extending to suburban areas. Underground placement offers several
advantages, including enhanced aesthetics and heightened wind, fire, and ice damage
resistance. Nonetheless, undergrounding presents challenges, such as heightened flood risks,
elevated costs, and more disruptive maintenance requirements (Sharma, 2017).

The resurgence of electric vehicles (EVs) in the United States presents a potential shift in
the distribution system's landscape. While EVs currently account for less than 1 percent of
electricity consumption, advancements in electric vehicle technology and incentives for their
adoption may substantially increase electricity demand, particularly during peak evening hours.
While there is sufficient generation and transmission capacity to accommodate this demand, the
distribution system may need help managing increased charging requirements, depending on the
timing and location of vehicle battery charging (Bullis, 2013).

Microgrids, a form of distributed generation and storage resources within the DS, offer a
solution for enhancing system resilience by forming separate, "islanded" grids during disturbances
on the larger integrated grid. However, managing distributed generation and microgrids
necessitates a high degree of automation, especially concerning bidirectional power flow
management for photovoltaic systems and electric vehicles. While automation enhances system
reliability and resilience, it also introduces vulnerabilities to cyber threats, highlighting the
importance of robust cybersecurity measures (NIST, 2014).
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To bolster DS reliability and resilience, utilities are implementing various measures,
including distribution automation, real-time fault analysis, outage management systems, and real-
time electricity pricing to mitigate peak demand. Nevertheless, significant investment—estimated
at up to $5 trillion—is imperative to transition to fully automated distribution systems (Rhodes,
2017).
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CHAPTER 2: LITERATURE REVIEW

2.1 EXECUTIVE SUMMARY

The transition from overhead electric power distribution systems to underground alternatives has
been a longstanding topic of deliberation in the United States for over three decades. This subject
has undergone extensive examination, discussion, and deliberation at various levels of
government, including state, municipal, and local authorities. While overhead construction
remains the norm, in approximately 80% of America, all investor-owned utilities are mandated to
offer customers the option to convert existing overhead services to underground systems by
covering the incremental expenses (Beehler, 2023). In the case of municipals and cooperatives,
the decision to pursue undergrounding is entrusted to local citizen boards.

This report presents findings from an extensive review of prior undergrounding studies
conducted across multiple states and literature examining this issue across the United States and
globally. The review reveals that converting overhead electric distribution systems to underground
counterparts is associated with considerable costs, often exceeding the quantifiable benefits
outlined in existing studies. Exceptions exist in rare instances where the facilities yield notably
enhanced reliability or exhibit an above-average impact on community objectives.

This conclusion underscores the discrepancy between the initial cost of undergrounding
and the anticipated tangible benefits consistently across multiple reports. While some prior cost-
benefit analysis advocates for widespread undergrounding, all studies within the last ten years
recommend targeted initiatives to fulfill specific community objectives. All numerical data
referenced in this report can be traced to one or more cited reports.

2.2 SUMMARY OF LITERATURE

Presently, around 20% of the electric distribution network in the United States operates
underground. Certain public power utilities, such as those in Ft. Collins and Colorado Springs,
Colorado, and Anaheim, California, have implemented underground ordinances over several
years. These initiatives have enhanced the aesthetic appeal of their cities and boosted their
systems' efficiency. For instance, Fort Collins boasts a remarkable 99% underground coverage
and achieves a reliability rate of 99.9%. Colorado Springs commenced its undergrounding efforts
in the 1970s and has achieved 77% underground coverage with a 99.9% reliability rate. The public
power utility in Colorado Springs estimates that with an additional investment of approximately
$2.2 billion, the entirety of its system could be transitioned underground (Beehler, 2023).

In Anaheim, the Home Underground (HUG) program has been operating since 1990,
yielding commendable outcomes. Anaheim's phone and cable TV utilities have also contributed
to the undergrounding initiative. For years, investor-owned utilities (IOUs) have undergrounded
new residential developments. Presently, several significant IOUs, including Pacific Gas and
Electric Co. (PG&E), Florida Power & Light Co. (FPL), WEC Energy Group, and Dominion Energy,
are undertaking extensive, multiyear, multibillion-dollar endeavors to strategically transition lateral
lines and other critical components of their systems underground.
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As a rough approximation, the expense of converting existing overhead electric
distribution lines and equipment to underground systems is projected to average around $3.5
million per mile (EEI, 2016). Additionally, there are expenses involved in adapting individual
Residential and commercial electric service and meter facilities to align with the new underground
infrastructure that now delivers electricity. Moreover, additional costs are associated with site
restoration and the underground placement of third-party attachments.

When focusing solely on the direct utility expenses of transitioning from overhead to
underground setups, research indicates that undergrounding distribution facilities in residential
neighborhoods served by investor-owned utilities would entail an average cost of approximately
$2,500 per affected residential customer (Radmer, 2002). For undergrounding residential main-
trunk feeders (i.e., lines leading to residential neighborhoods) throughout Florida, the average
expense per affected residential customer is estimated to be around $11,000 (Carr, 2002).
Similarly, undergrounding all main trunk commercial feeders (i.e., those supplying business and
office areas) in Florida would incur an average cost of about $37,000 per affected commercial
customer (Brown, 2007).

It is important to note that costs in specific scenarios could diverge significantly from these
estimations depending on factors such as electric system design, construction standards,
customer density, local topography, construction accessibility challenges, building characteristics,
and service requirements. According to existing studies, the comprehensive conversion of
overhead electric distribution systems to underground setups would necessitate a considerable
increase in electricity rates, potentially doubling their current levels or exceeding them, particularly
in areas with lower customer densities (Hall, 2013).

2.2.1 Benefits

Nearly every assessment and examination of transitioning from overhead to underground utilities
acknowledges that the removal of poles, overhead lines, and associated equipment, and
sometimes above-ground facilities essential for overhead utilities, will enhance the visual appeal
or aesthetics of an area, whether it is residential or commercial property (Gustavsen, 2004). While
opinions and analytical studies on the value of this aesthetic enhancement vary widely in their
findings, none of the studies reviewed in this report conclude that aesthetics yield a quantifiable
monetary benefit significant enough to substantially influence the overall benefit-to-cost ratio of
the conversion.

Nevertheless, certain municipal governments, developers, businesses, and homeowners
value the aesthetic enhancement achieved by underground utilities. This is demonstrated by the
fact that some opt to cover the cost difference for underground services, particularly for new
construction projects. However, it is essential to note that the abovementioned conversion costs
may only sometimes result in aesthetic improvement with additional expenditures to transition
third-party utilities such as telephone and cable television to underground systems. The expenses
required to relocate all remaining utilities underground are typically estimated to fall between 10%
and 30% beyond the cost of the electric conversion (Brown, 2007).
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The transition to underground electric facilities offers a multitude of potential benefits. First,
it enhances the aesthetics of the surrounding area, eliminating the visual clutter caused by
overhead lines and equipment. Additionally, it reduces the need for frequent tree trimming, thus
lowering associated costs and preserving the natural landscape. Furthermore, underground
facilities are less susceptible to storm damage, resulting in reduced restoration expenses and
fewer disruptions to service. Moreover, the risk of motor vehicle accidents and live-wire contacts
is significantly diminished. During normal weather conditions, outages are minimized, and there
are far fewer momentary interruptions, enhancing overall reliability. Additionally, undergrounding
fosters improved relations with utility providers regarding tree-trimming practices. Lastly, it
reduces the number of structures impacting sidewalks, contributing to safer and more accessible
pedestrian pathways.

2.2.2 Disadvantages

While offering numerous advantages, the transition to underground electric facilities also presents
several potential disadvantages that warrant consideration. First, there is the issue of stranded
asset cost for existing overhead facilities, which may require significant investment to
decommission or repurpose. Moreover, installing underground infrastructure can result in
environmental damage, including soil erosion and disruption of ecologically sensitive habitats,
particularly during excavation and construction activities. Additionally, utility employees face
increased work hazards during vault and maintenance hole inspections and heightened exposure
to dig-ins, which can delay repairs and maintenance.

Furthermore, underground facilities may experience longer-duration interruptions and
impact more customers per outage, exacerbating service disruptions. They are also susceptible
to flooding, storm surges, and damage during post-storm cleanup efforts, posing operational
challenges and safety risks. Moreover, the transition to underground infrastructure may reduce
flexibility for operational procedures and system expansion, potentially hindering adaptability to
changing demands. Furthermore, underground facilities generally have a shorter life expectancy
than their overhead counterparts and incur higher maintenance and operating costs over time.
Lastly, higher costs may be associated with accommodating new data bandwidth requirements,
further complicating the financial considerations of undergrounding electric facilities.

2.2.3 Financing Considerations

The various reports and references examined within this study consistently underscore the
significant additional expenses associated with undergrounding compared to overhead
distribution systems. However, they may diverge in their assessments of the precise costs
incurred and the extent to which these costs are justified by the benefits accrued. Nonetheless, it
remains indisputable that these expenses must be addressed if the conversion to underground
infrastructure is to be pursued. Consequently, identifying appropriate financing mechanisms is
paramount in the broader undergrounding endeavor. Fortunately, a range of funding options are
available to cover these expenses, and selecting the most suitable financing approach constitutes
a pivotal aspect of the undergrounding process.
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Among the primary methods of financing frequently cited in reports and studies are
customer-funded initiatives, wherein customers directly contribute to the costs associated with
undergrounding through various means. This approach may involve higher consumer electricity
rates, reflecting the increased capital outlay necessitated by undergrounding projects.
Alternatively, municipalities may impose higher taxes, spreading the financial burden across the
broader tax base to subsidize undergrounding efforts.

Additionally, establishing special tax districts dedicated to financing undergrounding
initiatives represents another viable avenue for funding, enabling localized communities to
mobilize resources earmarked explicitly for these projects. Furthermore, utility set-asides may be
utilized, whereby utilities allocate a portion of their revenue or profits towards undergrounding
initiatives, thereby internalizing the costs within their operations. Alternatively, federal funding
sources may be leveraged to support undergrounding projects, tapping into government grants
or subsidies to defray some expenses. Finally, private sector investment presents another
potential avenue for financing, with private entities contributing capital towards undergrounding
projects in exchange for various incentives or returns on investment.

Combining these financing options may address undergrounding endeavors' complex
financial requirements. Municipalities, utilities, and other stakeholders collaborate to devise
comprehensive funding strategies specific to each project's unique circumstances. By carefully
evaluating the merits and implications of each financing approach, project stakeholders can
navigate the financial challenges associated with undergrounding and pave the way for the
successful implementation of these critical infrastructure upgrades.

2.2.4 Overall Assessment

The movement towards undergrounding electric distribution systems in the United States, driven
by various state commissions such as those in New York, Florida, and California, as well as
numerous municipalities and electric customers, is motivated by a multifaceted agenda. This
agenda seeks to enhance the aesthetic appeal of communities, reinforce service reliability, and
minimize susceptibility to hurricane-related damages (Hallstrom, 2005). While the subjective
nature of aesthetic improvements makes them challenging to quantify, they nonetheless play a
significant role in advocating for the adoption of underground infrastructure. However, studies
reviewed in this report need to definitively assert that the wholesale transition from overhead to
underground distribution lines can be entirely justified based solely on cost considerations,
particularly in scenarios where aesthetics are not given due weight.

A comprehensive examination of existing literature on undergrounding electric distribution
facilities reveals several notable findings. Firstly, it is apparent that no state mandates widespread
undergrounding of existing distribution facilities, indicating a lack of regulatory pressure. However,
most states have implemented regulations requiring undergrounding for all new construction or
renovation projects, except under extreme circumstances related to cost or feasibility concerns.
Furthermore, converting overhead facilities to underground is typically not deemed fully cost-
justifiable, as the tangible benefits often do not outweigh the substantial expenses associated with
such endeavors. Nonetheless, long-term analyses of underground conversion projects have
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demonstrated the potential for sustained cost benefits over time, suggesting that the initial
investment in underground infrastructure may yield favorable returns.

Despite these insights, there remains a notable need for studies exploring alternative
approaches to undergrounding, such as strengthening existing overhead systems as a more cost-
effective solution. Additionally, academic and industry literature addressing storm reliability
modeling and failure rates during hurricanes remains limited, emphasizing a significant gap in our
understanding of how undergrounding impacts the resilience of electric distribution networks in
connection to extreme weather events (Moon, 2006).

Nevertheless, the evolving discourse surrounding undergrounding reflects a shift in
priorities within the industry and government sectors. Beyond mere cost-effectiveness, there is a
growing emphasis on broader considerations of sustainability and reliability. As the need for
integrated and resilient systems becomes increasingly apparent, undergrounding emerges as a
strategic measure aimed at fortifying the resilience of electric distribution networks against the
growing threats posed by natural disasters and other disruptive events.

2.2.1 Consultant Reports

Consultant reports offer a comprehensive examination of various aspects related to
undergrounding, including costs, benefits, regulatory considerations, past endeavors, case
studies, and implementation challenges. When executed effectively, these reports are valuable
resources for initiating discussions and deliberations on undergrounding-related matters. Two
prominent consultant reports on undergrounding are the EEI report titled "Out of Sight, Out of
Mind. A study on the costs and benefits of undergrounding overhead power lines" and the
Navigant report titled "A Review of Electric Utility Undergrounding Policies and Practices." While
both reports offer valuable insights, they often exhibit significant overlap in their content.

Edison Electric Institute’s “Out of Sight, Out of Mind” stands out as one of the most widely
recognized sources on undergrounding and is a crucial reference for most recent investigations
into undergrounding. It was initially Authored in January 2004 and was updated in July 2006 to
incorporate references to contemporary documents such as the Navigant study for LIPA. It is
worth noting that these documents frequently cross-reference each other, potentially leading to a
misleading impression of industry consensus on specific undergrounding issues. The report
delves into reliability, costs, benefits, customer willingness to pay, and payment alternatives.
While the report's contents are extensively discussed within this document, the overarching
conclusions suggest that (1) many residential customers express interest in undergrounding
without realizing it entails an upfront cost of approximately $5,000, a doubling of electricity rates,
and increased telephone and cable bills, (2) the reliability advantages of underground systems
are not as significant as commonly perceived, and (3) the primary benefit lies in aesthetics, which,
although challenging to quantify, has, in certain instances, proven substantial enough to warrant
the associated costs.

2.2.2 State Regulatory Reports

State regulatory commissions in several states have investigated the costs and benefits of
undergrounding electric utilities within their jurisdiction, sometimes focusing exclusively on
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investor-owned utilities. Examples include Virginia, North Carolina, Maine, Maryland, Texas, and
Florida. These reports typically include comprehensive sections covering the electric delivery
system, relevant natural disasters, and prior undergrounding initiatives. However, the
Recommendations in these reports vary, with some opting not to make specific recommendations
regarding undergrounding in the state (Xu, 2009).

The Commonwealth of Virginia’'s report delves into the expenses and advantages of
undergrounding the distribution network in Virginia. It offers a detailed analysis of the impacts of
undergrounding, encompassing both costs and benefits, while examining the anticipated financial
implications associated with each aspect (VSCC, 2004). Notably, the analysis underscores cost
and reliability as the most significant impacts of undergrounding. According to the findings, the
transition to underground infrastructure would require an additional $3,000 per year per customer.
In contrast, the estimated willingness of customers to bear this cost is approximately $180 per
year (VSCC, 2005). However, when considering the itemized benefits instead of customer
willingness to pay, the total societal benefits are projected to amount to $3.9 billion per year, in
contrast to the annual costs of $10.6 billion. Among these benefits is an estimated reduction of
$40 million per year in storm restoration expenses (Bin, 2004).

An intriguing aspect highlighted in this report includes observations such as the
comparative advantages of overhead systems in terms of post-fault circuit reconfiguration and
overload resilience, as well as the similarity in operations and maintenance costs between
overhead and underground systems. Additionally, the report features a case study of Ocean View,
which underscores the primary advantage of undergrounding to enhance aesthetics.
Furthermore, the report provides a succinct summary of the conclusions drawn from prior studies,
encompassing reports on undergrounding by the EEI, North Carolina, Maryland's undergrounding
task force, and the Australian undergrounding working group.

2.2.3 Municipal Reports

Many towns, cities, and local authorities have commissioned studies to evaluate the costs and
benefits of undergrounding utilities within their respective franchise areas. Examples include Fort
Pierce, Palm Beach, Tallahassee, Davis Island, and Tahoe Donner Subdivision in Truckee. While
most of these reports primarily focus on assessing the financial implications of undergrounding,
they often refrain from making explicit recommendations on whether undergrounding should be
pursued. In Florida, a study was conducted for a group of municipalities, analyzing
undergrounding costs and benefits in a general context without specific municipal-level
recommendations.

2.2.4 International Reports

The undergrounding of utilities, particularly electric facilities, has been the subject of extensive
study in various regions of the developed world. One such report examines undergrounding
issues related to electric transmission in countries under the purview of the European
Commission. It is worth noting that electric distribution systems across Europe exhibit significant
variations in design and operation compared to those in the United States. Consequently, while
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the findings specific to European distribution systems have yet to be exhaustively detailed here,
it is recognized that undergrounding poses a considerable expense in the European context as
well. Despite these differences, electric distribution designs in the United Kingdom and Australia
resemble American practices more closely. Therefore, several reports detailing findings from
these regions have been included for consideration.

The Allen Consulting report from Australia examines undergrounding distribution systems
in Australia as part of a broader initiative spearheaded by a state-sponsored working group called
the Putting Cables Underground (PCU) Working Group. The primary focus centers on public
finance principles employed in evaluating various funding options for undergrounding endeavors.
To illustrate these principles in action, the report incorporates insights from two case studies,
offering a glimpse into how similar approaches could be applied in comparable scenarios. These
case studies shed light on the average costs of converting 2,731 residential lots to underground
facilities. The findings reveal an average cost of $5,500 per lot (converted to USD in 1997), albeit
with considerable variability, ranging from $1,000 to $38,000. However, it remains to be seen
whether these costs encompass all aspects of undergrounding for each area or are limited to the
facilities corresponding to individual customers.

Moreover, the report underscores the significance of aligning the level of undergrounding
with the community's willingness to bear the associated costs. Various funding options are
explored, including levying a fixed contribution from each ratepayer regardless of property value,
tying charges to property valuation, and basing charges on property frontage. Surveys conducted
within the case study areas revealed notable levels of support for the conversion, with
approximately 80 to 85% of respondents expressing favorability and 70% indicating a willingness
to contribute financially. Notably, however, the survey response rate fell below 40%.

The justification for undertaking such conversions hinges on factors such as visual impact,
reliability enhancements, and potential savings in maintenance costs. Furthermore, the report
provides an extensive summary detailing the benefits associated with undergrounding. Despite
these insights, the report refrains from drawing definitive conclusions regarding the most efficient
and equitable solutions, leaving room for further deliberation and analysis.

2.3 PRIMARY TOPICS OF DISCUSSION

Examining the existing body of literature highlights four central themes concerning the
undergrounding of distribution systems, each accompanied by prevalent misconceptions. These
issues include initial costs, potential benefits, adverse impacts, and financing mechanisms. Below
is a more detailed exploration of each of these critical areas.

2.3.1 Initial Costs

The literature consistently acknowledges the significant expense associated with undergrounding
compared to the initial investment in existing overhead systems. However, it is essential to
recognize that there are three primary costs associated with the process of undergrounding, a
facet that is sometimes overlooked. The first and most commonly discussed cost pertains to the
expenses incurred by utilities in dismantling the existing overhead electrical infrastructure situated
within easements and rights-of-way and subsequently installing equivalent underground facilities.
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The second cost involves converting or modifying each customer's "private" service
equipment, such as service drops, entrance points, and meter boxes, to accommodate the
transition to underground electric service. This secondary expense can be substantial and is
typically borne directly by the respective customer.

The third cost encompasses undergrounding other utilities, including telephone lines,
cable television infrastructure, and broadband fiber networks. It is worth noting that there is a
mitigating factor associated with this third cost, as third-party utilities will no longer be required to
pay attachment fees to the electric utility once the transition to underground infrastructure is
complete. While virtually all undergrounding initiatives entail the subterranean placement of all
overhead utilities, many studies focusing on undergrounding fail to fully account for the expenses
of transitioning third-party attachments to underground configurations.

2.3.2 Positive Effects

The prevailing literature commonly attributes several advantages to underground distribution
systems compared to their overhead counterparts. These include (1) enhanced reliability of
electric service with reduced failures, (2) increased cost-effectiveness in maintenance and
servicing, (3) heightened safety, (4) positive enhancement of nearby property values, and (5)
heightened desirability during adverse weather conditions.

2.3.3 Adverse Impacts

Conversely, potential drawbacks associated with undergrounding encompass (1) the potential for
adverse impacts on environmentally sensitive areas, (2) escalated costs leading to higher prices
for local businesses, (3) decreased life expectancy of equipment within underground systems,
and (4) diminished operational flexibility and increased maintenance costs for certain types of
upkeep.

2.3.4 Financial Mechanisms

Ultimately, the financial burden of any undergrounding endeavor must be addressed. Selecting
the most suitable financing approach and determining the allocation of costs among stakeholders
are pivotal components of the undergrounding process. Typically, funding for initial construction
is sourced from various avenues, including increased taxes, elevated electricity rates, and direct
contributions from customers. Additionally, consideration must be given to financing the
undergrounding of other utilities, such as telephone, cable television, and broadband fiber. Often,
undergrounding initiatives involve a specific customer group, such as a municipality or a
designated "special assessment district." Furthermore, studies recognize that individual
customers bear the cost of converting their service facilities to accommodate underground
services, which can pose financial challenges.

The fundamental inquiry underlying undergrounding initiatives revolves around whether
customers are willing to bear the associated costs in anticipation of the benefits. For instance, the
analysis conducted in Virginia suggests that undergrounding would necessitate an additional
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$3,000 per year per customer, while customer willingness to pay is estimated at approximately
$180 per year. This discrepancy highlights that customers are only willing to cover a fraction of
the undergrounding costs in anticipation of the benefits. Similarly, customer surveys in Australia
indicate that only a minority of customers, ranging from 20% to 30%, are inclined to pay for
undergrounding (Brown, 2007). In specific cases, such as the Tahoe Donner subdivision,
residents deemed the costs of undergrounding as excessive and unjustified by the aesthetic
enhancements.

2.4 FEDERAL INTEREST

In recent years, a fifth topic with little research has emerged in discussions surrounding the
undergrounding of power lines: the increasing interest and involvement of the federal government
in bolstering the resilience and reliability of the American electrical infrastructure. While state
governments have traditionally taken the lead in conducting evaluations and implementing
initiatives related to undergrounding, the federal government is now actively exploring ways to
provide resources and support for such endeavors. This shift in focus stems from a growing
recognition of the critical role that a robust electrical grid plays in national security, economic
stability, and public safety.

One area where federal involvement is becoming more pronounced is allocating resources
for undergrounding or hardening the electrical infrastructure. Federal agencies, such as the
Department of Energy (DOE) and the Federal Emergency Management Agency (FEMA), are
increasingly allocating funds to support undergrounding projects and implementing technologies
to enhance the grid's resilience. These resources are often directed towards areas prone to
extreme weather events, such as hurricanes, tornadoes, and wildfires, as well as regions
vulnerable to potential sabotage or cyberattacks (NIST, 2014).

Furthermore, the federal government is placing greater emphasis on the development of
redundant and reliable sources of energy to mitigate the impacts of disruptions to the electrical
grid. This includes investments in renewable energy sources, energy storage technologies, and
microgrid systems capable of operating independently during emergencies (DOE, 2018). For
example, the DOE's Office of Electricity Delivery and Energy Reliability has spearheaded efforts
to enhance grid resilience through the Grid Modernization Initiative (GMI) and the Grid
Modernization Laboratory Consortium (GMLC).

Specific examples of federal involvement in undergrounding and grid resilience efforts
abound. For instance, following the devastation caused by Hurricane Sandy in 2012, the federal
government allocated significant funds towards rebuilding and strengthening the electrical
infrastructure in affected areas, focusing on undergrounding power lines and enhancing storm
resilience. Similarly, initiatives such as the Bipartisan Infrastructure Law of 2021 include
provisions for federal grants and loans to support the undergrounding of power lines and the
modernization of the electrical grid.

The federal government's increasing interest in undergrounding and grid resilience reflects
a proactive approach to safeguarding the nation's energy infrastructure against various threats.
By investing in undergrounding projects, enhancing grid resilience, and promoting the adoption
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of innovative technologies, federal agencies are working to ensure the reliability and security of
the American electrical grid in the face of evolving challenges.
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CHAPTER 3: THEORETICAL FRAMEWORK

The theoretical framework in this study defines the underpinnings that guide our analysis of the
transition from above-ground to below-ground powerlines. Understanding the theoretical
framework is crucial as it provides a structured approach to investigating the factors influencing
this transition, including its drivers, challenges, and implications.

3.1 TRANSITION THEORY

Transition theory offers a lens through which we can comprehend the shift from above-ground to
below-ground powerlines within the broader societal and technological change context. According
to transition theory, transitions occur when existing systems or technologies face challenges or
encounter new opportunities, prompting the emergence of alternative pathways. In the case of
powerline infrastructure, transitions may be instigated by factors such as technological
advancements, changing regulatory environments, or societal demands for enhanced
sustainability and resilience.

Transition theory offers a robust framework for understanding the shift from above-ground
to below-ground powerlines within broader societal and technological change. Rooted in the study
of complex systems dynamics, transition theory posits that transitions occur when existing
systems face challenges or encounter new opportunities, leading to the emergence of alternative
pathways. This theory provides valuable insights into the drivers, dynamics, and outcomes of
transitions, offering a structured approach to analyzing the complex interplay of factors influencing
the adoption of below-ground powerline infrastructure (Schot, 2016).

Transition theory identifies various drivers that can instigate or accelerate transitions in
socio-technical systems. In the case of powerline infrastructure, drivers may include technological
advancements, changing regulatory landscapes, shifts in societal values and preferences, and
the emergence of disruptive events such as natural disasters or geopolitical instability. For
example, advancements in cable technology and installation techniques have made below-
ground powerlines more feasible and cost-effective, driving interest in their adoption to enhance
reliability and resilience in electricity distribution networks (Avelino, 2017).

Despite the potential benefits of transitioning to below-ground powerlines, numerous
challenges and barriers must be overcome to facilitate successful adoption. Transition theory
highlights the role of incumbent systems, vested interests, path dependencies, and institutional
inertia in resisting change and maintaining the status quo. In the context of powerline transitions,
challenges may include the high upfront costs of underground infrastructure, technical
complexities associated with installation and maintenance, regulatory barriers, and community
resistance to disruptive construction activities. Understanding these challenges is essential for
devising strategies to overcome barriers and facilitate the transition process (Schot, 2016).

Transition theory posits that transitions involve the emergence of alternative pathways or
trajectories that offer viable alternatives to incumbent systems. In the case of powerline
infrastructure, alternative pathways may include gradually replacing above-ground lines with
below-ground cables, integrating renewable energy sources and innovative grid technologies,
and adopting decentralized or microgrid solutions (Hawaiian Electric, 2021). By exploring these
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alternative pathways, stakeholders can identify opportunities for innovation and experimentation,
paving the way for more sustainable and resilient energy systems (Rohracher, 2013).

Transition theory emphasizes the importance of understanding the implications and
outcomes of transitions for various stakeholders and systems components. In the context of
powerline transitions, implications may include changes in reliability, resilience, and efficiency of
Electricity distribution networks, impacts on local communities and ecosystems, and implications
for energy affordability and equity. By assessing these implications, policymakers, industry actors,
and community stakeholders can make informed decisions about the design, implementation, and
management of powerline transition initiatives (Loorbach, 2016).

In conclusion, transition theory provides a valuable framework for analyzing the shift from
above-ground to below-ground powerlines. By examining the drivers, challenges, alternative
pathways, and implications of this transition, stakeholders can gain insights into the complex
dynamics shaping the adoption of below-ground infrastructure and identify strategies for
facilitating its successful integration within energy systems.

3.2 SOCIO-TECHNICAL TRANSITIONS

The concept of socio-technical transitions emphasizes the interconnectedness of technological
and social dimensions in driving systemic change. Powerline transitions involve adopting new
technologies and changes in governance structures, industry practices, and user behaviors. By
analyzing these socio-technical interactions, we can gain insights into the dynamics shaping the
adoption of below-ground powerlines, including the roles of stakeholders, institutional
arrangements, and policy interventions.

Understanding the transition from above-ground to below-ground powerlines requires a
socio-technical perspective recognizing the interconnectedness of technological systems and
social structures. Socio-technical transitions theory offers a comprehensive framework for
analyzing the interplay between technological innovation, societal change, and institutional
dynamics in shaping transitions within complex socio-technical systems (Rohrbach, 2013).

Socio-technical transitions theory posits that transitions occur when new technologies,
practices, and social norms emerge and gain momentum, displacing existing socio-technical
regimes. Central to this theory are the concepts of socio-technical regimes, niches, and
landscapes. Socio-technical regimes represent the dominant set of technologies, practices, and
institutions that govern a socio-technical system, such as the existing above-ground powerline
infrastructure. Niches refer to spaces where alternative technologies and practices emerge and
develop, often in response to niche actors and markets. Landscapes encompass the broader
socio-economic, political, and cultural context within which transitions unfold, encompassing
regulatory frameworks, market dynamics, and societal values (Loorbach, 2016).

A complex interplay of technological innovation, societal demands, and institutional
change drives socio-technical transitions. In the context of powerline infrastructure, drivers of
transition may include advancements in underground cable technology, concerns about the
environmental and aesthetic impacts of above-ground lines, and shifts in public expectations
regarding energy reliability and resilience. These drivers create opportunities for niche innovations
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to emerge and gain traction, challenging the dominance of existing regimes and catalyzing
transitions towards below-ground powerlines (Rohrbach, 2013).

The multi-level perspective (MLP) is a critical analytical tool within socio-technical
transitions theory, providing a framework for understanding how transitions unfold across different
levels of analysis: the landscape, regime, and niche. At the landscape level, macro-level factors
such as policy frameworks, economic conditions, and cultural norms shape the broader context
within which transitions occur. The regime level encompasses the dominant socio-technical
systems and institutions that govern energy infrastructure, including existing regulatory
frameworks, industry practices, and stakeholder interests. Niche innovations emerge at the
grassroots level, driven by niche actors and communities seeking to challenge the status quo and
promote alternative technologies and practices. By examining interactions between these levels,
researchers can identify opportunities for niche innovations to destabilize existing regimes and
catalyze broader socio-technical transitions.

Applying socio-technical transitions theory to the context of powerline infrastructure
reveals the complex dynamics shaping the transition from above-ground to below-ground lines.
By analyzing the interplay between technological innovation, societal demands, and institutional
arrangements, stakeholders can understand the barriers and opportunities for transitioning
towards more resilient, sustainable, and equitable energy systems. By fostering niche
innovations, addressing institutional barriers, and aligning policy incentives with societal goals,
policymakers, industry actors, and community stakeholders can accelerate the transition towards
below-ground powerlines, enhancing energy reliability, resilience, and environmental
sustainability (Schot, 2016).

In conclusion, socio-technical transitions theory offers a valuable framework for
understanding the transition from above-ground to below-ground powerlines within the context of
societal and technological change. By examining the interplay between technological innovation,
societal demands, and institutional dynamics, researchers can identify opportunities for fostering
niche innovations, destabilizing existing regimes, and catalyzing broader transitions towards more
sustainable energy systems.

3.3 INNOVATION DIFFUSION THEORY

Innovation diffusion theory focuses on how innovations spread through social systems over time.
It posits that adopting new technologies follows a predictable pattern characterized by awareness,
interest, evaluation, trial, and adoption stages. By applying this theory to the transition from above-
ground to below-ground powerlines, we can explore the factors influencing the rate and extent of
adoption, including the perceived advantages of below-ground infrastructure, technological
readiness, and barriers to implementation.

Innovation diffusion theory provides valuable insights into the adoption and spread of new
technologies within societies, offering a framework to understand how innovations are introduced,
adopted, and integrated into existing systems. This theory, initially developed by sociologist
Everett Rogers in the 1960s, posits that the diffusion process follows a predictable pattern
characterized by the adoption curve, which describes the rate at which innovations are adopted
over time by different segments of society. The diffusion process is influenced by various factors,
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including the characteristics of the innovation, the communication channels through which
information about the innovation is disseminated, the social networks that facilitate its adoption,
and the socio-economic context in which it is introduced (Rogers, 2003).

Central to innovation diffusion theory is the concept of the innovation-decision process,
which describes the stages through which individuals or organizations progress when deciding
whether to adopt an innovation. These stages include knowledge, persuasion, decision,
implementation, and confirmation. The theory also identifies five categories of adopters based on
their propensity to adopt innovations: innovators, early adopters, early majority, late majority, and
laggards. Each category represents a distinct population segment characterized by their
willingness to adopt new technologies at different stages of the diffusion process (Rogers, 2003).

Several factors influence the rate and extent of innovation adoption, including the
perceived relative advantage of the innovation compared to existing alternatives, its compatibility
with existing practices and norms, its complexity and trialability, and the presence of social
networks and opinion leaders that promote its adoption. Additionally, external factors such as
regulatory policies, market dynamics, and cultural values shape the diffusion process by either
facilitating or inhibiting the adoption of new technologies (Hosni, 2020).

In the context of powerline transitions, innovation diffusion theory offers valuable insights
into the dynamics of adopting below-ground powerlines as an alternative to above-ground
infrastructure. The diffusion process for below-ground powerlines may follow a similar trajectory,
with early adopters embracing the technology based on its perceived benefits, such as improved
reliability, reduced visual impact, and enhanced resilience to environmental hazards. As early
adopters demonstrate the feasibility and advantages of below-ground powerlines, they may
influence the decisions of other stakeholders, including utilities, regulators, and community
members, leading to broader adoption across the industry (Rogers, 2003).

Understanding the principles of innovation diffusion can inform strategies to accelerate the
adoption of below-ground powerlines and overcome barriers to transition. By targeting early
adopters and opinion leaders within the industry, utilities can build momentum for adoption and
create positive feedback loops that reinforce the benefits of below-ground infrastructure. Similarly,
policymakers can leverage regulatory incentives and public outreach campaigns to promote the
adoption of below-ground powerlines as part of broader efforts to modernize energy infrastructure
and enhance resilience to climate change and natural disasters (Hosni, 2020).

Innovation diffusion theory offers a valuable framework for understanding the adoption
and spread of below-ground powerlines within the context of powerline transitions. By analyzing
the factors influencing innovation adoption, stakeholders can develop targeted strategies to
accelerate the transition toward more resilient, sustainable, and efficient energy infrastructure.

3.4 INSTITUTIONAL THEORY

Institutional theory examines how formal and informal rules, norms, and practices shape
organizational behavior and decision-making. In powerline transitions, institutional factors such
as regulatory frameworks, industry standards, and cultural norms play a significant role in shaping
the adoption and diffusion of below-ground infrastructure. By analyzing the institutional context
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surrounding powerline deployment, we can identify key drivers and barriers to transition and
assess the potential for institutional change to facilitate the adoption of below-ground powerlines.

Institutional theory provides a lens through which to understand the role of formal and
informal institutions in shaping societal behavior, including the adoption of new technologies and
the transition from above-ground to below-ground powerlines. This theoretical framework
emphasizes the importance of institutional pressures, norms, and regulations in influencing the
decisions of organizations and individuals, highlighting the interplay between institutional
structures and technological change (Guy Peters, 2004).

Institutional theory posits that organizations and individuals are embedded within broader
institutional environments characterized by formal rules, regulations, and cultural norms. These
institutions pressure actors to conform to established practices and norms, shaping their behavior
and decision-making processes. Institutional theory distinguishes between three main types of
institutional pressures: coercive, mimetic, and normative. Coercive pressures arise from legal
regulations and formal sanctions, while mimetic pressures stem from imitating the behavior of
others in response to uncertainty or ambiguity. On the other hand, normative pressures arise from
social norms and values that define appropriate behavior within a given context (Greenwood,
2008).

In the context of powerline transitions, institutional theory offers valuable insights into the
institutional dynamics that influence the adoption of below-ground powerlines and the phasing out
of above-ground infrastructure. Coercive pressures may manifest through regulatory mandates
or government policies that promote the adoption of underground powerlines to enhance grid
reliability, resilience, and environmental sustainability. For example, regulations mandating the
burial of powerlines in areas prone to natural disasters or aesthetic concerns can create a coercive
imperative for utilities to invest in below-ground infrastructure.

Understanding the institutional context surrounding powerline transitions is crucial for
stakeholders seeking to navigate the complexities of regulatory compliance, public acceptance,
and industry norms. Utilities operating within regulated environments must comply with legal
mandates and regulatory frameworks governing powerline infrastructure design, construction,
and maintenance. At the same time, they may face mimetic pressures to adopt below-ground
powerlines in response to industry trends, technological advancements, or peer behavior within
the sector. Normative pressures from stakeholders such as environmental advocacy groups,
community organizations, and public opinion may influence decision-making by shaping societal
expectations and values regarding powerline infrastructure's environmental and social impacts
(Guy Peters, 2004).

Institutional theory offers a comprehensive framework for understanding the institutional
context in which powerline transitions occur and the factors that shape the adoption of below-
ground powerlines as a technological alternative to above-ground infrastructure. By analyzing the
interplay between formal regulations, industry norms, and societal values, stakeholders can
develop strategies to navigate institutional pressures, promote the adoption of below-ground
powerlines, and address barriers to transition.

33



Kevin Corizzi

3.5 SUSTAINABILITY TRANSITIONS

Sustainability transitions theory focuses on transforming socio-technical systems toward more
sustainable forms of development. Transitioning from above-ground to below-ground powerlines
aligns with enhancing energy efficiency, reducing environmental impact, and improving system
resilience. By examining the potential contributions of below-ground infrastructure to sustainability
objectives, we can assess its role in broader energy transition processes and identify strategies
for promoting its adoption and integration within energy systems.

Sustainability transitions theory offers a valuable perspective for understanding the shift
from above-ground to below-ground powerlines in broader efforts to create more sustainable
energy systems. This theoretical framework emphasizes the need for systemic change to address
pressing environmental and social challenges, including climate change, resource depletion, and
ecosystem degradation. By examining the dynamics of technological innovation, societal
transformation, and institutional change, sustainability transitions theory sheds light on the
opportunities and challenges associated with transitioning to below-ground powerlines as part of
a more sustainable energy infrastructure.

At its core, sustainability transitions theory posits that transitions to more sustainable
systems involve fundamental changes in technology, institutions, and societal practices. A
combination of technological innovation, shifts in consumer preferences, changes in regulatory
frameworks, and broader societal transformations drives these transitions. Sustainability
transitions theory distinguishes between niche innovations—novel technologies or practices that
emerge at the margins of existing systems—and regime structures—the dominant technological
and institutional arrangements that shape everyday practices and behaviors. Transitions occur
when niche innovations gain traction and gradually challenge and replace incumbent regime
structures, leading to systemic change (Schot, 2020).

In the context of powerline transitions, sustainability transitions theory provides insights
into the dynamics of technological innovation, institutional change, and societal acceptance that
underpin the shift from above-ground to below-ground infrastructure. Below-ground powerlines
represent a niche innovation that offers potential benefits in terms of reduced visual impact,
enhanced reliability, and lower environmental footprint than above-ground lines. However,
Transitioning to below-ground infrastructure requires overcoming entrenched regime structures,
including established industry practices, regulatory frameworks, and economic interests
associated with above-ground powerlines.

Understanding the dynamics of sustainability transitions is critical for stakeholders seeking
to promote the adoption of below-ground powerlines as part of broader efforts to create more
sustainable energy systems. Policymakers, utilities, and community stakeholders can leverage
sustainability transition theory to identify barriers to transition, develop strategies for overcoming
resistance to change, and promote the adoption of innovative technologies and practices that
support sustainability goals. This may involve implementing supportive policies and regulatory
frameworks, fostering collaboration and knowledge sharing among stakeholders, and engaging
with communities to address concerns and build support for transition initiatives (Leventon, 2018).
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Sustainability transitions theory offers a holistic framework for understanding the complex
dynamics of technological innovation, institutional change, and societal transformation underlying
the shift from above-ground to below-ground powerlines. By applying the principles of
sustainability transitions theory, stakeholders can navigate the challenges and opportunities
associated with transitioning to below-ground infrastructure and contribute to developing more
sustainable energy systems. In the subsequent sections of this paper, we will explore empirical
evidence and case studies to illustrate the application of sustainability transitions theory in the
context of powerline transitions and identify strategies for promoting sustainable energy
infrastructure (Schot, 2020).

In conclusion, the theoretical framework outlined in this chapter provides a comprehensive
lens through which to analyze the transition from above-ground to below-ground powerlines. By
drawing on concepts from transition theory, socio-technical transitions, innovation diffusion
theory, institutional theory, and sustainability transitions, we can gain insights into the complex
dynamics driving this transition and identify opportunities for fostering its success.
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CHAPTER 4: RESEARCH METHODOLOGY

The systematic approach was undertaken to comprehensively analyze above-ground and below-
ground power lines in various scenarios, considering geographical perspectives. The
methodology employed in this research seeks to provide a robust framework for gathering,
analyzing, and interpreting data, ensuring the reliability and validity of the study. Drawing upon
existing literature, this study integrates theories related to power line deployment, infrastructure
development, and the impact of geographical factors on utility systems. The framework provides
a conceptual lens through which the research objectives can be addressed.

The research methodology in Figure 4.1 unfolds through a series of sequential steps,
aiming to comprehensively evaluate the comparative efficacy of above and below-ground power
lines across various scenarios and geographical contexts. It begins with delineating research
objectives and questions, guiding the subsequent investigation. A thorough literature review
ensues, focusing on critical aspects such as cost-effectiveness, reliability, environmental impact,
and safety of both installation types. Following this, diverse case studies are meticulously
selected, considering factors like population density, climate, and regulatory frameworks to
ensure representativeness across urban, suburban, and rural settings and temperate, tropical,
and arctic climates.

The data collection phase involves the meticulous gathering of both quantitative and
qualitative data. Quantitative data encompass installation costs, maintenance expenses, outage
duration, and environmental impacts sourced from utility companies, regulatory agencies, and
research publications. Concurrently, qualitative insights are gleaned through interviews, surveys,
and focus groups, shedding light on stakeholders' perspectives on the subject matter.

Subsequently, a comprehensive cost-benefit analysis is conducted, juxtaposing the
lifetime costs of above and below-ground power lines in each case study, accounting for initial
installation, maintenance, outage, and environmental remediation costs. The reliability
assessment phase delves into historical outage data, scrutinizing weather-related disruptions,
vegetation interference, and equipment failures across various scenarios and geographical
locations.

Environmental impact evaluation follows, employing life cycle assessments to quantify
factors such as land use, resource consumption, greenhouse gas emissions, and visual
aesthetics associated with both installation types. Safety considerations are meticulously
evaluated, encompassing electrocution hazards, fire risks, susceptibility to natural disasters,
pertinent mitigation measures, and regulatory requirements.

The analysis and interpretation phase synthesizes findings to draw meaningful
conclusions, comparing and contrasting the performance of above and below-ground power lines
across different scenarios and geographical perspectives. Finally, the research culminates in a
comprehensive conclusion summarizing key findings and highlighting implications for decision-
making regarding power infrastructure development.

36



Above Versus below-ground Power Lines: A Multi-Scenario and Geographical Perspective

Cost-Benefit
Case Study Analysis

Analysis and

Eelectio] Reliability
Assessment
Literature Review .
Analysis and .
. Conclusion L
Interpretation
Environmental
Data Collection Impact
Evaluation

Safety
Consideration

Figure 4.1. Research Methodology Flowchart
4.1 RESEARCH DESIGN

The research design chosen for this study is a comparative analysis coupled with a multi-scenario
and geographical perspective. This approach objectively examines the differences between
above-ground and below-ground power lines. The geographical component acknowledges the
influence of location on the performance and feasibility of undergrounding utility lines.

A central aspect of the research design is the comparative study, which thoroughly
examines the pros and cons of above-ground and below-ground power lines. By systematically
analyzing their characteristics, advantages, and disadvantages, this study aims to provide a
nuanced understanding of the implications of each deployment method.

4.2 GEOGRAPHICAL AND MULTI-SCENARIO ANALYSIS

Recognizing the impact of geographical factors, the research design incorporates a geographical
analysis. Different regions, including urban and rural areas, will be considered to assess variations
in the effectiveness and feasibility of undergrounding power lines. This geographical perspective
adds depth to the overall understanding of the deployment scenarios.

A multi-scenario analysis is implemented to capture the complexity of real-world
scenarios. This involves considering diverse situations, such as varying population densities,
environmental conditions, and infrastructure requirements. The study aims to identify patterns
and trends that may inform more targeted recommendations by exploring multiple scenarios.

4.3 CASE STUDY SELECTION

The selection of case studies is critical to ensure the representation of different scenarios and
geographical perspectives. A purposive sampling technique is employed to identify case studies
from various regions worldwide. Criteria for case selection include diversity in geographical
locations, variation in population density, and regulatory differences. Diversity in geographical
location case studies are chosen from temperate, tropical, and arctic regions across the U.S. to
capture the influence of climate and soil conditions on power line performance. Variations in
population density include urban, suburban, and rural areas represented to assess the impact of
population density on infrastructure requirements and maintenance costs. Regulatory difference

37



Kevin Corizzi

case studies from regions with differing regulatory frameworks provide insights into the role of
policy in determining power line deployment strategies.

4.4 DATA COLLECTION
4.4.1 Quantitative Data Collection:

Quantitative data collection for this research involves gathering information from various sources
to analyze the cost, reliability, and environmental impact of above and below-ground power lines.
Regarding cost data, we will obtain detailed information on installation, maintenance, and outage
costs from utility companies, engineering firms, and government reports. This includes
understanding the initial investment required for installation, ongoing maintenance expenses, and
the costs associated with power outages. Additionally, we will collect reliability metrics by
accessing historical outage data from utility records and industry databases. This data will
encompass information on the frequency, duration, and causes of outages, allowing us to assess
the reliability of above and below-ground power line systems. Furthermore, we will gather
environmental indicators to evaluate the environmental impact of these power line installations.
This will involve acquiring data on metrics such as carbon emissions, land use, and resource
consumption through life cycle assessments and environmental impact studies. By systematically
collecting quantitative data across these dimensions, we aim to provide comprehensive insights
into the comparative performance of above and below-ground power lines.

4.4.2 Qualitative Data Collection:

Qualitative data collection for this research involves capturing nuanced insights from various
stakeholders and analyzing regulatory frameworks governing above and below-ground power
lines. To gather stakeholder perspectives, we will conduct interviews, surveys, and focus groups
with various individuals, including utility managers, engineers, policymakers, and community
representatives. These engagements will delve into decision-making processes surrounding
power line installations, safety concerns associated with different deployment options, and public
perceptions regarding visual aesthetics and environmental impact. Through these interactions,
we aim to uncover valuable qualitative insights that complement our quantitative analyses.
Additionally, we will conduct a thorough regulatory analysis by reviewing documents, policies, and
guidelines about deploying power lines in different jurisdictions. This entails examining regulatory
frameworks governing installation practices, safety standards, environmental regulations, and
community engagement requirements. By synthesizing qualitative data from stakeholder
engagements and regulatory analyses, we seek a holistic understanding of the social, economic,
and regulatory factors influencing the choice between above and below-ground power lines.

4.5 DATA ANALYSIS

Data analysis involves quantitative and qualitative techniques to examine the performance of
above and below-ground power lines across diverse scenarios and geographical perspectives.
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4.5.1 Quantitative Analysis:

Quantitative analysis forms a critical component of this research, facilitating an objective
evaluation of the economic, reliability, and environmental aspects of above and below-ground
power lines. To begin with, a comprehensive cost-benefit analysis will be conducted to ascertain
the economic viability of above and below-ground installations across diverse scenarios. This
analysis will examine initial capital costs, ongoing operational expenses, and long-term
maintenance costs associated with each option. A thorough reliability assessment will also be
undertaken by analyzing outage data from utility records and industry databases. This analysis
will provide insights into the reliability and resilience of above and below-ground power lines,
considering various environmental conditions and operational contexts. Furthermore, a
quantitative environmental impact evaluation using life cycle assessment methodologies will be
carried out. This evaluation will quantify both installation types' carbon emissions, land use, and
ecosystem impacts. By systematically conducting quantitative analyses across these dimensions,
this research aims to provide valuable insights into the comparative performance of above and
below-ground power lines, aiding decision-makers in making informed choices regarding power
infrastructure development.

4.5.2 Qualitative Analysis:

Qualitative analysis is crucial in extracting nuanced insights and understanding the complex
socio-political factors surrounding above and below-ground power line deployment. Through
thematic analysis, qualitative data collected from interviews, surveys, and focus groups will
undergo rigorous coding techniques to uncover recurring themes, patterns, and divergent
perspectives. This process will elucidate stakeholders' perceptions, concerns, and preferences
regarding the deployment of power lines, shedding light on decision-making processes and
community sentiments. Furthermore, a comprehensive policy analysis will be conducted to
compare and contrast regulatory frameworks governing above and below-ground power line
installations across different jurisdictions. This analysis will delve into regulatory barriers,
incentives, and best practices influencing decision-making processes and shaping the
implementation of power infrastructure projects. By synthesizing qualitative insights through
thematic and policy analysis, this research aims to provide a holistic understanding of the social,
economic, and regulatory dynamics surrounding above and below-ground power line deployment,
facilitating informed decision-making for stakeholders and policymakers alike.

4.6 INTEGRATION OF FINDINGS

The findings from quantitative and qualitative analyses are integrated to provide a holistic
understanding of the comparative performance of above and below-ground power lines across
diverse scenarios and geographical perspectives. Key findings are synthesized, and relationships
between variables are explored to elucidate the factors influencing the choice between above and
below-ground installations.
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4.7 LIMITATIONS AND DELIMITATIONS

Limitations of the study include the availability and reliability of data, especially in regions with
limited infrastructure and data collection capabilities. Additionally, the study may be constrained
by time and resource limitations, impacting the breadth and depth of case studies analyzed.
Delimitations include focusing primarily on technical and economic aspects of above and below-
ground power lines, with less emphasis on social, cultural, and political factors influencing
decision-making.

4.8 CONCLUSION

The research methodology provides a structured approach to investigating the comparative
analysis of above and below-ground power lines from a multi-scenario and geographical
perspective. By employing a mixed-method approach combining quantitative and qualitative
techniques, the study aims to generate robust insights into the factors shaping power line
deployment strategies and inform decision-making processes in the energy sector.
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CHAPTER 5: CASE STUDIES

5.1: CORDOVA, ALASKA

In 1978, Cordova made the pivotal decision to transition its electrical system underground, a
choice that diverged from the prevailing overhead line model. This retrospective analysis
evaluates the costs and benefits of Cordova's undergrounding project, drawing parallels with
similar assessments conducted for other regions, such as Texas (Larsen, 2022).

The analysis evaluated the substantial improvements in reliability resulting from the
extensive underground system. Notably, the frequency of power interruptions significantly
decreased, surpassing initial estimations. Historical records corroborated the observed decrease
in the duration of power outages, aligning closely with the analysis' estimates (Larsen, 2022).
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Figure 5.1. Interruption Minutes of Cordova, Alaska (Modified: Larsen 2022)

The results of the analysis are remarkable when considering the comprehensive costs
and benefits. The estimated cost of undergrounding Cordova's system from 1978 to the present
was approximately $4 million, a significant investment for a community of 2,500 people. However,
the benefits were estimated at a staggering $69 million, resulting in a net social benefit of $65
million and an extraordinary benefit-cost ratio of 16 to 1. Such a high benefit-cost ratio is seldom
observed and underscores the immense success of Cordova's undergrounding project (Larsen,
2022).
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Category Undergrounding (100%) No Change Total Cost ($M)
Lifecycle Cost S 3530 (S 3110 | § 4.10
Safety and Health Cost S 0201 S - S 0.20
Total Net Costs (Sum = Undergrounding - No Change) S 4.30

Category Undergrounding (100%) No Change Total Costs Avoided ($M)
Environmental and Restoration Costs | $ 240 | S 310 | § 0.70
Aesthetic Costs S 2440 | S 2790 | S 3.50
Interruption Costs S 130.10 | § 19470 | $ 64.60
Total Net Benefits (Sum = No Change-Undergrounding) S 68.80

Net Social Benefits of Undergounding

Net Social Benefit in Millions S 64.50
Benefit to Cost Ratio 16.1

Table 5.1. Net Social Benefits of Cordova Undergrounding (Modified: Larsen 2022)

The Cordova case study stands as a beacon of success in undergrounding projects,
showcasing the remarkable achievements, challenges overcome, and invaluable lessons learned
in transforming a power distribution system. Situated in Alaska, Cordova faces extreme weather
conditions, including heavy rainfall and significant snowfall, making it imperative to ensure a
reliable power supply. Cordova Electric's decision to convert its entire system to underground
power lines marked a pivotal moment in the region's infrastructure development, and the
subsequent execution of this initiative exemplifies the project's success.

One of the Cordova undergrounding project's most striking successes is the significant
progress in converting a substantial portion of the power lines underground. Despite facing
obstacles such as solid rock formations, canyon crossings, and mountaintops, the project
overcame them, demonstrating resilience and determination in achieving its objectives.

Cost-effectiveness emerged as another hallmark of success in the Cordova project.
Despite the common perception that undergrounding projects are prohibitively expensive,
Cordova Electric executed the conversion "for dimes on the dollar compared to a conventional
overhead or even conventional underground" (Koplin, 2022). This achievement underscores the
importance of strategic planning, innovative approaches, and efficient resource utilization in
driving down costs while delivering high-quality results.

Moreover, the Cordova undergrounding project significantly enhanced the reliability of the
power supply, particularly in the face of extreme weather conditions. Alaska's challenging climate,
characterized by heavy rainfall and snowfall, constantly threatens overhead power lines. By
transitioning to underground lines, Cordova Electric ensured its residents could rely on a
consistent and uninterrupted electricity supply, even amidst the most severe storms. This
reliability is critical for safeguarding public safety, supporting economic activities, and maintaining
essential services in the community.

Despite its numerous successes, the Cordova case study also illuminates the challenges
inherent in undergrounding projects. High installation and repair costs, occasional failures due to
storms or other events, and regulatory barriers represent significant obstacles that must be
addressed. Additionally, misconceptions and paradigm shifts regarding undergrounding pose
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challenges that require concerted efforts to overcome. However, the Cordova experience
demonstrates that these challenges are not insurmountable and can be effectively addressed
through strategic planning, collaboration, and innovative solutions (Koplin, 2022).

The Cordova case study is a testament to undergrounding projects' success in enhancing
the reliability and resilience of power distribution systems. Through strategic planning, cost-
effective implementation, and a commitment to innovation, Cordova Electric achieved remarkable
progress in converting its power lines to underground. The project's successes underscore the
importance of investing in resilient infrastructure to withstand the challenges posed by extreme
weather conditions. Moreover, the lessons learned from the Cordova experience provide valuable
insights for other communities seeking to undertake similar initiatives, highlighting the importance
of collaboration, flexibility, and forward-thinking in ensuring the success of undergrounding
projects.

5.2 CALIFORNIA

The devastation caused by wildfires in California, exemplified by the Camp and Woolsey fires,
prompts a crucial examination of their causes, accountability, and strategies for future prevention.
The involvement of Southern California Edison (SCE) and Pacific Gas and Electric (PG&E) in the
ignition points of these fires underscores the critical role of utility infrastructure in wildfire incidents.
Cal Fire's conclusion that utility-owned power lines sparked numerous significant fires in 2017
further emphasizes the urgency of addressing this issue.

The financial implications for utilities, such as PG&E, facing potential bankruptcy due to
the Camp Fire, highlight the dire consequences of wildfire liabilities. Utilities have taken measures
like insulating power lines, strengthening poles, and shutting off power during high-wind
conditions. However, while helpful, these actions are deemed insufficient, with shutting off power
posing additional risks to customers reliant on essential services.

The most effective but costly solution is undergrounding power lines in fire-prone areas.
While the initial expense is substantial, the long-term benefits outweigh the costs. Undergrounding
mitigates the risk of power line-induced fires and prevents obstacles like downed poles and wires,
facilitating evacuation and emergency response efforts. Moreover, with the increasing severity
and frequency of wildfires due to urbanization and climate change, the necessity of
undergrounding becomes more apparent.

The estimated cost of undergrounding transmission lines, around $3 million per mile, may
seem prohibitive. However, considering the escalating damage costs of wildfires, it becomes a
necessary investment in safeguarding communities. Strategic implementation, focusing on high-
risk areas and complementing undergrounding with resiliency measures like battery storage and
local generation, can help manage costs while maximizing effectiveness.

Efforts are underway to facilitate utility-sponsored undergrounding, with the California
Public Utilities Commission considering changes to its regulations. Additionally, undergrounding
is increasingly mandated as a condition of new development, reflecting a proactive approach to
wildfire prevention in urban planning (VCSTAR, 2019).

As the federal government explores large-scale forest management initiatives, funding for
undergrounding power lines emerges as a crucial component in reducing the ignition risk of utility
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infrastructure. By addressing the root cause of wildfire ignition, undergrounding power lines offers
a tangible solution to mitigate the devastating impact of wildfires on communities and ecosystems.

The California case study presented by PG&E sheds light on the company's ambitious
program to underground 10,000 miles of its distribution system in high-fire threat districts. This
program represents a significant step towards mitigating the risk of catastrophic wildfires, which
have plagued the state in recent years. By transitioning a substantial portion of its infrastructure
underground, PG&E aims to enhance reliability, resilience, and safety while continuing to serve
its customers affordably.

The decision to undertake such a massive undergrounding initiative is rooted in
California's evolving risk profile of wildfires. Over 30% of power lines in California are in high-fire
threat areas. The state has witnessed a sharp increase in extreme drought conditions, with over
80% of its land experiencing severe drought and nearly 40% facing exceptional drought. These
conditions, coupled with other factors like dry weather patterns and reduced precipitation, have
heightened the risk of wildfires, making it imperative for utilities like PG&E to take proactive
measures (Martin, 2022).

Figure 5.2. California High Fire Threat Map and PG&E Servicing Area (Modified: Martin 2022)
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The undergrounding program, as outlined by PG&E, involves significant milestones and
targets. Plans are to underground at least 175 miles in 2022 and scale up to 1,200 miles by 2026.
While the scale of the initiative is formidable, PG&E is committed to reducing the cost per mile of
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undergrounding over time. This cost reduction is essential for ensuring the program's economic
viability and maximizing its benefits for both the company and its customers (Martin, 2022).

Drought Areas (2021)
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Figure 5.3. Wild Fire Risk Map Compared To Drought Conditions (Modified: Martin 2022)

The benefits of undergrounding are multifaceted and extend beyond mitigating wildfire
risk. Once a line is underground, the risk of ignition is nearly eliminated, providing a permanent
solution to wildfire threats. Additionally, underground lines offer resiliency benefits by
safeguarding against various environmental hazards, including winter storms and extreme
weather events. Moreover, undergrounding enhances reliability by minimizing the need for power
shutoffs during high wildfire-risk conditions and reducing the reliance on engineered safety
measures (VCSTAR, 2019).

Another significant advantage of undergrounding is reducing vegetation management
activities, which account for a substantial portion of PG&E's operational expenses. As lines go
underground, the need for vegetation clearance diminishes, leading to cost savings and
minimizing the environmental impact of maintenance activities.

The undergrounding program proposed by PG&E in response to the escalating wildfire
risks in California comes with significant costs. However, these costs are outweighed by the long-
term benefits and the necessity of addressing the wildfire threat. Analyzing the specific costs
associated with the program reveals the financial challenges PG&E must navigate to ensure the
success and sustainability of the initiative.

Undergrounding 10,000 miles of distribution system involves substantial upfront
infrastructure investment. The cost per mile of undergrounding is expected to be significant, with
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PG&E projecting $3.7 million per mile in 2022, decreasing to $2.5 million per mile over time. These
costs include trenching, cable installation, conduit placement, equipment procurement, and labor.
The sheer scale of the program magnifies these infrastructure investment costs, posing a financial
burden for PG&E.

In addition to infrastructure investment, undergrounding incurs ongoing operational
expenses. While underground lines offer long-term benefits such as reduced wildfire risk,
enhanced reliability, and minimized vegetation management, they also require maintenance and
monitoring. PG&E must allocate resources for routine inspections, repairs, and upgrades to
ensure the integrity and functionality of the underground infrastructure. These operational
expenses contribute to the overall cost of the undergrounding program.

PG&E acknowledges the community impacts of undergrounding, including traffic
disruptions, construction noise, and inconvenience to residents. Managing these impacts requires
proactive communication, stakeholder engagement, and mitigation measures. PG&E may need
to invest in community outreach programs, public relations campaigns, and temporary
accommodations for affected residents. These management costs add to the financial burden of
the undergrounding program but are essential for maintaining public support and minimizing
social disruptions (Martin, 2022).

5.3 TEXAS

In his 2009 case study of Texas, Brown found that the culmination of the case study underscores
the complexity of generalizing hurricane damage and cost relationships for electric investor-
owned utilities (IOUs) based on the preceding decade's data. However, it emphasizes the
potential benefits of implementing a forensic data collection process immediately following a
significant storm. While annual ground-based inspection programs targeting overhead facilities
may not prove economically feasible for mitigating hurricane-related damage, a strategic and
focused approach to infrastructure fortification is advocated. By concentrating efforts on critical
areas and structures most susceptible to storm impact, utilities can optimize resource allocation
and bolster resilience against severe weather events.

Moreover, integrating intelligent grid technologies is a promising avenue for reducing
restoration time after hurricanes. These innovative solutions enable quicker and more efficient
power restoration processes, mitigating the disruptive effects of prolonged outages on affected
communities.

Storms have long been a recurring threat to Texas, with fifteen named storms striking the
state from 1998-2008, seven of which were hurricanes. The restoration costs incurred by electric
utilities amounted to $1.8 billion over the period, with distribution bearing about 80% of these
costs. The vulnerability of distribution structures during hurricanes underscores the need for
proactive measures to strengthen and protect the grid against severe weather events (Brown,
2009).

The case study explores underground utilities to enhance reliability and mitigate the
impact of power interruptions in Texas. It originates from the Department of Energy-funded
research investigating reliability trends across the United States, mainly focusing on the
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correlation between the share of underground transmission and distribution lines and improved
reliability. This study illuminates the potential benefits of undergrounding infrastructure, prompting
further investigation into its economic viability.

Larsen and his team conducted further analysis, initially challenging the prevailing notion
that undergrounding is prohibitively expensive through meticulous research and analysis. Despite
the perceived high costs, the study aims to quantify the benefits of undergrounding relative to its
expenses, particularly when a cost-benefit analysis framework is established to evaluate different
policy alternatives. It contrasts the status quo with a hypothetical scenario where all overhead
lines are undergrounded.

The analysis shows that undergrounding the entire Texas power system over several
decades incurs substantial costs exceeding $50 billion. Conversely, while less costly, maintaining
the existing balance between overhead and underground lines still entails significant expenses
(Brown, 2009). However, the study reveals a positive correlation between a higher share of
underground line miles and improved reliability, suggesting tangible benefits in terms of avoided
costs of power interruptions and aesthetic enhancements.

Key factors influencing the cost-benefit analysis include discount rates, undergrounding
costs, and the lifespans of overhead lines, as highlighted in tornado diagrams. Despite the
potential benefits, the study concludes that a broad mandate to underground all existing and
future overhead lines would result in substantial net social losses. The benefit-cost ratio of 0.3
underscores the disparity between the costs incurred and the societal value generated, indicating
that such a mandate would not be economically prudent (Larsen, 2022).

Category Undergrounding (100%) No Change Total Cost ($M)
Lifecycle Cost S 5230 |$S 2610 | S 26.30
Environmental and Restoration Costs | $ 280 (S 100 | S 1.80
Safety and Health Cost S 056 | S 0315 0.20
Total Net Costs (Sum = Undergrounding - No Change) S 28.30

Category Undergrounding (100%) No Change Total Costs Avoided ($M)
Aesthetic Costs S 1060 | S 1210 S 1.50
Interruption Costs S 182,70 ([ § 18840 | S 5.80
Total Net Benefits (Sum = No Change-Undergrounding) S 7.30

Net Social Benefits of Undergounding

Net Social Benefit in Millions S (21.00)
Benefit to Cost Ratio 03

Table 5.2. Texas Net Social Benefit (Modified: Larsen 2022)

Ultimately, the research underscores the importance of informed decision-making and
strategic planning in utility infrastructure development. While undergrounding holds promise in
enhancing reliability and minimizing disruptions, particularly in storm-prone regions like Texas, a
nuanced approach considering various stakeholders' interests and economic implications is
paramount. The findings caution against blanket mandates and emphasize the necessity of
targeted initiatives tailored to maximize societal benefits while minimizing costs.
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Larsen suggests Texas policymakers should contemplate implementing a mandate
stipulating undergrounding all transmission and distribution (T&D) lines in specific areas meeting
certain criteria. These criteria include areas with a high concentration of customers per line mile,
typically exceeding 40 customers per T&D line mile. Additionally, consideration should be given
to regions expected to face recurrent and severe storms, highlighting the importance of
undergrounding to enhance resilience against such weather events. Moreover, policymakers
should assess the potential for realizing economies of scale in underground T&D line installation,
with an estimated annual decrease of approximately 2% in installation costs. Furthermore, areas
where overhead line utility easements exceed those of underground lines should be prioritized for
undergrounding initiatives, ensuring optimal utilization of available utility rights-of-way (Larson,
2022).

In conclusion, while undergrounding utilities presents potential benefits in terms of
reliability and aesthetic improvements, the case study highlights the necessity of conducting
thorough cost-benefit analyses to inform decision-making. Unlike Cordova, Alaska, a 100%
investment in undergrounding is not economically feasible or necessary. By weighing the costs
against the benefits and considering sensitivity to critical parameters, policymakers and utility
commissioners can make informed decisions that optimize societal value while ensuring
economic sustainability and reliability in the power infrastructure.

5.5 HAWAII
5.5.1: Lahaina Fire

On August 8", 2023, the wildfires that devastated Maui, Hawaii, were sparked by downed power
lines, exacerbating the already dire situation caused by strong winds and low humidity. As wind
gusts exceeding 60mph swept through the island, the fires quickly spread from vegetation into
populated areas, including the historic town of Lahaina. The flames moved with alarming speed
and ferocity, engulfing wooden buildings and blocking roads with flaming debris. Emergency
responders faced significant challenges in containing the fires due to the rapid spread and
hindrances caused by blocked roadways.

The initial fire, fueled by dry vegetation and intensified by hurricane-force winds, swept
through Lahaina with devastating consequences. Residents were forced to evacuate, some
resorting to jumping into the ocean to escape the advancing flames. The fires, classified as a
classic wildland-urban interface fire, moved from vegetation into urban areas, causing extensive
damage to structures.

The intensity of the wildfires was further compounded by the downed power lines, which
sparked the initial blaze and hindered emergency response efforts. Hawaii opened evacuation
shelters to accommodate displaced residents while thousands of tourists attempted to leave
western Maui. Firefighters continued to battle the blazes, with authorities closing off the island's
western portion to all but emergency workers and evacuees.

While the specifics of the fires are still under investigation, the focus has turned to
Hawaiian Electric's management of vegetation in its right-of-way. The utility's failure to proactively
address potential fire hazards, such as overgrown vegetation near power lines, has raised
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questions of negligence and liability. The investigation is ongoing, with fire science experts
examining evidence to determine the factors contributing to the wildfires and subsequent flare-
ups (Biesecker et al., 2023).

Despite the challenges posed by the wildfires, communities affected by the disaster are
rallying together to support one another and rebuild. The devastation caused by the fires serves
as a sobering reminder of the importance of proactive measures to mitigate the risk of wildfires
and ensure the safety of residents and visitors alike. Above-ground powerlines played multiple
negative roles in this scenario. Both initiate the fire and block civilians from escaping and
emergency crews from getting to the fires themselves.

5.5.2: 2024 Rolling Power Outages

In January 2024, following a significant drought across the state, Hawaii was hit by a major storm
impacting the islands of Oahu and Kauai. The storm brought severe winds, causing damage to
buildings, and heavy rain that flooded roadways. At the Waiau Steam Turbine plant, rainwater
reached some generator unit controls, resulting in the tripping of two units and a loss of 100
megawatts of power from the grid, roughly 10% of demand. Additionally, the overcast weather
minimized electricity production from solar panels, while the battery systems at Kapolei and
Waiawa were depleted. Maintenance work on other generating units during the low-demand
winter months reduced available power. Subsequently, the H-POWER trash-to-energy plant also
went offline. By the evening of January 8th, Hawaiian Electric's power reserves on Oahu were
exhausted, necessitating the implementation of rolling outages to manage demand.

The incident underscores small power grids' unique challenges, particularly those serving
islands. Hawaii's power grid, comprising separate systems for each populated island, highlights
the complexities of ensuring reliability in such environments. Unlike vast mainland grids, island
grids lack geographical interconnections, making them more vulnerable to disruptions and limiting
the sharing of resources.

Reliability is paramount in operating an electrical grid, but maintaining consistent uptime
is a significant challenge. As illustrated by a typical reliability curve, achieving higher levels of
reliability becomes increasingly expensive. Broad area interconnections, characteristic of large
grids, offer benefits such as demand smoothing, increased redundancy, and shared resources,
making them more economically viable and resilient.

However, Hawaii's isolated grids heavily rely on petroleum-based power plants, with
around 75% of electricity generated from imported fuel, making the state susceptible to
international price fluctuations. The transition to renewables, which account for approximately
25% of Hawaii's energy production, aims to mitigate this vulnerability while reducing carbon
emissions. However, integrating renewable sources presents engineering challenges due to their
intermittent nature and low inertia, necessitating storage solutions and grid stability measures.

Distributed energy resources, including small-scale solar installations, offer benefits such
as localized generation and reduced strain on transmission lines. However, they introduce
complexities related to grid management, voltage fluctuations, and utility revenue models.
Hawaii's ambitious Clean Energy Initiative aims to eliminate fossil fuel usage by 2045, driving
innovation in grid technologies and energy policies (Hawaiian Electric, 2024).
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As Hawaii navigates its renewable energy transition, it serves as a test bed for addressing
a decentralized grid's technical and economic challenges. Innovations like grid technologies and
time-of-use rates offer potential solutions to optimize grid performance and customer satisfaction.
However, balancing reliability with affordability remains a pressing concern, requiring
collaboration and innovation to ensure a resilient energy future for Hawaii and beyond.
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CHAPTER 6: COMPARATIVE ANALYSIS

6.1 TRANSMISSION AND DISTRIBUTION LINES

Power lines form the backbone of modern electrical infrastructure, facilitating the transmission
and distribution of electricity from power plants to end-users. Within this network, two primary
power lines exist: transmission and distribution. While both serve critical functions in supplying
electricity, they operate at different voltage levels and fulfill distinct roles in the power grid. This
chapter aims to elucidate the disparities between transmission and distribution power lines,
shedding light on their respective characteristics, functions, and significance within the broader
electricity delivery system.

6.1.1 Transmission and Distribution Power Lines

Transmission power lines constitute the high-voltage arteries of the electrical grid, responsible for
transporting electricity over long distances from power plants to substations. Operating at ultra-
high voltages typically ranging from 110 kV to 765 kV, these lines minimize energy losses during
transmission, allowing efficient conveyance of electricity across vast geographic. Characterized
by towering lattice towers or monopoles, transmission lines often traverse remote areas or open
landscapes, necessitating robust construction to withstand environmental factors and ensure
reliability.

In contrast, distribution power lines form the intricate web of lower-voltage lines that deliver
electricity directly to homes, businesses, and other end-users within communities. Operating at
voltages below 100 kV, distribution lines emanate from substations and branch out into
neighborhoods, carrying electricity to transformers closer to consumers (United States
Department of Energy, 2023). These lines feature various configurations, including overhead lines
supported by wooden poles or underground cables concealed beneath streets, tailored to
accommodate varying urban and rural landscapes.

6.1.2 Key Features

The most significant disparity lies in the voltage levels at which transmission and distribution lines
operate. Transmission lines convey electricity at high voltages over long distances, while
distribution lines deliver electricity at lower voltages directly to end-users.

Transmission lines facilitate the primary transfer of electricity across regions, spanning
hundreds of miles, whereas distribution lines operate within localized areas, serving homes,
businesses, and institutions. Transmission lines feature robust construction and tall support
structures to withstand high voltages and traverse expansive terrains. In contrast, distribution lines
adopt a more varied infrastructure tailored to suit urban and rural environments, often
incorporating underground cabling for aesthetic or logistical reasons.

The economic viability of burying utility infrastructure has long been a significant challenge
for utility companies and their customers advocating for underground lines. If the cost of
underground construction closely matched that of overhead installation, the decision would be
straightforward. However, this is different.
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The 2012 survey conducted by the Edison Electric Institute (EEI) also gathered data on
the approximate cost per mile for various types of construction: new overhead, new underground,
and the conversion from overhead to underground. This survey aimed to understand the cost
breakdown between materials and labor, particularly examining whether underground
construction is more labor-intensive and expensive.

Gathering and comparing cost data from different regions across the country pose several
challenges. Firstly, it is essential to acknowledge that these costs are general estimates based
on averages or typical construction methods adopted by utilities. Numerous variables come into
play, including customer density (urban, suburban, rural), soil conditions (sandy, rocky), labor
expenses, construction techniques, vegetation, and voltage levels.

To address these complexities, the EEI report employed two approaches. The data
collection is structured based on customer density, with urban customers having 150 or more
customers per square mile, suburban having 51 to 149 customers per square mile, and rural
having 50 or fewer customers per square mile. The report also aims to delineate the cost range
for each discussed category, identifying the highest and lowest estimated costs within each
segment.

6.1.4 Distribution Cable Difference

A straightforward illustration highlighting the contrast between the complexity of underground
cables and overhead wires can be found in the type of conductor utilized for electricity
transmission. Figure 6.1, titled "Distribution Power Cables," presents an overhead conductor and
an underground cable. Upon observation, it becomes evident that the underground cable
construction is significantly more intricate than the overhead counterpart. As a result of this
complexity, the underground cable constitutes a considerably more costly component.
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Figure 6.1. Distribution Power Cables (Modified: Hall 2013)
6.1.5 Transmission Cable Differences

Numerous distinctions exist between transmission lines and cables. Transmission lines
predominantly employ bare aluminum conductors suspended between supporting towers utilizing
insulator strings crafted from glass or solid polymer-coated fiberglass. In contrast, transmission
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cables feature insulated conductors, often housed within underground tunnels, duct-bank conduit,
or directly buried within the soil, as depicted in Figure 6.2, labeled “Transmission Power Cables.”
Notably, underground transmission cables entail significantly higher costs for materials and
construction than overhead transmission lines.
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Figure 6.2. XLPE Transmission Power Cables (Modified: Thomas 2008)
6.1.6 Physical Limitations To AC Transmission Lines

Constraints on the physical length that a power line can attain, with more significant limitations on
underground lines than overhead ones. This limitation becomes increasingly critical as voltage
levels rise, particularly beyond 100,000 Volts. At such high voltages, the effects of line
capacitance become particularly significant, leading to phenomena such as "line charging
current," where current flows through the cable even when no load is connected.

In underground power cables, the capacitance between wires is substantially higher than
in overhead lines, primarily due to the closer proximity of the wires to each other and the earth.
As a result, underground lines can experience significantly higher line charging currents, ranging
from 20 to 75 times that of overhead lines, depending on the voltage level. The implications of
these limitations are profound. For instance, if the charging current becomes comparable to the
total current-carrying capacity of the line, it severely hampers its ability to deliver power effectively.
In practical terms, a typical 345,000V transmission line may become incapable of delivering power
when its length exceeds approximately 26 miles. Even the longest underground circuits, operating
at 230,000V or 345,000V, are limited to just 20 miles in length.

Furthermore, replacing overhead lines with underground counterparts alters various
characteristics of the power system. While resistance decreases, which could be advantageous,
inductance also diminishes, making voltage regulation more challenging. This shift may lead to
increased line losses and reduced efficiency. Moreover, the time required to repair underground
lines is significantly longer, posing an unacceptable condition for transmission lines given the
limited outage times allowed. While underground power lines offer certain advantages, such as
reduced visual impact and potentially lower resistance, their limitations must be carefully
considered. Any decision to replace overhead lines, particularly regarding length and repairability,
must be carefully considered (Malmedal, 2009).
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6.2 COST

The ownership and operation of the electrical grid in the United States is highly diverse and
decentralized. With more than 3,100 providers collectively supplying over 3.7 million gigawatt
hours of electricity, valued at over $375 billion, to nearly 150 million customers nationwide, the
sector encompasses a wide array of stakeholders (APPA 2018). These entities vary significantly
in ownership structures, financing arrangements, rate designs, and regulatory frameworks.

The principal types of utility owners and operators in the US are investor-owned utilities
(IOUs), publicly owned utilities, and cooperatives. Unlike countries with centralized, nationalized
electricity systems, the US relies on a mix of ratepayer, shareholder, and taxpayer support to fund
infrastructure upgrades and enhancements (California Energy Commission 2016; Electric. coop).
This diverse landscape poses a fundamental challenge for the US power sector: effectively
maintaining and modernizing aging infrastructure amidst varying ownership models and financial
mechanisms.

In contrast to rapidly evolving sectors like technology, where innovations are swiftly
adopted, and profitability can soar, the electricity industry operates much slower. The turnover of
capital assets in the electrical grid occurs over decades, and profit margins are typically modest
and closely regulated. The successful integration of these disparate sectors necessitates close
collaboration and coordination among stakeholders.

The EEI provided estimates for the cost of undergrounding power lines, encompassing
both transmission and distribution systems. As reported in 2013, these estimates ranged from
$536,760 to $1,100,000 per mile for transmission line conversions and from $158,100 to
$1,000,000 per mile for distribution line conversions. Additionally, the EEI estimated installation
costs for new underground distribution and transmission lines, with a range of $297,200 to
$1,141,300 per mile for distribution lines and $1,400,000 to $3,500,000 per mile for transmission
lines.

Table 6.1. Characteristics of U.S. Utility Ownership (Modified: Marston 2018)

Utility Infrastructure Managaement Regulation Financing Revenue
Not for profit, set to
Mostly distribution, ) Private financing, )
) ¥ o Member elected Board established ne have margin for
Cooperative some transmission loans, and grants are
) board rates replacement and
and generation from members
recover costs
Distribution, State, public utility, Recover cost and
o Shareholders and P ) R
Investor Owned transmission, and corporate and service Debt and bonds  [reasonable return for
generation systems pol commision set rates investors
Not for profit set to
) ) City council and utility
Mainly distribution, | Public officials and recover costs and
Publicly Owned ¥ ) . governed board set Tax-free bonds R
but some generation local entities ) o secure investments
rates with public input s
for new facilities
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Table 6.2. Conversion and Installation Costs

CONVERSION/INSTALLATION TYPE COST RANGE (PER MILE) REFERENCES
Overhead-to-Underground Transmission Line

Minimum Conversion Cost $536,760-%$1,100,000 (EEI 2013)
Maximum Conversion Cost $6,000,000-$12,000,000 (EEI 2013)
Overhead-to-Underground Distribution Line

Minimum Conversion Cost $158,100-%$1,000,000 (EEI 2013)
Maximum Conversion Cost $1,960,000-$5,000,000 (EEI 2013)

State of Florida $814,929 (FPSC, 2004)

Virginia Power $950,000 (VSCC, 2004)

Long Island Power Authority $1,578,976 (LIPA, 2005)

California (2006) $500,000 (CVO, 2006)

California (2023) $3,000,000 (PG&E, 2023)

Georgia Power $950,400 (GP, 2004)

Replacement Costs for Overhead Transmission Lines

Minimum Replacement Cost Rural: $174,000 (EEI' 2013)
Urban: $377,000

Maximum Replacement Cost Suburban: $4.5 million (EEI' 2013)
Urban: $11 million

Installing New Underground Distribution Lines

Minimum Installation Cost $297,200-%$1,141,300 (EEI' 2013)

Maximum Installation Cost $1,840,000-%$4,500,000 (EEI 2013)

Installing New Underground Transmission Lines

Minimum Installation Cost $1,400,000-$3,500,000 (EEI 2013)

Maximum Installation Cost $27,000,000-$30,000,000 (EEI 2013)
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6.2.1 Wisconsin

The cost estimation for underground transmission lines varies significantly, typically 4 to 14 times
higher than overhead lines of equivalent voltage and distance. For instance, the expense of
installing a new 69 kV overhead single-circuit transmission line averages around $285,000 per
mile, contrasting with approximately $1.5 million per mile for a new 69 kV underground line
(excluding terminals). Similarly, a new 138 kV overhead line costs about $390,000 per mile,
whereas an underground counterpart costs approximately $2 million per mile (excluding
terminals).

These cost differentials are influenced by local conditions, distances between splices and
terminations, and the number of ancillary facilities required. Additional factors contributing to the
higher costs of underground transmission lines include challenges related to right-of-way access,
startup complexities, construction limitations in urban settings, conflicts with existing utilities,
trenching issues, traversing natural or artificial obstacles, and the potential necessity for cooling
facilities (Blaug, 2023). Moreover, existing or adjacent transmission facilities may require
upgrades or new installations to address issues like fault currents and voltage fluctuations, further
escalating expenses.

While general cost comparisons between overhead and underground construction are
occasionally informative, actual costs for underground projects can diverge significantly.
Underground transmission construction tends to be highly site-specific, especially for higher
voltage lines, with components often needing more interchangeability than overhead
counterparts. A comprehensive and detailed investigation of subsurface and electrical conditions
is imperative for accurately estimating the cost of undergrounding a specific transmission
segment. Consequently, the cost of underground transmission can exhibit considerable variability
when assessed on a per-mile basis.

Repairing an underground line typically incurs higher costs than equivalent overhead lines.
The expenses associated with leaks can range from $50,000 to $100,000 for detection and repair.
Depending on the chosen technology, installing a leak detection system for an HPFF cable
system can range from $1,000 to $400,000.

Molded joints used for splicing in XLPE lines could entail repair costs of approximately
$20,000, while field-made splices might necessitate repairs of up to $60,000. In cases where a
fault occurs in a directionally drilled section of the line, the entire section may need replacement.
For instance, directional drilling for HPGF cables costs around $25 per foot per cable. In such
instances, all cables within the directional drilled section must be removed for examination.

Newer XLPE cables generally have a shorter lifespan, approximately half that of overhead
conductors, necessitating underground replacements approximately every 35 years. Easement
agreements may require utilities to compensate property owners for disruptions to property use
and any damage caused during underground transmission line repairs on private property.
However, compared to total repair costs, the compensation to landowners is relatively minor.

When considering construction, repair, and maintenance costs over the line's life,
underground transmission lines typically incur higher life cycle expenses than overhead
transmission lines.
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6.2.2 New York City

The estimated costs associated with converting existing overhead electric systems to
underground systems in various areas, including Westchester County, Bronx, Staten Island,
Brooklyn, and Queens. In 2007, the estimated cost for Westchester County, Bronx, and Staten
Island was $25.8 billion, which increased to $34.1 billion in 2013. When extrapolated to include
additional areas, such as Brooklyn and Queens, the total estimated cost rises to $42.9 billion. The
conversion costs per mile for Westchester County and Staten Island are projected to be $8.29
million and $7.81 million, respectively. Attachments provide detailed estimates for each feeder
based on average costs per mile (Pahwa, 2004). Additional costs for converting cable television
and fiber networks on existing pole lines are estimated at approximately $23.5 billion.
Furthermore, operational and maintenance costs for underground systems are expected To be
higher than overhead systems, mainly due to cable failure response, repair, installation, and the
need for stray voltage monitoring.

Installation costs for service conduits and cables on private property are estimated at
$10,000 for residential services and $25,000 for extensive commercial services. However,
individual costs may vary based on size, distance, and topography, with directional boring
techniques potentially increasing installation costs. Moreover, residential areas may require
customers to convert from 120/240 volt service to 120/208 single-phase service, leading to
appliance change-outs and additional expenses. Large three-phase underground transformers
may also necessitate service entrance switchgear change-outs, further adding to project costs.

Customer outages are expected during the conversion process, albeit likely on hours
rather than days. However, multiple outages for each customer throughout the construction
process are anticipated. The substantial cost involved is the primary obstacle to converting
overhead distribution systems to underground systems (Chowdhury, 2004). CHA estimates the
total capital cost of the conversion to be $42.9 billion, nearly tripling the company's rate base and
necessitating significant rate increases. Upon completion, the estimated impact on the company's
annual distribution revenue requirement is $7.24 billion, representing a 144% increase over
existing revenues.

The calculation of rate base impact and corresponding revenue requirements indicate a
significant financial burden on customers. Assuming equal application across all customer
classes, the average monthly residential T&D bill is projected to increase from $58.40 to $142.87
upon completion of the conversion (Retterath, 2004). While the extent of rate increases may be
influenced by local, state, or federal government funding, the conversion remains cost-prohibitive.
The cost of the entire system amounts to $13,431 per customer, significantly higher than existing
utility plant costs. Overall, the conversion presents considerable financial challenges for the utility
company and its customers, highlighting the need for careful consideration and planning to
mitigate adverse impacts.
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6.2.3 Effects On Rates

One method to assess the financial implications of undergrounding infrastructure is by evaluating
the potential effect on utility rates if all expenses associated with undergrounding were covered
through rate hikes. This approach involves estimating the additional costs incurred by utilities due
to undergrounding projects and then calculating how much these expenses would translate into
increased customer rates (Johnson, 2006). By considering the full spectrum of undergrounding
costs, such as installation, maintenance, and operational expenses, this analysis provides a
comprehensive understanding of the financial burden imposed by undergrounding initiatives.
Moreover, it offers insights into the affordability of such projects for utility customers and the
potential economic trade-offs associated with transitioning to underground infrastructure. These
rate increases by state are as follows in table 6.3.

Table 6.3. Estimated Rate Increase for Undergrounding

Area to underground Estimated Rate Increase Source

Florida 81% (FPSC, 2004)
North Carolina 125% (NCPSUC, 2003)
Long Island 126% (LIPA, 2004)
Virginia $3,577 per customer per year (VSCC, 2004)
California $528 per customer per year (PG&E, 2023)

6.2.4 Powerline Hardening

Powerline hardening is a critical strategy employed in electrical engineering and infrastructure
management to enhance the resilience and reliability of power transmission and distribution
systems. This proactive approach involves implementing various measures and upgrades to
strengthen powerlines and associated infrastructure, mitigating extreme weather events, natural
disasters, and other potential threats to the electrical grid.

One of the primary objectives of powerline hardening is to minimize disruptions to
electricity service during adverse conditions such as hurricanes, tornadoes, ice storms, or
wildfires. These events can cause significant damage to powerlines, poles, and supporting
structures, leading to widespread outages and disruptions to communities, businesses, and
critical infrastructure. Utilities aim to reduce the grid's vulnerability to these hazards by hardening
powerlines and enhancing its ability to withstand extreme weather events.

One standard method of powerline hardening involves replacing traditional wooden poles
with more durable materials such as steel, concrete, or composite materials. These materials
offer excellent resistance to physical damage from falling trees, high winds, or flying debris,
reducing the risk of pole failure and associated power outages. Hardened poles often have
stronger cross arms, braces, and guy wires to reinforce their structural integrity and stability.

In addition to upgrading pole materials and construction, powerline hardening may also
involve improving the design and configuration of overhead transmission and distribution lines.
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This includes increasing the spacing between conductors, installing more robust conductors and
insulators, and implementing specialized hardware such as vibration dampers, bird diverters, and
ice-resistant coatings. These enhancements help minimize the risk of conductor breakage,
galloping, or icing, which can compromise the grid's reliability during inclement weather
conditions.

Furthermore, vegetation management plays a crucial role in powerline hardening efforts.
Overgrown trees and vegetation near powerlines pose a significant risk of causing outages
through contact with conductors during storms or high winds. Utilities employ proactive vegetation
management strategies such as trimming, pruning, and selective clearing to create safe buffer
zones around powerlines, reducing the likelihood of vegetation-related outages and fire hazards.

Another aspect of powerline hardening involves implementing advanced monitoring,
sensing, and automation technologies to enhance grid resilience and response capabilities. This
includes deploying smart sensors, drones, and predictive analytics tools to detect potential issues
and preemptively address them before they escalate into widespread outages. Additionally,
automated switching and reconfiguration systems enable utilities to isolate and reroute power
flows during emergencies, minimizing the impact of disruptions on affected areas.

Overall, powerline hardening represents a proactive and comprehensive approach to
enhancing the electrical grid's resilience and reliability in the face of increasingly frequent and
severe weather events and other potential threats. By investing in upgrades to infrastructure,
equipment, and operational practices, utilities can minimize the impact of outages, improve
customer satisfaction, and ensure the continued delivery of safe, reliable, and affordable
electricity to communities across the globe.

6.2.5 Transmission Line Hardening Cost And Benefit

In conducting cost-to-benefit calculations, we assume utilities will fortify 5% of their transmission
structures, costing $60,000. This translates to an investment of $2.4 billion for fortifying 40,000
structures. Historically, transmission-related expenses have accounted for approximately 20% of
total restoration costs, totaling around $36 million annually. They assume that each hardened
transmission structure previously contributed five times more to restoration delays than typical
structures. Consequently, the projected savings in utility restoration costs amount to $36 million,
reflecting a 25% reduction, totaling $9 million annually (FPUA, 2005).

The societal cost of hurricanes stands at an estimated $122 million annually, with
approximately 20% attributed to transmission damage. Thus, the anticipated societal benefits
from targeted transmission fortification are calculated at $6.1 million annually, reflecting 25% of
the total societal cost. Given the significant impact of hurricanes on several states, it is prudent to
conduct a separate cost-to-benefit analysis. Taking Texas as an example, with 27,000
transmission structures, fortifying 5% of these at $60,000 each would require an investment of
$81 million. Over a projected lifespan of 60 years and discounted at a rate of 10%, this investment
amounts to $8.13 million annually.

Assuming targeted hardening can reduce transmission damage in Texas by 50%, the
average annual transmission damage since 1998 has been $13.5 million, resulting in estimated
annual restoration savings of $6.8 million. In the Beaumont-Port Arthur MSA, hurricanes incur a
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societal cost of $6.15 million annually, with transmission accounting for 14% of Texas restoration
costs (ERCOT, 2021). Assuming targeted hardening can reduce total restoration time by 7%, this
translates to a societal benefit of $430,500 annually (Brown, 2009).

Considering this analysis, targeted fortification of the Texas system appears cost-effective
and warrants further investigation. Investing in transmission hardening could yield significant long-
term benefits regarding reduced restoration costs and societal impacts, particularly in hurricane-
prone regions like Texas.

6.2.6 Distribution Line Hardening Cost And Benefit

To conduct cost-to-benefit calculations, we assume that utilities will reinforce 10% of their
distribution circuits and 10% of the poles within these targeted circuits. This translates to 160,000
hardened distribution poles. At an assumed cost of $2,000 per hardened pole, the total investment
amounts to $320 million. When discounted over a lifespan of 40 years at a rate of 10%, this
investment equates to an annual expenditure of $33 million for four decades (ERCOT).

Historically, distribution-related expenses have represented approximately 80% of total
restoration costs, totaling around $144 million annually. We further assume that each hardened
distribution pole previously contributed proportionally ten times more to restoration times
compared to typical poles, accounting for higher failure rates and increased repair times.
Consequently, the estimated savings in utility restoration costs amount to $144 million, reflecting
a 10% reduction, totaling $14.4 million annually (Brown, 2009).

The societal cost of hurricanes is estimated to be $122 million annually, with about 80%
attributed to distribution damage. Hence, the estimated societal benefits of targeted distribution
fortification amount to $9.8 million annually. This high-level analysis yields a cost estimate of $33
million per year and benefits totaling $14.4 million + $9.8 million = $24.2 million. However, it is
essential to note that this analysis relies on broad assumptions, which may vary significantly
between utilities and regions. Targeted hardening, by its nature, avoids broad assumptions and
conducts detailed analyses to identify the most cost-effective allocation of resources. Therefore,
while targeted hardening for distribution is cost-effective by definition, the actual level of hardening
may vary depending on specific circumstances and analyses (FPUA, 2005).

6.3 RELIABILITY
6.3.1 Pipe Type Transmission Line Repair Rates

Historical data spanning approximately 2,536 miles reveal the trouble rates associated with pipe-
type underground transmission lines. It is observed that one cable repair is necessitated annually
for every 833 miles of cable. Similarly, one splice repair is required annually for every 2,439 miles
of cable, and one termination repair is necessary per year for every 359 miles of cable. Based on
these figures, the probability of the most common type of repair being required in any one mile of
pipe-type underground line within a year is at most 1 in 300.

Conversely, documentation on XLPE transmission lines is limited, particularly for 345 kV
lines. However, widely acknowledged estimates suggest that one cable repair is needed annually
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for every 1,000 miles of cable, with one splice repair and one termination repair required annually
for every 1,428 miles of cable. These trouble rates imply a 1 in 1,000 chance for the most common
type of repair necessary for any one mile of XLPE underground line within a year.

The duration of power outages can vary significantly depending on various factors, such
as the nature of the failure, accessibility of replacement parts, and proficiency of repair personnel.
Typically, outages for HPGF lines endure for 8 to 12 days, while XLPE outages last 5 to 9 days.
Repairing faults in HPFF systems can take 2 to 9 months, depending on the extent of damage.
The outage duration tends to increase with the number of splices; however, employing concrete
vaults at splice sites can expedite repairs by providing swift and efficient access. Conversely,
directly buried splices, which are standard in rural or suburban XLPE lines, may prolong outage
durations.

Locating leaks in pipe-type lines requires reducing pipe pressure below 60 psi and de-
energizing the line before employing probes. Sometimes, the line may need to be out of service
for a day before tests commence. After repairs, the pipe pressure must be gradually restored to
normal levels, requiring an additional day or more before re-energizing the repaired line.
Addressing electrical faults in underground lines involves identifying the affected cable, freezing
the fluid surrounding the fault, inspecting the line after opening the pipe, potentially replacing and
splicing cables, and then re-pressurizing and testing the line before restoring service. In contrast,
locating and repairing faults in overhead lines typically occurs promptly, usually within a few hours
or, at most, a couple of days.

One significant challenge affecting emergency response times for underground
transmission lines is the geographical distance of most underground transmission material
suppliers, primarily in Europe. While some European companies maintain offices in the United
States, the immediate availability of cable and system supplies for emergency repairs may be
limited. Regarding line life expectancies, underground pipe-type or XLPE cables are assumed to
have a lifespan of approximately 40 years, though some pipe-type cables have been operational
for over 60 years. Overhead lines have endured for 60-plus years, with certain lines surpassing
80 years in service, according to the (Public Service Commission of Wisconsin, 2011).

6.4. ADVANCED CONDUCTORING

Advanced conducting, also known as advanced conducting, refers to utilizing cutting-edge
materials and technologies in power cable lines to enhance their efficiency, capacity, and
performance. This innovative approach represents a significant leap forward in electrical
engineering, offering transformative solutions to meet the growing demands of modern energy
systems. By leveraging state-of-the-art materials and designs, advanced conducting enables the
doubling of capacity in power cable lines, thereby unlocking new opportunities for integrating
renewable energy sources like wind and solar power into the electric grid.

At the heart of advanced conductoring is developing and deploying high-performance
materials such as high-temperature superconductors (HTS), carbon nanotubes, and other
advanced alloys and composites. These materials exhibit superior electrical conductivity, thermal
stability, and mechanical strength compared to traditional conductors like aluminum or copper. By
minimizing energy losses and maximizing current-carrying capacity, advanced conductors enable
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power cable lines to transmit significantly higher volumes of electricity over longer distances with
greater efficiency.

Several key factors make the doubling of capacity in power cable lines achieved through
advanced conductoring possible. Firstly, advanced conductors' reduced resistance and higher
conductivity enable them to carry larger currents without experiencing excessive heat dissipation
or energy losses. This increased current-carrying capacity allows for greater power transmission
and distribution capabilities, effectively doubling electricity throughput within the existing
infrastructure.

Additionally, advanced conductors offer enhanced reliability and resilience, making them
well-suited for the demanding requirements of modern power systems. Their robust construction
and superior performance characteristics enable power cable lines to operate more efficiently and
withstand various environmental conditions, including extreme temperatures, weather events,
and mechanical stress. As a result, the risk of power outages and disruptions is significantly
reduced, ensuring a more stable and dependable electricity supply to consumers and businesses
alike (Beryozkina, 2018).

Moreover, deploying cables made from state-of-the-art materials represents a sustainable
and future-proof solution for upgrading the electric grid. Utilities can increase the grid's capacity
without extensive infrastructure expansion or costly upgrades by replacing existing power lines
with advanced conductors. This maximizes the utilization of existing assets and minimizes
environmental impacts and disruption to communities and ecosystems.

Integrating advanced conductoring technologies into power cable lines facilitates the
widespread adoption of renewable energy sources such as wind and solar power. These clean,
renewable energy sources are abundant and widely distributed, but their intermittent nature and
variability challenge grid integration and stability. By doubling the capacity of the electric grid,
advanced conductoring creates room for much more wind and solar power, enabling the seamless
integration of these resources into the energy mix.

Advanced conductoring represents a game-changing advancement in power cable
technology, offering the potential to double the capacity of the electric grid and unlock new
possibilities for renewable energy integration. By harnessing the power of state-of-the-art
materials and designs, advanced conductors enable more efficient, reliable, and sustainable
transmission and distribution of electricity, paving the way for a cleaner, greener, and more
resilient energy future (Plumer, 2024).

6.5 HIGH VOLTAGE DIRECT CURRENT (HVDC): REVOLUTIONIZING POWER
TRANSMISSION

In electrical engineering, High-Voltage Direct Current (HVDC) technology stands as a beacon of
innovation, offering a transformative approach to power transmission. Unlike traditional
alternating current (AC) systems, which have dominated the landscape of electricity distribution
for decades, HVDC represents a paradigm shift in how energy is transmitted over long distances.
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6.5.1 Understanding HVDC

HVDC technology facilitates electricity transmission from point to point over long distances with
minimal losses, making it an attractive option for interconnecting power grids separated by vast
geographical expanses. Unlike AC transmission, which oscillates in voltage and current
directions, HVDC maintains a constant voltage polarity, allowing efficient transmission over
extended distances. At the heart of HVDC systems are converters that rectify AC power into DC
at the transmitting end and invert it back into AC at the receiving end.

HVDC systems experience lower power losses than HVAC over long distances,
particularly in underwater environments. For instance, the NorNed HVDC interconnector between
Norway and the Netherlands, which spans approximately 580 kilometers (360 miles) underwater,
demonstrates significantly lower transmission losses than similar HVAC systems. The inherent
characteristics of HVDC, such as reduced line resistance and absence of reactive power losses,
make it more efficient for transmitting power over extended underwater distances (Skog, 2007).

Maintaining voltage stability is critical for underwater power transmission to ensure reliable
and consistent power delivery. HVDC systems offer superior voltage control compared to HVAC,
especially over long submarine cable lengths. The Cross-Channel HVDC interconnector between
France and England, spanning approximately 73 kilometers (45 miles) underwater, maintains
stable voltage levels despite the challenging marine environment. HVDC technology allows for
precise control of voltage levels, minimizing voltage drops and ensuring stable power
transmission over the entire cable length (Goodrich, 1987).

HVDC cables exhibit higher efficiency than HVAC cables over long underwater distances.
For example, the COBRAcable HVDC interconnector between Denmark and the Netherlands,
which extends over 325 kilometers (202 miles) underwater, achieves greater efficiency due to
reduced losses associated with HVDC transmission. The efficient conversion and transmission of
direct current in HVDC systems result in lower energy losses compared to HVAC, making HVDC
a preferred choice for transmitting power over extended underwater cable routes (Tourgoutian,
2017).

Underground HVDC transmission has a reduced environmental footprint compared to
HVAC for underwater applications. HVDC cables produce lower electromagnetic fields (EMFs)
and have less visual impact, minimizing potential ecological disturbances in marine environments.
The BritNed HVDC interconnector between the UK and the Netherlands, spanning approximately
260 kilometers (162 miles) underwater, demonstrates environmental compatibility by employing
HVDC technology to transmit power across ecologically sensitive areas, including marine
conservation zones and habitats of marine mammals (Teeuwsen, 2010).

HVDC technology enables power transmission over longer underwater cable lengths than
HVAC. For instance, the North Sea Link HVDC interconnector, planned to span approximately
730 kilometers (454 miles) underwater between Norway and the UK, demonstrates HVDC's
capability to support extended submarine cable routes. The inherent characteristics of HVDC,
such as lower losses and voltage stability, allow for the efficient transmission of electricity over
vast distances, enabling the interconnection of distant power grids and offshore renewable energy
resources (Jat, 2021).
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6.5.2 Pros Of HVDC:

HVDC transmission boasts lower electrical losses than AC systems, particularly over long
distances. HVDC technology ensures more efficient power transmission by eliminating the need
for reactive power compensation and minimizing line losses. HVDC systems offer superior voltage
control and stability, enabling grid operators to maintain optimal voltage levels across
interconnected networks. This feature is especially valuable for integrating renewable energy
sources like wind and solar, which exhibit variable output characteristics.

HVDC is well-suited for transmitting electricity over vast distances, surpassing the
limitations of conventional AC transmission lines. This capability facilitates the integration of
remote renewable energy resources into existing grids and supports interconnections between
regional power systems. HVDC transmission lines typically require narrower rights-of-way than
AC lines, minimizing land use and environmental disruption. Additionally, the underground or
submarine deployment of HVDC cables mitigates visual impact and preserves natural landscapes
(Siemens 2011).

6.5.3 Cons Of HVDC:

The upfront capital investment for HVDC infrastructure, including converter stations and
specialized equipment, can be substantial, making it economically challenging to implement in
specific contexts. HVDC systems are inherently more complex than AC networks, requiring
sophisticated control and protection mechanisms to ensure reliable operation. The intricacies of
converter technology and voltage conversion introduce additional engineering challenges.

Converter station locations are crucial for HVDC projects, as they must be strategically
positioned to optimize transmission efficiency and grid stability. Land availability and regulatory
considerations can constrain the identification of suitable sites for converter installations. While
Voltage-Sourced Converters (VSC) offer advantages such as modularity and black-start
capability, they also exhibit limitations in terms of current-carrying capacity and voltage levels
compared to Line-Commutated Converters (LCC) (Siemens, 2011).

6.5.4 HVDC In Action

The Itaipu HVDC transmission link, spanning approximately 800 kilometers, connects the Itaipu
hydroelectric plant in Brazil to the Paraguayan grid. This project, commissioned in the 1980s,
revolutionized cross-border energy exchange, enabling Paraguay to export surplus electricity to
Brazil and bolstering regional energy security (Caroli, 1990).

China's Xiangjiaba-Shanghai Ultra High Voltage Direct Current (UHVDC) transmission
project exemplifies its ambitious efforts to modernize its power grid and integrate renewable
energy sources. With a transmission capacity of 7,200 megawatts, this project spans over 2,000
kilometers, demonstrating the scalability and efficiency of HVDC technology in meeting growing
energy demand (Yuan, 2008).
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The NordLink HVDC interconnector, linking Germany and Norway through submarine
cables, facilitates the exchange of renewable energy between the two countries. By harnessing
Norway's abundant hydroelectric resources and Germany's wind and solar capacity, NordLink
contributes to energy security, decarbonization, and market integration in Europe (Palombi,
2019).

6.5.5 HVDC Vs. HVAC Transmission Connecting Hawaiian Islands

Building an HVAC (High Voltage Alternating Current) underwater transmission system between
islands in Hawaii presents several challenges compared to constructing an HVDC (High Voltage
Direct Current) underwater transmission system. HVAC transmission systems are less efficient
over long distances compared to HVDC systems. Significant distances separate Hawaii's islands,
and transmitting electricity through an HVAC system over such distances would result in higher
power losses due to cable resistance. This would necessitate the installation of larger cables and
additional infrastructure to compensate for losses, making HVAC transmission less feasible for
interconnecting distant islands.

HVAC transmission operates at high frequencies, typically 50 or 60 Hz, leading to issues
such as capacitance and corona discharge in underwater cables. These phenomena result in
increased energy losses, electromagnetic interference, and potential damage to the cables. In
contrast, HVDC transmission operates at lower frequencies (typically below 1 Hz), reducing the
impact of capacitance and corona discharge and enabling more efficient and reliable transmission
over long distances.

HVAC cables for underwater transmission need to be significantly larger in diameter
compared to HVDC cables to accommodate the alternating current and mitigate losses. The
larger size of HVAC cables increases the complexity and cost of installation and the
environmental impact. On the other hand, HVDC cables can transmit higher power loads with
smaller cable sizes, reducing installation costs and environmental disruption (Siemens, 2011).

HVAC transmission systems require synchronous operation between interconnected grids
to maintain voltage stability. In Hawaii, where each island may have its grid with varying
generation and consumption patterns, achieving synchronous operation across islands can be
challenging. HVDC transmission systems offer greater flexibility in controlling voltage and power
flow, allowing asynchronous operation between grids and facilitating the integration of renewable
energy sources with variable output.

HVAC transmission systems produce electromagnetic fields that can interfere with marine
life and underwater communication systems. The larger cables and higher frequencies associated
with HVAC transmission increase the potential for environmental impact and conflicts with existing
underwater infrastructure. With its lower frequencies and smaller cable sizes, HVDC transmission
poses fewer environmental concerns and is less likely to disrupt marine ecosystems.

While HVAC underwater transmission systems may be suitable for shorter distances or
land-based applications, HVDC systems offer clear advantages for interconnecting distant islands
in Hawaii. HVDC technology provides greater efficiency, reliability, and environmental
compatibility, making it the preferred choice for underwater transmission between Hawaii's
islands.
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Hawaii's existing power infrastructure relies heavily on individual island-based power
generation, which can make it vulnerable to disruptions such as extreme weather events or
equipment failures. By implementing an HVDC underwater transmission system connecting the
islands, Hawaii can significantly enhance the reliability of its power supply. This interconnected
grid would allow electricity sharing between islands during emergencies, reducing the risk of
prolonged blackouts and ensuring continuous power availability for residents and critical
infrastructure.

Hawaii has ambitious renewable energy goals, aiming for 100% clean energy by 2045.
However, the uneven distribution of renewable resources across the islands poses challenges for
achieving this target. An HVDC underwater transmission system would enable the efficient
transmission of renewable energy, such as wind and solar power, from islands with abundant
resources to those with higher energy demand. Integrating renewable energy sources across the
interconnected grid would accelerate Hawaii's transition to a sustainable and resilient energy
future (Hawaiian Electric, 2024).

Interconnecting the islands through an HVDC underwater transmission system would
facilitate the optimization of power generation assets. By enabling electricity sharing between
islands, Hawaii can better balance supply and demand dynamics, reducing the need for excess
capacity and enhancing overall system efficiency. Moreover, the interconnected grid would
provide flexibility in scheduling maintenance and repairs of power plants on alternating islands,
minimizing disruptions and ensuring continuous power supply to consumers.

Investing in an HVDC underwater transmission system would generate significant
economic benefits for Hawaii. The increased reliability of the power grid would reduce the risk of
economic losses associated with power outages, particularly in sectors reliant on uninterrupted
electricity, such as tourism, healthcare, and agriculture. Additionally, integrating renewable
energy sources would create opportunities for job creation and stimulate investment in clean
energy technologies, driving economic growth and fostering innovation in the energy sector.

Transitioning to a more interconnected and renewable energy-based power system would
align with Hawaii's commitment to environmental sustainability. By reducing reliance on fossil
fuels and minimizing greenhouse gas emissions, an HVDC underwater transmission system
would mitigate climate change and preserve Hawaii's natural resources and pristine environment.
Furthermore, deploying underwater cables for HVDC transmission minimizes visual and
ecological impacts compared to traditional overhead transmission lines, supporting Hawaii's
conservation efforts and preserving its scenic landscapes.

Investing in an HVDC underwater transmission system to interconnect the islands of
Hawaii offers a compelling opportunity to enhance the reliability, resilience, and sustainability of
the state's power infrastructure. By enabling the efficient transmission of renewable energy,
optimizing power generation, and providing economic and environmental benefits, such an
investment would position Hawaii as a leader in clean energy innovation and pave the way for a
more sustainable and prosperous future for its residents and future generations.
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CHAPTER 7: DESIGN AND CONSTRUCTION

7.1 MATERIALS USED IN ABOVE-GROUND POWER LINES

Above-ground power lines typically contain components, including conductors, poles, insulators,
and hardware. This section provides a detailed overview of the materials used in above-ground
installations, their functions, and their associated costs. Typically made of aluminum or copper,
conductors constitute significant material expenses. Poles, often constructed from wood, steel, or
concrete, vary in cost depending on material type and size. Insulators and hardware, essential for
supporting conductors and maintaining electrical insulation, also contribute to material costs.

7.1.1 Conductors

Conductors are the fundamental components of above-ground power lines that transmit electrical
current across extensive distances. These conductors are typically crafted from materials such
as aluminum and copper, which are renowned for their conductive properties and suitability for
electrical applications.

Aluminum conductors are prevalently utilized in above-ground power lines owing to their
lightweight nature and cost-effectiveness. Despite aluminum's marginally lower conductivity than
copper, it delivers satisfactory performance across various applications while offering significant
cost savings. On the other hand, copper conductors boast superior conductivity to aluminum
counterparts but are accompanied by a higher price tag. As such, copper is often favored for
scenarios necessitating exceptional conductivity or where spatial limitations mandate smaller
conductor sizes (Delaware, 2020).

The cost dynamics of conductors are subject to considerable variability, contingent upon
factors such as material composition, conductor dimensions, and prevailing market rates for raw
materials. Aluminum conductors typically enjoy a price advantage over copper equivalents due to
the lower cost of aluminum raw materials. However, copper conductors may emerge as the
preferred choice for applications mandating heightened conductivity or prioritizing long-term
performance considerations.

7.1.2 Poles Or Towers

Poles or towers serve as essential supports for above-ground power lines, raising conductors to
an adequate height to navigate obstacles and ensure operational safety. These structures are
made of various materials, including wood, steel, and concrete, each possessing distinct
attributes that influence their suitability for different voltage levels and environmental conditions.

Wooden poles are commonly utilized for low-voltage and medium-voltage distribution lines
due to their affordability and widespread availability. However, they may necessitate more
frequent maintenance and exhibit a shorter lifespan than other materials, primarily due to their
susceptibility to weather-induced deterioration and relatively low tensile strength. On the other
hand, steel towers find application in high-voltage transmission lines, offering unparalleled
strength and longevity. Despite their higher initial costs relative to wooden poles, steel towers
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entail minimal maintenance requirements and boast an extended service life, making them a cost-
effective choice in the long run.

Various factors, including material composition, height, design complexity, and installation
specifications, influence the cost of poles or towers. Wooden poles typically represent the most
economical option, followed by steel towers, which entail higher upfront expenses attributed to
material procurement and fabrication processes but offer superior durability and longevity over
time. Concrete poles may also be deployed for specific applications, providing robustness and
resilience to environmental elements. However, they incur a higher initial investment compared
to wooden poles, primarily due to the costs associated with manufacturing and installation
(USACE, 2014).

When selecting poles or towers for above-ground power line installations, factors such as
material characteristics, maintenance requirements, and lifecycle costs should be considered. By
weighing these factors against operational needs and budget constraints, utilities can make
informed decisions to ensure the reliability and longevity of their infrastructure.

7.1.3 Insulators And Hardware

Insulators and hardware are vital components of above-ground power lines. They provide
electrical insulation and support for conductors. Insulators are typically crafted from materials
such as ceramic, glass, or polymers, while hardware encompasses a range of components,
including clamps, bolts, and fittings.

The cost of insulators and hardware is variable and influenced by factors such as material
composition, intricacy of design, and manufacturing methodologies. Because of their superior
electrical properties and robustness, ceramic and glass insulators are frequently employed in
high-voltage transmission lines. However, their deployment is often accompanied by higher costs
than polymer insulators. Polymer insulators, on the other hand, offer a compelling value
proposition due to their lightweight nature, corrosion resistance, and ease of installation, making
them increasingly favored for medium-voltage and high-voltage applications.

Explaining the choice of materials for insulators and hardware requires considering
several factors beyond cost alone. While ceramic and glass insulators may command a higher
initial investment, their exceptional electrical properties and durability justify their utilization in
critical transmission line infrastructure where reliability and longevity are paramount. Conversely,
polymer insulators' cost advantages and practical benefits, such as ease of handling and reduced
maintenance requirements, make them attractive for applications where cost-efficiency and
operational efficiency are primary considerations (Hurst, 2020).

By understanding the trade-offs between different materials and their associated costs,
utility companies can make informed decisions when selecting insulators and hardware for above-
ground power line installations. Striking a balance between cost considerations, performance
requirements, and long-term reliability is essential to ensure the resilience and efficiency of the
power transmission network.
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7.2 MATERIALS USED IN BELOW-GROUND POWER LINES

Below-ground power lines involve different materials compared to above-ground installations due
to the nature of the underground environment. This section examines the materials used in below-
ground power lines, including cables, conduits, insulation, and trenching materials. Cables,
insulated conductors encased in protective sheaths, are a primary component of below-ground
installations. Conduits, typically made of PVC or HDPE, provide a protective pathway for cables
and facilitate maintenance. Insulation materials, such as polyethylene or XLPE, ensure electrical
insulation and protection against environmental factors. Trenching materials, including backfill
and bedding, are necessary for excavating and backfilling trenches.

7.2.1 Cables

Cables are the primary component of below-ground power lines, serving as the conductors
through which electricity flows. These cables are typically insulated to protect against
environmental factors and ensure electrical safety. Common materials used for underground
cables include copper cables, known for their excellent conductivity and durability, making them
a popular choice for below-ground power lines. However, copper is relatively expensive compared
to other materials. Aluminum cables are often used as a more cost-effective alternative to copper.
While aluminum has slightly lower conductivity than copper, it offers good performance and is
weightier. XLPE (Cross-Linked Polyethylene) insulation is commonly used to protect the
conductors in underground cables. XLPE offers excellent electrical properties, thermal stability,
and resistance to moisture and chemicals (PSC of Wisconsin, 2011).

The cost of underground cables varies depending on factors such as conductor material,
insulation type, and cable diameter. Copper cables are more costly than aluminum cables due to
the higher cost of raw materials. XLPE insulation adds to the overall cost of the cables but
provides long-term reliability and performance.

Types of Cables:

e XLPE cables (Cross-Linked Polyethylene Extruded): Ranging from 33kV to 400kV

e FFC (Fluid et al.): Available in 33kV to 400kV variants

e PPL-FFC (Paper Polyethylene Laminated): Designed for 275kV and 400kV
applications

e MIND (Mass Impregnate Non-Draining): Suitable for voltages up to 33kV

e High-pressure, fluid-filled pipe (HPFF) or: Suitable for voltages up to 345kV

XLPE Cable: The underground transmission line made of cross-linked polyethylene
(XLPE), often called solid dielectric cable, replaces the pressurized liquid or gas in pipe-type
cables. XLPE has become the national standard for underground electric transmission lines below
200 kV. While solid cable requires less maintenance, identifying insulation failures is more
challenging. The diameter of XLPE cables increases with voltage, and each transmission line
necessitates three separate cables akin to those needed for above-ground transmission lines.
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Instead of being housed together in a pipe, they are placed in concrete ducts or buried side-by-
side. Each cable comprises a copper or aluminum conductor with a semi-conducting shield at its
core, surrounded by cross-linked polyethylene insulation. The outer covering comprises a metallic
sheath and a plastic jacket.
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Figure 7.1. XLPE Underground Cables (Modified: PSC of Wisconsin 2011)
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. / Segmental Copper Conductor and Shield

Outer Covering

Figure 7.2. XLPE Cable Cross-Section (Modified: PSC of Wisconsin 2011)

For XLPE construction at 345 kV, two sets of three cables (totaling six cables) are required
to match the capacity of the overhead line and mitigate the impact of cable failures, thus reducing
restoration time during emergencies (Bucci, 1994). While underground transmission typically
entails increased downtime for repair or maintenance compared to overhead lines, having double
sets of cables allows for power rerouting through backup cables, minimizing downtime but
expanding the construction footprint of the line (Bucci, 1994).
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Fluid-Filled Cable: Most cables in National Grid's network are fluid-filled, primarily
installed during the 1970s. These cables feature paper insulation wrapped around the central
copper conductor and impregnated with fluid under pressure. Metallic tapes reinforce the
insulation and retain fluid pressure. A lead or aluminum sheath covers the insulation, which, when
exposed to groundwater and other substances, may deteriorate, leading to water ingress.

An outer plastic sheath provides additional insulation and prevents corrosion. Lead
sheaths may include copper tapes to support them and prevent swelling due to internal fluid
pressures. To ensure cable integrity, the outer sheath is coated with a semi-conductive material,
allowing detection of any defects.

Paper Polythene Laminated Cable (PPL-FFC): Similar to fluid-filled cables, PPL-FFC
features insulation wrapped with alternate layers of paper and XLPE.

Mass Impregnate Non-Draining Cable (MIND): MIND cables, typically paper-insulated,
are commonly used within substations for lower voltage systems, such as liquid neutral resistors
(LNR). The paper is impregnated with a non-draining insulating fluid. However, due to high
technical stress levels, MIND cables are unsuitable for AC cables with voltages above 33kV,
leading to their replacement by XLPE. MIND cables are now preferred for DC cables at higher
voltages.

High-pressure, fluid-filled pipe (HPFF): An underground transmission line, a high-
pressure, fluid-filled (HPFF) pipe type, comprises a steel pipe housing three high-voltage
conductors. The diagram in Figure 6.2 depicts a standard HPFF pipe-type cable. Each conductor
is crafted from copper or aluminum, featuring high-grade, oil-impregnated kraft paper insulation
and encased in metal shielding, typically lead, and skid wires for added protection during
construction.

Three conductors are enveloped in steel pipes by dielectric oil maintained at 200 pounds
per square inch (psi). Functioning as an insulator, this fluid prevents the conduction of electricity
and safeguards against electrical discharges within the conductors' insulation, which could lead
to line failure. Moreover, the pressurized dielectric fluid dissipates heat from the conductors,
primarily through conduction when static. However, in specific scenarios, it may be circulated
through the pipe and cooled via a heat exchanger. Cables employing pumped fluids necessitate
above-ground pumping stations typically situated within substations, where pressure and
temperature monitoring are conducted. These stations utilize radiator-type devices to transfer
heat from the underground cables to the atmosphere and closely monitor the oil for any signs of
degradation or cable material issues (PSC of Wisconsin, 2011).

The outer steel pipe also provides a protective barrier, shielding the conductors from
mechanical damage and water ingress and mitigating the risk of oil leaks. To counteract the
chemical and electrical effects of the soil environment, the pipe is coated and equipped with
cathodic protection measures.

Despite their effectiveness, HPFF pipe-type underground transmission lines are not
without challenges. Maintenance concerns arise, and oil leaks could potentially contaminate
surrounding soils and groundwater. These factors underscore the importance of rigorous
monitoring and maintenance protocols to ensure underground transmission systems' reliability
and environmental safety.
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High-Pressure, Gas-Filled Pipe-Type Cable: The high-pressure, gas-filled (HPGF)
underground transmission line, depicted in Figure 6.3, presents a variation of the HPFF as
mentioned above pipe type. In contrast to dielectric oil, pressurized nitrogen gas serves as the
insulating medium for the conductors. However, nitrogen gas is less effective than dielectric fluids
in suppressing electrical discharges and dissipating heat. To address this limitation, the insulation
surrounding the conductors is approximately 20 percent thicker compared to fluid-filled pipes. This
thicker insulation and a warmer pipe reduce the line's capacity to safely and efficiently carry
current. Despite these drawbacks, nitrogen gas is easier to manage than dielectric oil within the
surrounding environment in the case of a leak or rupture in the cable system.

Welded Externally Coated Steel Pipe
Pressurized Gas or Fluid

Segmented Copper Conductor
Paper Insulation

Metallic Shield

Figure 7.3. HPGF or HPFF Pipe-Type Cross Section (Modified: PSC of Wisconsin 2011)
7.3 TRENCHING

Excavation and trenching are essential processes for burying underground cables. Trenching
materials such as backfill and bedding are used to fill and stabilize the trenches after cable
installation. The cost of trenching materials varies depending on the type, quantity required, and
transportation costs. Common trenching materials include sand, gravel, crushed stone, and
concrete, which are relatively affordable compared to other components of below-ground power
lines.

The comparative cost analysis evaluates the material costs associated with above-ground
and below-ground power lines. Cost comparisons will be conducted for each material component,
considering material type, quantity required, market prices, and installation complexities. The
analysis aims to identify cost disparities between above-ground and below-ground installations
and assess their implications for overall project expenses.
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7.3.1 Trench Warning Tape

Trench warning tape is crucial to prevent accidental dig-ins during excavation activities.
Typically, this tape is installed approximately 12 inches below the final grade as part of the
backfilling and compaction process. However, suppose the surface above the trench is paved. In
that case, it is advisable to lower the tape depth to 18 inches to minimize the risk of disturbance
during maintenance or replacement of the pavement. Typically, trench warning tape measures 6
inches wide and can be supplied with foil backing for enhanced trench-locating capabilities.
Adhering to industry standards for utility location services, warning tape for electric systems is
predominantly red, featuring prominent wording such as "DANGER—ELECTRIC LINES BURIED
BELOW." Trench warning tape is an effective tool for averting dig-ins and constitutes a valuable
component of utility-locating initiatives.

7.3.2 Cable Compaction Beds

In most trench backfill and compaction specifications, it is customary to require a minimum
bedding of clean backfill to adequately support the conduits, both four inches below and above
the directly buried cables. This measure aims to prevent punctures to the insulation or jacket
caused by rocks. Unless explicitly stated otherwise, a recommended best practice is to avoid
machine compacting within six inches of the cable. In cases where clean backfill proves cost-
prohibitive, many utilities import sand. However, it is essential to note that sand often exhibits a
lower thermal conductivity compared to typical native soils. This reduced thermal conductivity can
result in the de-rating of cable ampacities and warrants close examination, particularly for
substation circuit exits, bulk feeder cables, or cables subjected to heavy loads.

In order to prevent deterioration of the conduit from soil effects, it is advisable to use a
conduit that will not react with chemicals in the soil.

7.3.3 Concrete Protection Barriers

For critical bulk feeder installations or placements of high-voltage cables, it is prudent to
incorporate a protective measure against dig-ins by pouring a layer of concrete, typically three to
four inches thick, positioned around 12 to 18 inches below ground level. This concrete layer is a
barrier, safeguarding the cables from accidental damage during excavation activities. However,
deploying these barriers selectively is crucial, reserving them for scenarios where maintaining
circuit continuity is paramount (Thomas, 2008).

The choice of concrete mix is pivotal in balancing protection and accessibility for potential
repairs. Opting for a non-reinforced concrete mix with a strength of 2,000 to 2,500 psi ensures
adequate protection while remaining removable for cable repairs if needed. This strength
threshold strikes a balance between durability and ease of removal, ensuring that repairs can be
conducted efficiently without compromising the integrity of the installation (Thomas, 2008).

Alternatively, some utilities may choose flowable fill, a lightweight concrete mix that utilizes
fly ash instead of gravel as its aggregate. Flowable fill sets at a breaking strength of approximately
400 to 500 psi, comparable to standard concrete when exposed but can be easily excavated with
a standard backhoe bucket. This option presents a cost-effective solution, as most ready-mixed
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concrete plants offer flowable fill at a lower cost, typically around 75 to 80 percent of standard
concrete mixes. Additionally, many state departments of transportation approve flowable fill for
use on rights-of-way, further validating its suitability for utility applications (Thomas, 2008).

To enhance visibility and recognition of the electric cable barrier, requesting tinting of the
ready-mixed concrete or flowable fill mixes with red dye is beneficial. This distinctive coloration
serves as a visual indicator, alerting excavation crews to the presence of buried cables.
Furthermore, applying trench warning tape above the dye-tinted concrete adds an extra layer of
precaution, reducing the likelihood of accidental dig-ins by indicating the cable's location.
Incorporating protective concrete barriers or flowable fill mixes represents a proactive approach
to safeguarding critical electrical infrastructure against potential damage during excavation
activities, ensuring reliability and accessibility for maintenance and repairs (Thomas, 2008).

7.3.4 Trench Markers

In underground installations such as substation circuit exits, bulk feeder lines, or transmission
lines, it is imperative to employ cable route markers to delineate critical cable paths effectively.
These markers serve as vital visual indicators, enhancing safety and awareness for workers,
excavators, and the general public.

The plastic pedestal-type marker is a highly recommended option designed to extend 24
to 36 inches above the trench surface. These markers are strategically placed along The cable
route at intervals of every 100 to 200 feet, ensuring optimal visibility and coverage. Particularly
crucial locations for marker placement include road intersections, utility crossings, and points of
angle or direction change, where the risk of accidental damage or vandalism is heightened
(National Grid, 2015).

The plastic pedestal markers are adorned with prominent red coloring, a universally
recognized symbol of danger, and feature clear warning messages such as "DANGER—
ELECTRIC LINES BURIED BELOW." This straightforward yet impactful messaging conveys the
potential hazards of underground electrical cables, prompting caution and adherence to safety
protocols.

In rural settings, where trench routes may stretch over longer distances, the spacing of
these markers can be adjusted accordingly. Along straight trench routes, markers may be
positioned at intervals of every 1/8 to 1/4 mile, ensuring adequate coverage while optimizing
resources and minimizing visual clutter (USACE, 2014).

By strategically placing cable route markers along underground installations, utilities and
construction teams can effectively communicate the presence of buried electrical lines, mitigate
the risk of accidental damage or excavation-related incidents, and promote a culture of safety and
awareness in utility work environments.

7.3.7 Other Considerations

The impact of natural elements is paramount in deciding the optimal burial depth for cables. In
regions where the frost level reaches the depth of cable burial, frost formation can trigger earth
movement, potentially displacing buried cables and nearby objects. To counter this risk,
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meticulous attention should be devoted to ensuring clean bedding material is placed near the
cable during backfilling, accompanied by firm tamping, to minimize the potential for the freeze-
thaw cycle to dislodge the cable against stones or other obstacles. Furthermore, areas
susceptible to erosion present another natural hazard. Ideally, engineers should avoid such areas
during project layout; however, increasing the burial depth is advisable if installation becomes
unavoidable. In cases of moderate to severe erosion, additional protective measures like
employing Schedule 40 PVC conduit or encasing the cable in concrete should be considered
(Muckel, 2022).

Manufactured factors also factor into the equation, particularly in system layout planning
when the cable circuit intersects with existing or future water, sewer, or gas lines. The failure of
other utilities disrupts electric service and necessitates emergency excavation for repair,
heightening the risk of accidental dig-ins due to reduced separation. Moreover, congested areas
with multiple underground utilities increase the likelihood of cable damage during installation,
mainly if the power cable is laid prior to other utilities. This concern is particularly pronounced for
secondary cables, as their required burial depth is relatively shallow, typically ranging from 30 to
36 inches. A notable industry survey underscores that dig-ins constitute a significant cause of
faults in the underground secondary system, underscoring the imperative to augment burial depth
to mitigate such incidents. Attention should also be directed towards maintaining clearance from
underground structures. Placing underground power cables directly beneath building or storage
tank foundations is discouraged unless the structure is adequately supported to prevent
detrimental load transfer to the cable (Bates, 2021).

These considerations underscore the imperative for design engineers to comprehensively
understand site conditions and intended uses when charting cable routes and determining burial
depth. Clear and effective communication of route and depth information to construction
personnel is indispensable, with any necessary route adjustments due to field conditions
meticulously documented to ensure accurate inclusion in permanent project maps. Failure to
adhere to proper route and depth guidelines by the design and construction team may result in
heightened consumer outages and necessitate future relocation of underground lines.

7.3.8 Joint Occupancy Trenches

There are two main types of joint trench: deliberate separation and random separation. A
deliberate separation joint trench necessitates a minimum of 12 inches of space between different
utilities, which can be achieved either horizontally or vertically. This separation enables electric
utilities to share a trench with other utilities like telephone, CATV, gas (though not generally
recommended), water, and sewer (also not generally recommended). However, sharing a trench
with storm or sanitary sewers is typically impractical due to the significant disparity in facility size.
Moreover, sewer lines are frequently excavated for replacement or obstruction clearing, posing a
risk of interference and accidental damage to cables by other utility crews (Simao et al., 2022).
On the other hand, random separation refers to any joint trench arrangement where cables
have less than 12 inches of radial separation. This type of joint trench is more limiting, as only
certain utilities can place their facilities with random separation. For electric power cables, random
separation may involve placing primary and secondary voltage cables in the same trench at the
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same depth without horizontal separation. While random separation of some power and
communication cables is permissible under specific conditions, strict requirements must be met
to ensure safety and functionality (Simao et al., 2022).

Paired with the evident surge in electricity usage within populous urban centers,
attributable to the substantial rise in the urban population, the transition from aerial to underground
networks has exhibited numerous favorable aspects. These include shielding against storms and
natural phenomena, as the infrastructure is situated underground, shielded from surface weather
conditions (Wang, 2002). Simultaneously, this transition leads to a decrease in both the SAIDI
(System Average Interruption Duration Index) and SAIFI (System Average Interruption Frequency
Index), thereby enhancing the overall quality of electricity distribution for consumers, resulting in
fewer accidents and unexpected power outages. (Simon 2022).

7.4 LABOR

The estimated construction time for converting one mile of underground infrastructure is
approximately 30,000 man-hours, equivalent to 15 full-time equivalents (FTEs) per year per mile.
Considering a total mileage of around 5,200 miles encompassing Westchester County, Bronx,
Brooklyn, Queens, and Staten Island districts, an annual workforce of 7,800 FTEs would be
necessary over 10 years to transition these areas underground fully. Additionally, there is a need
for extra supervision and administrative support personnel to manage this extensive workforce,
estimated to be around 10% to 15% of the total workforce, equivalent to 780 to 1,170 FTEs. (Hall
2013).

7.5 DESIGN PROCESS

Undergrounding power lines involves a meticulous and systematic approach initiated when the
City Council establishes an Underground Utility District. This phase typically lasts 12 to 24 months
and ensures a smooth transition of power lines from overhead to underground.

At the outset of this phase, a pivotal "Pre-Design Meeting" is convened, where property
owners are provided with a comprehensive presentation outlining the trajectory of the upcoming
months. This meeting allows property owners and community members to voice their concerns
and preferences directly to utility companies and the streetlight design team representatives. The
design teams carefully consider the input gathered during this meeting to inform decisions
regarding the placement of utility boxes, streetlights, and other infrastructure elements.
Additionally, community members can express concerns or preferences regarding street tree
preservation and planting initiatives associated with the project, ensuring that the design process
includes community needs and desires.

Residents may observe various professionals involved in the design process throughout
this extensive phase. This may include engineers marking streets, surveyors conducting field
surveys, and other specialists liaising with property owners to plan the construction necessary to
connect homes and businesses to the underground lines on private property. This collaborative
effort ensures that the design phase is comprehensive, efficient, and sensitive to the impact on
the community and the environment.
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Property owners are invited to participate in a community forum as the design phase nears
completion. This forum is a valuable platform for property owners and community members to
provide input regarding the placement of utility boxes, streetlights, and other aspects where
design adjustments are still feasible. Following deliberations, the design teams finalize the design
to ensure a streamlined and cost-effective construction process. The community forum also
serves as an informational session, offering attendees a comprehensive overview of the project's
upcoming milestones and an opportunity to address any queries or concerns.

Construction crews adhere to established protocols for notifying the public about
impending construction activities impacting streets and sidewalks. This includes distributing door
hangers approximately three weeks prior to the commencement of construction and ensuring
residents are adequately informed and prepared for any disruptions.

Before construction commences, property owners receive a formal letter requesting
permission to access private property for the necessary construction activities required to connect
to the new underground utility service. This step is integral to the success of the undergrounding
project. If the form is submitted promptly and the property's existing electrical panel meets code
requirements, the owner can connect seamlessly to the new system. This underscores the
importance of property-owner cooperation in ensuring the project's success (CPUC, 2020).

7.6 CONSTRUCTION PROCESS

The process of installing an underground transmission cable typically follows this sequence: 1)
Clearing the right-of-way (ROW), 2) trenching or blasting, 3) laying and welding the pipe, 4)
installing duct banks and vaults, 5) backfilling, 6) installing the cable, 7) adding fluids or gas, and
8) restoring the site. Many of these tasks are carried out concurrently to minimize disruption to
street traffic. The construction of underground utility systems, followed by the removal of overhead
utility systems, typically spans 18 to 36 months for most extensive projects. This process
comprises four phases: Trenching, Cabling, Cutovers, and Pole Removal (Blaug, 2023).

7.6.1 Construction Zone

The process of underground construction mirrors that of overhead transmission construction,
initiating with delineating right-of-way (ROW) boundaries and identifying sensitive resources.
Before construction commences, efforts are made to locate and mark existing underground
utilities.

In cases where the transmission line is routed through roadways, lane closures become
necessary, accompanied by the installation of traffic control signage. Construction activities and
equipment deployment disrupt traffic flow, often necessitating the closure of several hundred feet
of traffic lane on average during construction. Additional lengths or lanes of traffic may be closed
temporarily during the delivery of materials and equipment. To facilitate construction operations,
construction areas must be sufficiently broad and level to accommodate the movement of various
construction equipment and materials such as backhoes, dump trucks, and concrete trucks. In
undeveloped segments of the road ROW, excavation or fill work may be required to level the
surface and provide adequate support for construction equipment.
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Construction areas within road ROWs typically measure 12 to 15 feet in width, with an
additional allocation of 5 to 8 feet designated for trench construction. In areas lacking pavement,
all shrubs and trees along the transmission route and within the trenching zone are removed to
clear the way for construction activities. Temporary easements are sought for the duration of
construction. In contrast, permanent easements are secured to ensure continued access for
maintenance and upkeep throughout the lifetime of the transmission line (PSC of Wisconsin,
2011).

7.6.1 Trenching

During this initial phase, construction crews excavate trenches and install round plastic conduits
beneath the surface of roadways. Simultaneously, they extend trenches to reach individual homes
and businesses. This phase significantly impacts the community and typically extends throughout
9 to 12 months per 5-mile work area. On average, trenching crews can complete approximately
100 feet of trenching daily, minimizing disruption in front of any specific property. Concurrently,
separate electrical contractors work on the electrical panels of individual homes and businesses
to prepare them for the new underground service.

Typically, a backhoe is utilized for trenching operations, as depicted in Figure 9. The
process begins by removing the topsoil in unpaved regions or the concrete/asphalt in paved
areas. Subsequently, excavated materials are transported by large trucks to approved off-site
locations for disposal or potential reuse. Compliance with OSHA regulations may necessitate
additional shoring for trenches of specific depths. Trench dimensions vary depending on cable
type and voltage, with typical depths ranging from 6 to 8 feet to ensure cables remain below the
frost line. Trenches may need to be enlarged in vault areas, and groundwater encountered during
excavation may require pumping to designated areas in adherence with DNR permits (PG&E,
2023).

Urban road right-of-ways often present numerous underground obstacles, including
existing utilities, natural features, and major roadways. In such cases, trench dimensions may
need adjustment to avoid these obstacles, with measures taken to minimize impacts on existing
utilities. Deeper-than-anticipated excavations may necessitate widening trenches below an
exposed storm sewer for stability. Blasting may be necessary when encountering bedrock or large
boulders (Blaug, 2023).

Jack and bore construction methods are employed in areas where open trenching is
impractical due to existing features such as railroads or waterways. This method, applicable to
various types of underground cable construction, involves excavating entrance and exit pits to
accommodate the boring equipment and materials. The tedious process involves using an auger
in the entrance pit to create a hole and insert a reinforced pipe in sections behind the auger head.
Once installed, the casing pipe is backfilled with suitable material, and the entrance and exit pits
are restored (PG&E, 2023).

The extent of disturbed construction area for jack and bore operations typically correlates
with the bore's diameter, maximum depth, and length. Construction laydown areas are often
equivalent to the bore length to facilitate pipe welding. Additionally, the bore entry site may span
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up to 150 feet to accommodate drilling equipment and manage the slurry generated during the
process.

7.6.2 Cabling

In this phase, technicians install new utility lines within the newly laid conduits. Once installed, the
new lines are energized and brought into service. This phase has minimal community impact, with
residents scarcely noticing the few crews engaged in this work. The length of time of this phase
typically ranges from six to nine months. Residents may observe the placement of new
transformer cable boxes and pedestals above the ground near the curbs, as these components
are essential for the underground system's reliability and cannot be placed underground.

The assembly processes for conduits and the direct-buried method used in XLPE
construction. Underground XLPE cable systems can be installed by direct burial or encasing them
in concrete duct banks. In the case of duct bank installation, a trench is initially excavated, typically
spanning several hundred feet. Subsequently, the duct bank is constructed using polyvinyl
chloride (PVC) conduit and spacers. While concrete duct banks incur higher costs than direct
burial, they remain the predominant method for installing higher voltage lines due to their superior
mechanical protection. Additionally, this construction technique minimizes the need for re-
excavation in case of cable failure. It allows shorter trench segments to be opened at any given
time for construction and maintenance tasks.

HPFF and HPGF pipe-type system installation involves assembling welded steel pipe
sections to accommodate the cables. Pipe welding is conducted within or above the trench,
followed by an X-ray inspection of welds and applying protective plastic coatings to prevent
corrosion. Once the pipe is fully installed, it undergoes pressure testing using air or nitrogen gas,
followed by vacuum testing from vault to vault to ensure pipe integrity.

Cable pulling and splicing activities can commence once the duct banks and vaults are
completed. Before cable installation, conduits undergo testing and cleaning by pulling a mandrel
and swabbing through each duct. Typically, cable reels are positioned at transition structures or
vaults, with a winch truck stationed at the next vault for pulling operations. The cable is then pulled
from the transition structure to the nearest vault, with the direction of pull determined by minimizing
pulling and sidewall tensions. Cable lengths are spliced within the vaults to complete the
installation process.

7.6.3 Assembly For XLPE Conduit Construction

Figures 7.4 and 7.5 depict the assembly processes of conduits and the direct-buried method in
XLPE construction. Underground XLPE cable systems can be directly buried or placed within
concrete duct banks. In the case of duct bank installation, a trench is initially excavated to a depth
of several hundred feet, followed by the assembly of the duct bank using polyvinyl chloride (PVC)
conduit and spacers. Despite the higher cost associated with concrete duct banks compared to
direct burial, it remains the prevailing installation method for higher voltage lines. This preference
is attributed to the construction technique's provision of enhanced mechanical protection,
reduction in the necessity for re-excavation in the event of cable failure, and the opening of shorter
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lengths of the trench at any given time during construction and maintenance operations (PSC of
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Figure 7.5. Crosscut of XLPE Underground Cable (Modified: PSC of Wisconsin 2011)

7.6.4 Vaults

Vaults play a significant role in underground construction, as large concrete boxes are buried
along the route regularly. They are primarily used for cable splicing during construction and for
permanent access, maintenance, and repair. The number of required vaults depends on factors
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such as the maximum cable length on a reel, allowable pulling tension, elevation changes, and
sidewall pressure around bends. XLPE cables typically require splicing every 900 to 2000 feet,
while pipe-type cables need at least every 3,500 feet. Vaults, typically measuring around ten by
30 feet and 10 feet high, feature two chimneys with maintenance holes for worker access. Covers
for these maintenance holes are designed to align with the road surface or ground elevation.
Vaults can either be prefabricated and transported to the site or constructed onsite, with deeper
and broader excavations needed in their vicinity. In cases of higher voltage construction, two
adjacent vaults may be necessary to accommodate redundant cable sets.

7.6.5 Cut-Overs And Backfilling

Upon completion of the underground system installation and energization and ensuring all
properties are prepared to receive underground service, the transition from overhead lines to the
new underground systems occurs. This phase generally spans one to two months.

Pipe-type conductors typically operate within the temperature range of 167 to 185 °F, with
an emergency operating temperature between 212 and 221 °F. In comparison, XLPE conductors
operate at temperatures ranging from 176 to 194 °F, with an emergency operating temperature
of approximately 266 °F. The efficient operation of these conductors requires effective heat
dissipation, which is facilitated by air circulation for overhead lines and the surrounding soil for
underground lines.

For direct-buried cables, all generated heat must be dissipated through the soil. The
choice of backfill material significantly impacts the capacity rating, as different soils possess
varying heat transfer capabilities. Saturated soils, for example, conduct heat more effectively than
sandy soils. Therefore, the design process must consider the type of soil adjacent to the line.
Conducting a soil thermal survey before construction can help assess the soil's ability to dissipate
heat. Unique backfill materials are often employed in the cables' trench to ensure optimal heat
transfer to the surrounding soils and groundwater.

7.6.6 Pole Removal and Site Restoration

Once 100% of properties have been successfully added to the new electrical grid system, the
overhead systems are de-energized and removed. This phase may last two to three months,
marking the final stage of the undergrounding process. Restoring sites after underground
construction closely mirrors those after overhead transmission line construction. Upon completion
of the project, roadways, landscaped areas, and undeveloped spaces are returned to their original
state and contours. Highways and their adjacent lands are reconstructed to withstand traffic loads.
At the same time, roadside zones and privately landscaped areas are replenished with topsoil
previously removed and stored during construction or with fresh topsoil if necessary. Any
infrastructure affected by the construction, such as driveways, curbs, and private utilities, is
reinstated to its former condition, and yards and pastures are re-vegetated according to the
guidelines outlined in landowner agreements.
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7.7 CONSTRUCTION CONSIDERATIONS

Considerations for underground construction present a viable alternative to overhead lines,
particularly in urban areas where overhead installation is impractical due to clearance constraints
or aesthetic concerns, regardless of cost. In suburban locales, factors like aesthetic preferences,
weather-induced outages, environmental considerations, and the high cost of right-of-ways may
render underground options more appealing.

While underground transmission construction is predominantly utilized in urban settings,
it can disrupt street traffic and residents due to extensive excavation requirements. During
construction, traffic guidance measures such as barricades, warning signs, and illuminated
signals are necessary to ensure safety. Open trenches are covered with steel plates at the end
of each workday, and concrete vaults are enclosed with visible fencing. Work areas are cordoned
off when cables are being pulled into pipes, with potential restrictions on construction activities
imposed based on noise, dust, and traffic considerations, often leading to increased project costs.

Trenching for underground lines causes more significant soil disturbance than overhead
lines, mainly when traversing farmlands, forests, wetlands, and other natural habitats, resulting in
substantial land disruption. Engineering complexities contribute to increased costs as voltage
levels rise, with underground distribution lines (12 - 24 kV) being more common than underground
transmission lines, especially at 345 kV.

Construction impacts of underground lines, albeit temporary, encompass dirt, dust, noise,
and traffic disruptions, potentially affecting nearby residents' health, especially vulnerable
populations like the elderly and those with respiratory conditions. In residential areas, construction
hours and equipment usage may need regulation to mitigate noise levels, while commercial and
industrial zones may require special traffic control measures during peak hours.

In non-urban settings, underground transmission construction poses challenges such as
soil compaction, erosion, and soil mixing, alongside dust and noise concerns. Specialized
methods are necessary to prevent topsoil mixing, reduce erosion, and manage soil
responsiveness post-construction. Restrictions on tree and shrub growth within the right-of-way
are imposed due to root-related issues, although some herbaceous vegetation and crops may be
allowed to return post-construction.

7.8 FLOOD DAMAGE PREVENTION

Floods significantly threaten critical infrastructure, including underground power and utility lines,
ground-based terminals, and transformers. The destructive impact of flooding on these essential
components of the electrical grid can result in widespread power outages, disrupt vital services,
and pose risks to public safety. A comprehensive flood prevention and mitigation approach is
essential to mitigate these risks and enhance the electrical infrastructure's resilience.

Elevation and relocation are the primary strategies to protect electrical infrastructure from
flooding. Critical components such as substations, transformers, and electrical cabinets are
elevated above flood levels or relocated to higher ground in flood-prone areas. Elevating
infrastructure minimizes the risk of inundation during flood events, thereby reducing the likelihood
of damage and service disruptions. Relocation to higher ground further enhances resilience by
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placing electrical assets out of harm's way and ensuring continued functionality even in severe
flooding.

Underground cables are held to stringent standards, explicitly addressing their
performance under adverse weather conditions such as flooding. Organizations like ICEA, ANSI,
and AEIC mandate adherence to various test procedures evaluating moisture barriers, water-
blocking components, water resistance, and sealing technologies. Despite popular belief, cable
failures related to flooding are rarely attributed to the cables. Instead, the primary concern lies
with ground-level open-air terminations, which may be exposed to external or internal
contamination due to inadequate sealing.

However, technological advancements have led to the development of submersible elbow
and T-body connectors that have shown resilience even after being submerged in floodwaters.
When properly designed and installed, joints and accessories like link boxes can maintain cable
insulation integrity even when submerged. Moreover, areas prone to periodic flooding can
implement additional protective measures such as metal housings with epoxy coatings or
fiberglass boxes filled with water sealants to shield joints from moisture intrusion.

Effective sealing and waterproofing of underground cables, conduits, and vaults are
crucial to preventing water ingress during flood events. Specialized cable jackets and sealing
compounds are utilized to maintain the integrity of electrical components and protect them from
moisture damage. These materials are designed to withstand prolonged exposure to water and
prevent corrosion or degradation of critical infrastructure. Additionally, waterproof connections
and seals are installed to ensure the watertightness of underground installations, reducing the
risk of electrical faults and outages caused by flooding.

Medium- and high-voltage cables are typically designed to be directly buried, often in
locations below the water table and subject to a perpetually wet environment. Despite this, they
are constructed with outer jackets made of polymeric materials that resist moisture permeation,
thereby preventing water from infiltrating the cables over their lifespan. Moreover, special
insulations like tree-retardant crosslinked polyethylene are employed to resist the formation of
water trees, which could lead to premature cable failure if left unchecked. Additionally, moisture-
blocked conductors, water-swellable tapes and powders, and corrugated sheaths enhance the
cables' resistance to moisture (T&D World, 2018).

Submersible transformers, switchgear, and other electrical equipment ensure operational
safety during inundation in flood-prone areas. These components are specifically designed to
withstand submersion in water and maintain functionality even in the presence of floodwaters.
Sealed against moisture intrusion and equipped with waterproof connections, submersible
equipment provides a reliable solution for protecting critical infrastructure from flood-related
damage. By incorporating submersible technology, utilities can minimize the impact of flooding
on the electrical grid and ensure uninterrupted power supply to consumers.

The fully buried pad-mounted transformer, also known as a fully buried box transformer,
represents a cutting-edge innovation in the realm of pre-assembled substations. This
revolutionary system comprises several components, including a submerged underground
transformer, a pit shell for its installation, and a fully sealed waterproof enclosure housing high
and low voltage equipment.
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Distinct from traditional setups, the fully buried box transformer operates entirely below
ground level, leaving zero footprint on the surface. Its submerged design allows for operation
even when immersed in water, ensuring resilience in various environmental conditions. Moreover,
the high and low voltage equipment is securely housed within a sealed and waterproof enclosure,
offering unparalleled protection against external damage.

This innovative solution finds extensive application in urban landscapes, parks,
commercial hubs, and military installations, where strict regulations demand the concealment of
power infrastructure. Its ability to seamlessly integrate into these environments is particularly
crucial in densely populated urban areas where land is scarce, and aesthetic considerations are
paramount. Additionally, its subterranean configuration meets the stringent requirements of
installations where above-ground equipment is prohibited, making it a versatile and indispensable
asset in modern infrastructure development.

Utilities often deploy backup power sources such as emergency generators or battery
storage systems to mitigate the impact of flooding-induced outages. These backup systems
provide a reliable source of electricity during flood events, ensuring continuity of service for
essential facilities and critical infrastructure. Additionally, redundancy in the electrical grid,
including alternate routing of power lines and redundant distribution networks, helps to minimize
disruptions caused by flooding. By incorporating backup power and redundancy measures,
utilities can enhance the resilience of the electrical grid and reduce the impact of floods on power
supply reliability.

Real-time monitoring systems and sensors are crucial in flood prevention and mitigation
efforts. By detecting rising water levels and alerting operators to potential threats, these systems
enable proactive responses to flood events. Early warning systems provide valuable time for
emergency measures to be enacted, such as shutting down equipment or activating backup
systems. By integrating monitoring and early warning systems into flood management strategies,
utilities can enhance their ability to respond effectively to flood-related risks and minimize the
impact on electrical infrastructure.

Physical barriers such as levees, floodwalls, and earthen berms are commonly used to
protect critical infrastructure from flood damage. These structures help to divert floodwaters away
from vulnerable assets and prevent inundation during flood events. By constructing robust flood
barriers and protection structures around substations, transformers, and other electrical
infrastructure, utilities can reduce the risk of damage and ensure the resilience of the electrical
grid. Additionally, incorporating flood-resistant materials and designs further enhances the
effectiveness of these protective measures.

Proper drainage infrastructure is essential for managing excess water and preventing
localized flooding of electrical facilities. Stormwater retention ponds, culverts, and drainage
channels help to channel water away from critical infrastructure and mitigate the risk of inundation.
Regular maintenance of drainage systems is necessary to ensure their effectiveness during flood
events and prevent blockages or obstructions. By investing in robust drainage and water
management systems, utilities can minimize the impact of flooding on underground power and
utility lines, as well as ground-based terminals and transformers.
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Flood prevention and mitigation measures are critical in protecting underground power
and utility lines, terminals, and transformers from the destructive effects of flooding. By
implementing a combination of strategies such as elevation and relocation, sealing and
waterproofing, submersible equipment, backup power and redundancy, monitoring and early
warning systems, flood barriers and protection structures, and drainage and water management,
utilities can enhance the resilience of the electrical grid and ensure continuity of service during
flood events. These measures are essential for safeguarding critical infrastructure, maintaining
public safety, and ensuring the reliability of the electrical supply in flood-prone areas.
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CHAPTER 8: RISK ANALYSIS

8.1 UNDERSTANDING SAIDI AND SAIFl: METRICS FOR EVALUATING POWER SYSTEM
RELIABILITY

The extensive power outage in the northeastern regions of the United States and Canada from
August 14-15, 2003, reignited public concern regarding the dependability of the electricity grid.
After the blackout, the U.S. electricity system was characterized as "outdated" compared to
developing nations. Experts from the industry proposed that investments between $50 and $100
billion would be necessary to update the grid (Fialka, 2003).

According to Eto et al. (2012), the System Average Interruption Frequency Index (SAIFI)
is widely utilized as a critical metric for evaluating the reliability of electric utility services. SAIDI
(System Average Interruption Duration Index) and SAIFI (System Average Interruption Frequency
Index) are two key performance metrics used in the electrical utility industry to evaluate the
reliability of power systems. This section provides an in-depth exploration of SAIDI and SAIFI,
elucidating their definitions, calculations, significance, and implications for assessing the quality
and resilience of electricity distribution networks.

SAIDI measures the average duration of interruptions experienced by customers over a
specified period, typically expressed in minutes per customer per year. It quantifies the average
downtime consumers endure due to power outages, providing insights into the reliability and
continuity of electricity supply.

SAIFI quantifies the average frequency of interruptions experienced by customers within
a defined timeframe, typically represented as the number of outages per customer per year. It
assesses the frequency of power interruptions, reflecting the system's robustness and
susceptibility to disruptions (Eto, 2001).

8.1.1 Calculating SAIDI And SAIFI:

SAIDI Calculation: SAIDI is computed by dividing the total duration of interruptions experienced
by all customers within a given period by the total number of customers served, expressed in
minutes per customer per year. Let us use Hawaii as an example to demonstrate the significance
of the System Average Interruption Duration Index (SAIDI) in an island environment with unique
challenges in power distribution. In 2023, Hawaii experienced 50 power outages, an average of
4 hours each. To calculate SAIDI, we will use the formula:

SAIDI=(Total Duration of Interruptions)/(Total Number of Customers x Time Period)
Equation 8.1. SAIDI (Source: Balijepalli, N, et al. 2004)
Hawaii has approximately 1.5 million residents and a total period of one year (8760 hours).
SAIDI=(50 x 4)/(1,500,000 x 8760)
SAIDI=200/13,140,000
SAIDI=0.0000152 hours/customer/year

This SAIDI value indicates the average duration of power outages experienced by each
customer in Hawaii over one year, approximately 0.0000152 hours, or roughly 0.55 seconds. The
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significance of this SAIDI value in Hawaii's context lies in the state's vulnerability to external
factors such as hurricanes, volcanic eruptions, and tsunamis, which can disrupt power distribution
infrastructure. Additionally, Hawaii's unique geography as an island state presents challenges in
maintaining a reliable power supply, as there are limited interconnections with mainland grids for
backup.

A low SAIDI value like this indicates effective outage management and resilience
measures implemented by utility companies in Hawaii. It reflects efficient maintenance practices,
investments in grid modernization, and proactive approaches to mitigate disruptions caused by
natural disasters. However, despite the relatively low SAIDI value, even brief power outages can
significantly impact Hawaii's economy, tourism industry, and residents' daily lives. For example,
disruptions in power supply can affect hotel operations, transportation systems, and essential
services, leading to financial losses and inconvenience for residents and visitors.

Therefore, while Hawaii's SAIDI value may be lower than some mainland areas,
continuous efforts to improve grid resilience, invest in renewable energy technologies, and
enhance emergency response capabilities remain critical for ensuring a reliable and sustainable
energy future for the island state.

SAIFI Calculation: SAIFI is determined by dividing the total number of interruptions occurring
within a specified period by the total number of customers served during that period, yielding the
average number per customer per year. In 2023, Hawaii experienced a total of 100 power
outages. To calculate SAIFI, we will use the formula:

SAIFI=(Total Number of Interruptions)/(Total Number of Customers)
Equation 8.2. SAIFI (Source: Balijepalli, N, et al. 2004)

Hawaii has approximately 1.5 million residents and a total period of one year (8760 hours).
SAIFI=(100)/(1,500,000 x 8760)

SAIFI=(100)/(13,140,000)

SAIFI=0.0000076 Interruptions/customer/year

This SAIFI value indicates the average number of power interruptions experienced by
each customer in Hawaii over one year, approximately 0.0000076 interruptions per customer
per year. The significance of this SAIFI value in Hawaii's context lies in the state's vulnerability
to external factors such as hurricanes, volcanic eruptions, and tsunamis, which can disrupt
power distribution infrastructure. Additionally, Hawaii's unique geography as an island state
presents challenges in maintaining a reliable power supply, as there are limited interconnections
with mainland grids for backup.

A low SAIFI value like this indicates effective outage management and resilience
measures implemented by utility companies in Hawaii. It reflects efficient maintenance
practices, investments in grid modernization, and proactive approaches to mitigate disruptions
caused by natural disasters.

However, despite low SAIFI value, power interruptions can significantly impact Hawaii's
economy, tourism industry, and residents' daily lives. For example, disruptions in power supply
can affect hotel operations, transportation systems, and essential services, leading to financial
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losses and inconvenience for residents and visitors. Therefore, continuous efforts to improve
grid resilience, invest in renewable energy technologies, and enhance emergency response

capabilities remain critical for ensuring a reliable and sustainable energy future for the island
state of Hawaii.

8.1.2 Significance Of SAIDI And SAIFI:

Reliability Assessment: SAIDI and SAIFI are fundamental tools for assessing the reliability and
performance of electricity distribution systems, enabling utilities to identify areas for improvement
and optimize operational efficiency. By quantifying the duration and frequency of power
interruptions, SAIDI and SAIFI metrics directly impact customer satisfaction, with lower values
indicating higher service quality and reliability (Koomey, 2002).

Utilities utilize SAIDI and SAIFI benchmarks to gauge their performance relative to industry
standards and regulatory requirements, facilitating accountability and transparency in service
delivery. Insights derived from SAIDI and SAIFI analysis inform investment decisions regarding
infrastructure upgrades, maintenance strategies, and resilience enhancements to improve system
reliability and minimize service disruptions (Levi, 2005).

SAIDI and SAIFI are indispensable tools for evaluating the reliability and resilience of
electricity distribution networks, providing utilities, regulators, and consumers with valuable
insights into service quality and performance. By tracking and analyzing these metrics,
stakeholders can identify areas for improvement, implement targeted interventions, and enhance
the overall reliability of power systems (Eto, 2004). As the energy landscape evolves and
customer expectations evolve, the continued refinement and utilization of SAIDI and SAIFI metrics
remain essential for ensuring the delivery of reliable, high-quality electricity services to
communities worldwide.

8.1.3 SAIDI And SAIFI Evaluations

According to an IEEE survey encompassing 106 utilities, the median System Average Interruption
Frequency Index (SAIFI) value for 2012 was 1.5 interruption events per standard customer (IEEE,
2013).

Electrical companies translate the loss of power via SAIDI and SAIFI into financial implications
through various channels. Revenue Loss: When customers experience power outages, they may
be unable to utilize electricity, resulting in a direct loss of revenue for the electrical companies.
Residential, commercial, and industrial customers may be unable to use electrical appliances,
machinery, or equipment, leading to decreased electricity consumption and reduced utility
revenue.

Service Interruption Costs: Electrical companies incur costs associated with addressing
power outages, including deploying personnel to identify and repair faults and the cost of materials
and equipment needed for repairs. These costs contribute to the overall financial impact of power
outages on the company (Eto, 2001).
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Customer Compensation: In some cases, electrical companies may be obligated to
compensate customers for prolonged or recurring power outages, either through refunds, credits,
or other forms of compensation. These payments can further increase the utility's financial burden
(Eto, 2001).

Reputation and Customer Satisfaction: Persistent power outages can damage the
reputation of electrical companies and lead to decreased customer satisfaction. This may result
in customer churn, where customers switch to alternative energy providers, leading to potential
revenue loss for the company.

Regulatory Fines: Regulatory agencies may impose fines or penalties on electrical
companies for failing to meet reliability standards or for prolonged power outages. These fines
can significantly impact the utility's financial performance (Koomey, 2002).

Overall, the loss of power translates to a loss of money for electrical companies through
revenue loss, service interruption costs, customer compensation, reputational damage, and
regulatory fines. As a result, ensuring reliable electricity supply and minimizing power outages are
crucial priorities for electrical companies to maintain financial stability and customer satisfaction.

8.1.4 Cost Of Utility Outages Survey

To address the current lack of consistent data needed better to estimate the economic worth of
electric infrastructure reliability, the U.S. Department of Energy asked Lawrence Berkeley
National Laboratory and Population Research Systems (PRS) to review and blend existing
information on customer electricity outage costs.

In the past 20 years, electric utilities have amassed the largest empirical body of work on
customer electricity outage costs. Termed "value of service" studies, utilities utilized statistical
sampling and survey methods to query their customers on the cost of outages. Surveys directly
asked customers about their reliability experiences and perceptions. Surveys took one of two
approaches: direct costing or contingent valuation (Lawton, 2003).

In direct costing, customers estimated expenditures for lost products, spoilage, equipment
damage, etc. This method worked better for commercial and industrial customers than for
residential customers. Contingent valuation methods inquired how much customers would be
willing to pay to avoid an event or accept compensation for an event that had occurred.

Twenty-four studies by eight electric utilities between 1989 and 2002, covering most of the
Southeast of the U.S. and the west of the U.S., including California, Washington, and Oregon,
were analyzed. All variables were standardized, and dollar amounts were adjusted to the 2002
Consumer Price Index. Data were then merged into a meta-database, treating each outage
scenario as an independent case to facilitate comparisons and increase statistical power. Over
60,000 customer survey responses were collected (Lawton, 2003).

Tobit regression models estimated customer damage functions. A customer damage
function expresses outage costs for a given scenario and customer class based on location, time
of day, consumption, and business type. Damage functions can calculate outage costs for specific
customer types. For instance, using customer damage functions, the cost for an “average”
customer due to a 1-hour summer afternoon outage is about $3 per customer in residential areas,
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$1,200 for medium industry and business customers, and $8,200 for large industry and business
customers (Lawton, 2003).

Table 8.1 displays the expenses per outage per customer utilized in the Tobit regression
equation for determining the total cost of power interruptions to customers of the U.S. electricity
grid. The cost figures are categorized by customer type (residential, commercial, industrial) and
the duration of the outage in the United States. The detailed breakdown of costs per outage per
customer for specific regions will be provided later in this report as part of our sensitivity analysis.
The initial estimation employs the U.S. estimated cost per outage per customer. This Table
outlines the costs for momentary interruptions (referred to as “O sec”), 1-hour outages, and the
duration of sustained interruptions calculated from our trimmed means of System Average
Interruption Duration Index (SAIDI) and System Average Interruption Frequency Index (SAIFI)
(referred to as “Sustained Interruption”). The costs for “0 sec” and “Sustained Interruption” are
utilized to derive the initial estimate, with the cost for 1-hour outages being utilized later in our
sensitivity analysis. It is presented here to illustrate the costs associated with this frequently
reported outage duration. The cost-per-outage-per-customer for sustained interruptions assumes
the trimmed mean outage duration of 106 minutes.

Table 8.1. Cost-per-Outage-per-Customer for the U.S. (Modified: Lawton, 2003)

Duration Industrial Commercial Residential
0 Seconds $1,893 $605 $2.18
1 Hour $3,253 $886 $2.70
Sustained Interruption $4,227 $1,067 $2.99

The LBNL's fundamental estimation of the economic impact of power interruptions indicates that
considering publicly accessible data and acknowledging the constraints discussed in this section,
the total annual economic toll on U.S. electricity consumers amounts to $79 billion.

Figure 8.1 depicts the distribution of these expenses across the three customer
categories. Specifically, the commercial sector bears the brunt, encompassing over 70 percent
($57 billion) of the estimated overall cost of power interruptions for all sectors. This notable
allocation of costs to the commercial sector is attributed to the substantial expenses per outage
per customer and the extensive number of commercial clients. Meanwhile, the industrial sector
contributes nearly 26 percent to the total cost, whereas the residential sector represents a
negligible fraction, accounting for less than 2 percent of the total (LaCommare, 2004).
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Figure 8.1. Interruption Cost by Customer Class (Modified: LaCommare 2004)

Although the industrial sector experiences considerably higher costs per outage per
customer compared to the commercial and residential sectors, its relatively more minor customer
base of 1.6 million, in contrast to the 14.9 million customers in the commercial sector, results in a
lower overall estimated cost for this sector. The per-outage-per-customer costs for the commercial
sector are approximately one order of magnitude less than those for the industrial sector. Despite
having the most significant customer population of 114.3 million, residential customers incur
outage costs that are two to three orders of magnitude lower than those for commercial-sector
customers. Therefore, despite its vast customer base, the residential sector's contribution to the
total cost is minimal.

As depicted in Figure 8.2, momentary outages constitute two-thirds of the total cost
incurred by the U.S. This means that the 4.3 momentary outages cost the U.S. over $50 billion
annually. The 1.2 sustained outages, with a combined duration of 106 minutes, account for the
remaining portion of the $79 billion total (LaCommare, 2004).

Sustained

Interruption,
$26,300,000,000.00
,33%

Momentary
Interruption, -
$52,300,000,000.00
,67%

Figure 8.2. Power Interruption Cost by type of Interruption (Modified, LaCommare 2004)
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Figure 8.3 illustrates the initial estimate categorized by region and customer class to
examine potential regional variations. The South Atlantic region contributes the most, amounting
to $14.7 billion, representing nearly 19 percent of the total cost for the entire U.S. Conversely, the
Pacific region incurs the lowest cost, accounting for only $2.8 billion, equal to 3.6% of the total.

Moreover, Figure 8.3 juxtaposes the regional estimates with the population of business
and commercial customers in each region to assess the correlation between regional estimates
and population density. The variations in total costs across regions largely align with these
regional population differences. Specifically, the higher total cost in the South Atlantic region is
linked to its large population. Conversely, the Pacific and New England regions exhibit the lowest
total costs, corresponding to their smaller customer populations (LaCommare, 2004).
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Figure 8.3. Power Interruptions Cost by Region (Modified, LaCommare 2004)

The research has unveiled several critical factors shaping the national cost of power
interruptions. First, it is discovered that the commercial and industrial sectors shoulder the most
outage expenses, while the residential sector bears a comparatively more minor burden.
Additionally, although each region exhibits unique variations in customer demographics, a rough
correlation between the total cost of reliability events and commercial and industrial customers in
each area has been observed. Furthermore, we found that the frequency of reliability events plays
a more significant role in driving costs than their duration, with momentary power interruptions
exerting a more substantial impact on the total cost than sustained interruptions (Kueck, 2004).
These revelations underscore the importance of underlying assumptions in shaping the estimates,
such as customer classifications, outage characteristics, and costs.

Larsen picked up where previous studies ended, beginning in 2004, concerning the annual
frequency and duration of power outages across various U.S. electricity distribution companies.
This collective group of utilities represents a substantial portion, approximately 70%, of both
electricity sales and total customers in the United States (Larsen, 2015). Employing an
econometric approach, we analyzed the yearly fluctuations in reliability reported by these utilities
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in conjunction with a comprehensive set of variables. These variables encompass annual data on
lightning strikes, average wind speeds, temperatures, customer density per line mile of
distribution, proportion of underground distribution infrastructure, implementation or enhancement
of automated outage management systems, and expenditures on transmission and distribution.

The metrics utilized to assess electricity reliability were the System Average Interruption
Duration Index (SAIDI) and the System Average Interruption Frequency Index (SAIFI). SAIDI
quantifies the average duration of power loss that utility customers experience over a year. At the
same time, SAIDI represents the average frequency of power interruptions within a year for the
utility's customers.

Larsen conducted distinct analyses for SAIDI and SAIFI, both with and without
incorporating what utilities classify as "major events." Utilities provide SAIDI and SAIFI figures
with and without significant events to facilitate year-over-year comparisons of reliability
performance. Major events denote instances throughout the year when utilities face substantial,
albeit typically infrequent, challenges, often stemming from severe weather conditions. Major
events vary significantly from one year to another, but their inclusion disproportionately impacts
the reported trends in reliability over time (Larsen, 2015).

8.2 VULNERABILITIES

While generally robust, the reliability of the United States' electricity supply system encounters
numerous challenges stemming from various events (Preston et al., 2016). These challenges can
be categorized into natural or environmental threats, as outlined in Table 8.2, and human-induced
threats, as detailed in Table 8.3.
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Table 8.2. Natural and Environmental Threats to Power System (Modified: Marston 2018)

Weather Event Considerations Forecasting
Potential to increase due to climate change.
Tornadoes né Excellent short term. Difficult in long term.
Requires improved water management.
Requires improved water management. Will
Drought effect transmission and generation Good short term. Moderate long term.
capabilities. Mainly southweat and west US.
High Winds and Potential to increase. Distribution systems
€ v Excellent short term. Difficult in long term.
Hurricanes require improved hardening.
Ice and Snow Impedes generation due to fuel delivery. Excellent short term. Difficult in long term.
Potential to increase due to climate change.
Extreme Heat né Excellent short term. Difficult in long term.
Requires improved water management.
Difficult to forecast both short and lo!
Wildfire Increases in drought. ne
term
Potential to increase based on locality of Difficult to forecast both short and long
Earthquake
fracking term
Potential of sea level rising due to climate
Flooding change. Generation and distribution most Excellent short term. Difficult in long term.
threatened.
No reasonable increase. Vegetation Wildlife is random, but vegetation growth
Wildlife and Vegetation bt vee g
management reduces impact is predicatable

Table 8.3. Human Related Threats to Power System (Modified: Marston 2018)

Manmade Event

Equipment Failure

Cyberattack

Physical Attack
Electromagnetic
Sabotage

Consideration

Increasing age of equipment require

maintenance and upgrades.

Forecasting
Predictable with
historical data

Increasing attempts. Operators are able to

mitigate attacks, but require constant

defense.

System can be improved to resist attacks.
Increased potential. Mitigation measures

can be effective.

Difficult

Difficult
Difficult

Historically, natural events and exceptionally severe weather phenomena pose the most
significant risk to the system's reliability (McLinn, 2010). According to the most recent annual
report from the Department of Energy (DOE) Office of Electricity on electric disturbances, 149
events in the United States met the reporting criteria in 2017 (DOE, 2018). These events
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collectively impacted nearly 5.2 million customers. Severe weather events accounted for 51
percent of these incidents, yet they affected 92.4 percent of the impacted customers. In contrast,
physical attacks and vandalism constituted approximately 23 percent of the events but had a
much smaller impact, affecting only around 0.5 percent of customers (Marston, 2018).

Resilience differs from reliability, which refers to the system's ability to provide electricity
to customers in the desired quantity and quality (Clark-Ginsberg, 2016). The National
Infrastructure Advisory Council outlines four dimensions of resilience (Berkeley & Wallace, 2010):
Robustness: This entails the system's capacity to absorb shocks and maintain operations.
Resourcefulness: It involves the ability to manage a crisis as it unfolds. Rapid recovery: This
dimension pertains to the system's capability to restore service promptly. Adaptability refers to
the system's ability to enhance resilience based on insights from past incidents or near-misses.

The vulnerabilities inherent in the US electricity system pose risks to consumers'
consistent electricity supply. Table 8.4 illustrates high and moderate risks associated with various
system components, including generation, transmission, substations, and both above- and below-
ground distribution (Preston et al., 2016).

Table 8.4. High and Moderate Event Risks to U.S. Power System (Modified: Marston 2018)

High Category Hurricanes
Floods (All)

Earthquakes (Small)
Distribution Systems (Underground) |Cyberattacks Large Earthquakes

Floods (100 Year)
Earthquakes (All)
Cyberattacks Hurricanes (All)
Distribution Systems (Aboveground) |Wildfires Winter storms

Low Category Hurricanes
Minor winter storms

Extreme Heat

Major Wildfires

Floods (100 year)

Earthquakes (Large) High cetegory Hurricanes
Transmission Systems Cyberattacks Major Winter Storms

Hurricanes (All)
Floods (100-year)
Minor winter storms
Extreme Heat Large earthquakes

Major Wildfires Strong geomagnetic storms
Substations Moderate Earthquakes cyberattacks

High Category Hurricanes
Floods (All)

Earthquakes

Cyberattacks

Extensive drought

Extreme Heat

Moderate Wildfires

Strong Geomagnetic Storms
Generation Systems Major equipment Failres Large Earthquakes

95



Kevin Corizzi

To manage these risks, future grid designs should prioritize flexibility in grid operations.
Management strategies encompass enhancing component resilience to withstand wind, winter
storms, and flooding and modernizing systems with improved sensors, automated controls,
information management, and analytical tools (DOE, 2017b). Adequate preparation for such
events involves implementing effective equipment lifecycle management programs, vegetation
management practices, and maintaining critical equipment inventory. Furthermore, heightened
cybersecurity measures are imperative to address the escalating threat of cyberattacks, as
extensively discussed in the Cyber Threat and Vulnerability Analysis of the US Electricity Sector
(Glenn et al., 2016).

8.3 Safety, Risk, and Cost Benefit Analysis

The initial investment in transitioning to underground power lines is a critical factor that
requires careful consideration. While the upfront costs of burying power lines are typically higher
than erecting above-ground structures, the long-term benefits justify this investment. A
comprehensive cost-benefit analysis considers installation expenses, maintenance costs, and the
economic impact of power outages. Edison Electric Institute (EEI) provided a report in 2012 to
New York City (NYC) regarding installing below-ground powerline conversion. The city council of
NYC published a review and an analysis of that study in December 2013 due to the horrific
damages caused by Hurricane Sandy in 2012 (Office of Long-Term Planning” 2013). NYC is an
excellent comparative example for cost-benefit due to its topography and geographic location. It
is an island next to the ocean and is affected by fresh and saltwater, notwithstanding differences
in latitude and weather.

NYC's Office of Long-Term Planning and Sustainability (OLTPSO) yielded several
important cost-benefit outcomes. Their first outcome is that “undergrounding utility lines need to
be focused on safety and risk mitigation measures to support the aesthetic and visual
improvement of the city.” The office also found that customers were willing to pay 0%-10% more
for their utilities for aesthetic improvement. However, undergrounding all utility lines would
inadvertently “double customers’ utility costs” (Office of Long-Term Planning” 2013).

The updated EEI study in the OLTPSO report compared 11 state studies that addressed
these costs and benefits, concluding that the maintenance costs for below-ground power lines
are higher due to underground lines requiring repair or replacement every 30 years compared to
above-ground lines required every 50 years. The main point to be addressed here is not the need
for a complete shift to underground utilities but a pointed risk-mitigation approach focusing on the
safety of the population of those most geographically susceptible.

EEI determined that the maximum cost to convert above to below-ground utilities was $5
million. EEI also reported that the undergrounding cost of Florida’s Pensacola Beach project was
$1.68 million/mile, almost three times more than Edison’s evaluation for NYC. In looking at Maui
and the devastation caused in Lahaina, we see that there are 50 miles of roadways with no parallel
alternative routes, with single entrance and exit access only, that are susceptible to emergency
scenarios for fire and evacuation.
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The wildfire in Lahaina killed almost 100 people, and The Federal Emergency
Management Agency (FEMA) assessed the disaster caused over “$5.5 billion in damages,
destroying over 2,200 structures” (Elamroussi, 2023). The roads from Kapalua, Maui, to Maalaea,
Maui, were marked as high fire risk in the 2018 State of Hawaii Risk Mitigation Plan and interacting
with route HI-30, which spans 50 miles. If these were below ground, at an average cost of $5
million per mile per the high estimated cost for NYC, the total construction cost would only be
$250 million. It could have curtailed Lahaina's devastation (State of Hawaii 2018). The price of
$250 million is only 4.5% of the total damages caused by the fires, not including the cost and loss
of life and residual economic impact. Hence, undergrounding could have saved significant sums
of money and all the lives lost.

In the intricate choreography of emergency response, where seconds count and swift
access is paramount, the impediment posed by above-ground power lines becomes a formidable
challenge. This argument advocates the imperative transition from above-ground to underground
power lines, focusing on emergency response scenarios. In areas devoid of parallel or alternative
access roads, the need for this shift becomes a matter of efficiency and critical importance to
community safety.

Consider the typical scenario: a fallen tree obstructing a roadway. In a simplified setting,
where the tree is of moderate size and easily accessible, firefighters might anticipate a clearance
time ranging from 30 minutes to a few hours. However, this projection is built upon the assumption
of an ideal situation—no entanglements with power lines and no additional hazards complicating
the process.

Enter the complexity of entanglement. The narrative transforms into a protracted struggle
against nature and live wires when fallen trees are ensnared in above-ground power lines.
Clearance times extend far beyond the initial estimates, with the need for specialized equipment
and expertise introducing delays that can span hours and days. This reality is magnified in
emergencies, where extended response times can have severe consequences, leaving
communities vulnerable during crucial moments.

The crux of the argument lies in the intrinsic resilience underground power lines offer.
Relocating these essential conduits beneath the surface virtually eliminates entanglement risks.
The clearance process becomes streamlined, efficient, and less hazardous. In emergency
response scenarios, the importance of this transition cannot be overstated.

Now, focus on roads and highways without parallel or alternative access routes—common
characteristics in various regions, particularly Hawaii. In such areas, the obstruction of a single
roadway can sever a vital lifeline, impeding emergency response efforts, routine evacuation, and
the provision of essential services. Underground power lines are imperative to community safety
and resilience. After news outlets like The Hill interviewed citizens, many stated that if they had
listened to the barricade instead of going around them and the downed tree, they would have died
(Sforza, 2023).

Without alternatives, adopting underground power lines emerges as a strategic move. It
safeguards against the vulnerability posed by a lack of parallel access routes, ensuring that
emergency response teams can navigate unimpeded, reaching affected areas promptly. This is
not merely an enhancement of infrastructure but a fundamental shift in the landscape of
community resilience. The benefits extend beyond emergency scenarios. Underground power
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lines contribute to a more robust and reliable power infrastructure. The reduction in visual clutter,
the elimination of above-ground structures, and the enhanced aesthetic appeal of landscapes
present additional advantages that align with community values.
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CHAPTER 9: ENVIRONMENTAL CONSIDERATIONS

Undergrounding power lines proves effective against several natural disasters, particularly those
characterized by extreme weather conditions such as hurricanes, typhoons, tornadoes, and ice
storms. By situating the lines underground, they are shielded from the weight of ice accumulation
or falling trees caused by heavy snowfall and the hazards of wildfires. However, underground
lines are not immune to earthquakes and precipitation-based threats like floods, which can
damage non-submersible electrical equipment. To mitigate flood vulnerability, underground lines
can be engineered to operate while submerged, albeit at a higher investment cost, necessitating
careful consideration of geographical risks.

Real-world implementations of underground lines, especially in distribution systems, have
demonstrated their effectiveness in mitigating damages and expediting restoration processes
post-hurricanes. Beyond risk mitigation, underground power lines offer economic benefits by
reducing customer interruption and damage repair costs. While less common in transmission
systems, undergrounding transmission lines has been proposed as a resilience-enhancing
measure, although at a significantly higher cost than overhead lines. Selecting critical
transmission lines for undergrounding is crucial, considering the extended restoration periods and
higher repair costs associated with underground lines.

The primary advantage of undergrounding power lines is eliminating line failure
probabilities during extreme weather events (EWES) like hurricanes, irrespective of their intensity.
In contrast, enhancing tower robustness, a less costly hardening measure, does not eliminate the
risk of line failure. Underground lines offer a more economically viable solution despite potential
cost implications, particularly given increased EWE frequency and intensity projections.
Therefore, while enhancing tower robustness can mitigate risks to a certain extent,
undergrounding power lines presents a more effective and sustainable approach to reducing
costs and ensuring resilience against EWEs.

9.1 POLE REDUCTION

In a significant move set to remove 14,000 unattractive poles, Hawaiian Telcom has consented
to relinquish ownership rights of approximately 120,000 utility poles across Oahu, Hawaii Island,
Maui, Molokai, and Lanai to Hawaiian Electric Cos. Under the newly established terms, Hawaiian
Telcom will lease pole space for its telecommunications infrastructure, including telephone,
internet, and TV transmission lines. In return, Hawaiian Electric will extend a $48 million credit to
Hawaiian Telcom, with $26 million allocated to cover previously contested expenses associated
with joint pole ownership (Gomez, 2023). In 2018, the two companies reached a settlement to
resolve lingering disputes over shared pole ownership, a resolution recently endorsed by the state
Public Utilities Commission. This resulted in Hawaiian Electric assuming sole ownership of the
poles.

As of 2023, double and triple poles across the state mar the landscape, with the majority
concentrated in O‘ahu neighborhoods. However, what became of the initiative to start their
removal? Years ago, the Public Utilities Commission pressured Hawaiian Electric and Hawaiian
Telcom to conduct an inventory of 120,000 poles to ascertain ownership. Subsequently, an audit
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revealed a substantial backlog of double poles requiring attention. In 2018, the utility companies
devised a plan wherein HECO would acquire poles owned by Hawaiian Telcom and commit to a
decade-long removal strategy (Cruz, 2023).

Jim Kelly, vice president of communications for HECO, provided an update when
approached by The Conversation. According to Kelly, a 2019 audit identified approximately 9,400
double poles, indicating instances where a replacement pole was installed adjacent to a damaged
one, yet both remained in place. "We have eliminated around 2,500 of these poles, leaving us
with 6,500 more to address," he stated. "While we are approaching the five-year mark and still
have a significant way to go, we believe we are making substantial progress and will fulfill our
commitment’(Cruz, 2023).

With Hawaiian Electric Companies (HECO) now controlling all utility poles in Hawaii, they
possess significant leverage and influence to compel telecommunication companies to transition
their infrastructure underground (Gomes, 2018). This shift offers numerous benefits, enhancing
the reliability and resilience of the overall utility infrastructure and paving the way for technological
advancements and improvements in telecommunication services.

With control over the utility poles, HECO can pressure telecommunication companies to
relocate their infrastructure underground, thereby minimizing visual clutter and improving the
aesthetics of urban and rural landscapes across the state. By consolidating the transmission and
telecommunication lines into multiuse underground conduits, HECO can streamline the
management and maintenance of the infrastructure, reducing the risk of outages and enhancing
service reliability for consumers.

Furthermore, relocating telecommunication lines underground presents an opportunity for
HECO and telecommunication companies to upgrade their existing infrastructure and integrate
new technologies. Underground conduits offer better protection against environmental factors,
such as severe weather and natural disasters, mitigating the risk of service disruptions (Gomes,
2018). Additionally, underground deployment allows for the implementation of high-speed fiber-
optic networks, enabling faster and more reliable internet connectivity for businesses and
residents alike.

Moreover, by repurposing and improving telecommunication lines during the transition to
underground infrastructure, HECO, and telecommunication companies can enhance network
capacity, expand coverage areas, and introduce innovative services, such as smart grid
applications and Internet of Things (loT) connectivity (Cruz, 2023)). This modernization meets the
growing demands for data and communication services and lays the foundation for future
technological advancements and economic growth in Hawaii.

In summary, with complete control of Hawaii's utility poles, HECO possesses the leverage
and ability to drive the relocation of telecommunication infrastructure underground. This transition
improves the reliability and resilience of the utility infrastructure and presents opportunities for
technological upgrades and innovations that benefit businesses, residents, and the state's overall
economy.
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9.2 POLE TO TREE REPLACEMENT

Another influential factor is the substitution of poles with trees after undergrounding. By removing
the structures supporting the overhead electric distribution grid, opportunities arise for urban
afforestation expansion. Integrating green spaces into densely populated areas aligns with urban
beautification efforts, enhancing the region's aesthetic appeal. Moreover, it can initiate measures
to enhance air and water quality, mitigate soil erosion and flood risks, preserve biodiversity,
enable wastewater treatment, promote a more balanced food chain, and reduce pest and disease
vectors while influencing the water cycle by facilitating water infiltration into the soil.

Elements like pollution and extensive asphalt coverage in most urban areas create regions
with lower humidity and elevated temperatures, commonly called "heat islands." Trees play a
crucial role in moderating extreme weather conditions in these areas. Trees absorb solar radiation
through their foliage, reducing surface reflection and providing shade. Additionally, they serve as
essential tools in regulating regional temperatures and minimizing significant thermal fluctuations.

9.3 ENVIRONMENTAL HAZARDS
9.3.1 Potential Fluid Leaks

While pipe-type underground transmission lines generally require minimal maintenance,
transmission operators must implement an appropriate regimen to prevent pipe corrosion and
potential fluid leaks.

Both HPFF and SCFF lines necessitate a spill control plan due to the possibility of leaks.
The anticipated frequency of line leakage is approximately one leak every 25 years. Soil
contaminated by leaked dielectric oil is categorized as hazardous waste, requiring remediation
efforts. Dielectric fluids used in underground transmission lines, such as alkylbenzene and
polybutene, are non-toxic but degrade slowly. However, the degradation of alkylbenzene may
result in the presence of benzene compounds, known carcinogens, in plants or wildlife.

The environmental impact of a nitrogen leak from an HPGF line is minimal, but precautions
should be taken to ensure worker safety by monitoring oxygen levels in vaults before entry. Solid
dielectric cables do not pose a risk of fluid leaks.

9.3.2 Magnetic And Electric Fields

Voltage creates electric fields, and the strength of these fields increases with higher voltages.
While everyday objects such as walls, trees, and soil can impede these electric fields, their impact
on underground transmission lines is typically minimal. On the other hand, current generates
magnetic fields, a phenomenon observed in all household appliances utilizing electricity. The
intensity of magnetic fields is directly proportional to the amount of current flowing through the
appliance, meaning devices operating at higher power levels emit more vital magnetic fields than
those operating at lower levels. Magnetic field strength is often measured in milligauss (mG), with
readings providing insight into the level of exposure to magnetic fields. For instance, a hair dryer
typically emits a magnetic field of approximately 70 mG when measured one foot away, while a
television emits around 20 mG at the same distance (EPA, 2023).
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Several factors, including the magnitude of the current, distance from the line,
arrangement of the conductors, and the presence of magnetic shielding influence the magnetic
field strength produced by a specific transmission line. Underground transmission lines generally
produce weaker magnetic fields than overhead lines due to the closer arrangement of
underground conductors. This proximity results in partial cancellation of magnetic fields generated
by each conductor, leading to diminished overall magnetic fields. Moreover, magnetic fields are
most intense near their source and attenuate rapidly with increasing distance (EPA, 2023).

Pipe-type underground lines exhibit notably lower magnetic fields than overhead lines or
other underground lines. This is because the steel pipe surrounding the conductors possesses
magnetic shielding properties, further diminishing the conductors' magnetic fields. Therefore, the
configuration and composition of underground transmission lines play a significant role in
mitigating the strength of magnetic fields emitted, thereby minimizing potential health concerns
associated with prolonged exposure to magnetic fields.

9.3.3 Heat Generation

The heat generated by the operation of an underground transmission cable slightly elevates the
temperature above the line by a few degrees. While this increase is generally insufficient to
damage growing plants, it could trigger premature seed germination during spring. Moreover,
there is a risk of heat accumulation in enclosed structures near the cable route.

Transmission routes intersecting with other heat sources, such as steam mains, should
be avoided. Electric cables should be positioned at least 12 feet away from other heat sources to
maintain optimal performance. Failure to adhere to this guideline may compromise the cable's
capacity to carry current effectively.

9.4 VEGETATION MANAGEMENT

Vegetation management, particularly tree trimming, represents a significant expense associated
with overhead distribution systems. The actual costs of tree trimming can vary widely, ranging
from $7,000 to $70,000 per mile, contingent upon factors such as the size and height of trees,
local climate conditions, the rate of annual tree growth, the number of trees to be trimmed per
mile, accessibility for equipment, and whether the work is conducted in rural or urban settings. In
extreme cases, utilities may need to allocate $70,000 per mile every two years for vegetation
management, amounting to an annual expense of $35,000 per mile for tree trimming. In
comparison, the capital cost for undergrounding is approximately $1 million per mile, translating
to an annual carrying cost of about $110,000 per year, assuming an implied carrying charge rate
of 11%. In such extreme scenarios, reducing tree trimming expenses could mitigate around 30%
of the undergrounding costs. However, in less severe circumstances, the offset would be
proportionately lower (Florida et al. Commission, 2005)
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9.5 THREAT TO WILDLIFE

Above-ground powerlines threaten wildlife, including birds and endangered species, especially in
Hawaii. The unique ecosystems of the Hawaiian Islands are home to diverse flora and fauna,
many of which are found nowhere else on Earth. However, the presence of above-ground
powerlines introduces a range of negative impacts on wildlife, exacerbating existing threats and
contributing to population declines and habitat degradation.

One of the most significant threats posed by above-ground powerlines to birds in Hawaii
is the risk of electrocution. Birds, particularly raptors such as Hawaiian hawks (‘io) and pueo
(Hawaiian short-eared owl), risk electrocution when they contact energized power or perch on
power poles. The high voltage carried by these lines can result in fatal injuries, leading to
population declines and disruptions to ecosystem dynamics. Additionally, migratory birds passing
through Hawaii may collide with powerlines, especially during periods of low visibility or adverse
weather conditions, resulting in injuries or fatalities.

Endangered species in Hawaii, such as the Hawaiian goose (néné) and the Hawaiian
petrel (‘ua‘u), are also negatively impacted by above-ground powerlines. These species are
particularly vulnerable to collisions with powerlines due to their low-flying behavior and nocturnal
habits. Collisions with powerlines can result in direct mortality or injuries, further threatening
already endangered populations. Moreover, powerlines can fragment and degrade the habitats
of these species, leading to reduced foraging opportunities, breeding success, and overall
population viability.

Habitat fragmentation and disturbance caused by above-ground powerlines are additional
concerns for wildlife in Hawaii. Powerline corridors create barriers to movement for many species,
preventing them from accessing vital resources such as food, water, and breeding sites. This
fragmentation can lead to genetic isolation and reduced population connectivity, ultimately
impacting the long-term survival of wildlife populations. Additionally, the construction and
maintenance of powerlines can disturb nesting sites, foraging areas, and other critical habitats,
further disrupting wildlife behavior and reproductive success.

Above-ground power lines can pose significant threats to wildlife, especially birds, by
creating collision risks and disrupting flight patterns. Additionally, the electromagnetic fields
generated by these lines may have subtle yet potentially adverse effects on the behavior and
health of wildlife. Hui Ho'omalu | ka ‘Aina, Conservation Council for Hawai‘i, and Center for
Biological Diversity penned a letter through Earthjustice to the Hawaiian Department of Land and
Natural Resources discussing the critical impact above ground power lines have on birds,
including the vast endangered bird population. Over 40 endangered or threatened bird species
live in Hawaii and are legally protected. “Overhead power lines claim the lives of over 1,200 birds
every year in the island of Kauai alone”, and Overhead power lines “break bones, tear off feathers
and skin, injure heads, eyes, and wings, and frequently result in grounding and death”
(Earthjustice 2023). Underground power lines, concealed beneath the surface, eliminate these
collision risks and minimize electromagnetic field exposure. This contributes to preserving local
wildlife and ecosystems, promoting biodiversity, and promoting the ecological balance essential
for the health of Hawaii’s unique ecosystems.
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Above-ground powerlines pose significant risks to Hawaii's wildlife, including birds and
endangered species. The threat of electrocution, collisions, habitat fragmentation, and
disturbance associated with powerlines undermines conservation efforts and jeopardizes the
long-term survival of vulnerable species. To mitigate these impacts, it is essential to implement
measures such as undergrounding powerlines, retrofitting existing infrastructure with avian
protection devices, and carefully planning new developments to minimize conflicts with wildlife
habitats. By addressing the challenges posed by above-ground powerlines, we can help protect
Hawaii's unique biodiversity and ensure a sustainable future for its wildlife.
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CHAPTER 10: MULTI-SCENARIO AND GEOGRAPHICAL PERSPECTIVES

10.1 CLIMATE AND WEATHER
10.1.1 Dry And Fire-Prone Regions

Dry and fire-prone regions present unique challenges for above-ground distribution and
transmission powerlines due to the heightened risk of wildfires. As climate change intensifies,
wildfires' frequency and severity increase, posing significant threats to communities,
infrastructure, and the environment. In such regions, the need for underground above-ground
powerlines has become increasingly evident, driven by the imperative to enhance safety,
resilience, and reliability in the face of evolving climatic conditions.

One primary reason for undergrounding powerlines in dry and fire-prone regions is to
mitigate the risk of wildfires caused by electrical faults or arcing. Above-ground powerlines are
vulnerable to sparking, especially during high temperatures and low humidity periods, which can
ignite surrounding vegetation and fuel the spread of wildfires. By burying power lines
underground, the risk of electrical fires is significantly reduced, as the insulated cables are
shielded from external elements and less susceptible to accidental contact or damage.

Moreover, undergrounding powerlines helps minimize wildfires' impact on electricity
infrastructure and the broader community. During wildfires, above-ground powerlines risk damage
from flames, heat, and falling debris, leading to power outages and disruptions. Underground
powerlines are inherently more resilient to fire-related hazards, as they are shielded from direct
flame exposure and less susceptible to structural damage. This enhances the continuity of
electricity supply during wildfire events, enabling emergency response efforts and ensuring the
safety and well-being of residents.

As of March 7™, 2024, massive wildfires ravaged the Texas Panhandle, resulting in
significant property damage, livestock losses, and casualties, with utility provider Xcel Energy
potentially implicated in igniting the largest blaze in state history. The Texas A&M Forest Service
attributed the ignition of the Smokehouse Creek and Windy Deuce fires, covering vast areas, to
power lines but did not provide specific details. Xcel Energy acknowledged its involvement in
igniting the Smokehouse Creek fire, though it disputed claims of negligence in equipment
maintenance (Stengle, 2024).

While containment efforts have progressed, ongoing high winds pose continued fire risks.
A lawsuit against Xcel Energy and others alleged negligence in maintaining power infrastructure.
Tragically, two women died in the wildfires, with additional casualties among responders,
highlighting the dire consequences of such incidents. Ranchers like Dale Smith, grappling with
substantial livestock losses, express concern about the frequency of such wildfires and
emphasize the need for improved safety measures. The investigation into the fires' causes
remains ongoing (Stengle, 2024).

Undergrounding powerlines in dry and fire-prone regions contribute to preserving natural
landscapes and ecosystems. Wildfires pose risks to human life and property and have devastating
ecological consequences, including habitat destruction, loss of biodiversity, and soil erosion. By
reducing the likelihood of wildfires caused by above-ground powerlines, undergrounding helps to
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protect natural resources and wildlife habitats, promoting environmental conservation and
sustainability in fire-sensitive environments.

The need for underground above-ground distribution and transmission powerlines in dry
and fire-prone regions is imperative to address the escalating risks of wildfires and climate
change. By mitigating the threat of electrical fires, enhancing resilience to wildfire events,
preserving natural landscapes, and improving visual aesthetics, underground powerlines offer a
sustainable and effective solution to safeguard communities, infrastructure, and the environment
in fire-sensitive areas. As wildfires pose significant global challenges, investing in underground
powerlines represents a proactive and prudent strategy to build resilience and adapt to evolving
climatic conditions.

10.1.2 Hurricane

In hurricane-prone regions, the need for underground above-ground distribution and transmission
power lines is paramount due to the severe risks posed by hurricanes and tropical storms. These
weather events often result in widespread power outages, property damage, and disruptions to
essential services, highlighting the vulnerability of above-ground power infrastructure.
Undergrounding power lines offers a strategic solution to mitigate the impact of hurricanes,
enhance resilience, and ensure the reliability of electricity supply in the face of extreme weather
conditions (Hallstrom, 2005).

One of the primary reasons for undergrounding power lines in hurricane-prone regions is
to minimize the risk of wind-related damage. Above-ground power lines can be toppled or
snapped by strong winds and flying debris during hurricanes, leading to extensive power outages
and service interruptions. By burying power lines underground, they are protected from direct
exposure to high winds. They are less vulnerable to wind-induced damage, thereby reducing the
likelihood of power disruptions and enhancing the reliability of the electricity supply during
hurricanes (Carbone, 2006).

Moreover, underground power lines offer greater resilience to flooding, a common
occurrence during hurricanes and tropical storms. Floodwaters can inundate above-ground power
infrastructure, causing equipment malfunction, corrosion, and electrical hazards. Underground
power lines, located below the ground surface, are shielded from floodwaters and less susceptible
to water damage, ensuring the continuity of electricity supply even in flood-prone areas. This
resilience is critical for maintaining essential services, supporting emergency response efforts,
and safeguarding public safety during and after hurricanes (Carbone, 2006).

Undergrounding power lines in hurricane-prone regions helps to protect the natural
environment and reduce the risk of environmental contamination. Above-ground power
infrastructure, including poles, wires, and transformers, can be damaged or displaced by
hurricanes, posing environmental risks such as oil spills, chemical leaks, and habitat destruction.
Underground power lines mitigate these risks by eliminating above-ground equipment and
reducing the likelihood of environmental damage, promoting environmental conservation and
sustainability in hurricane-affected areas.
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Additionally, underground power lines offer aesthetic and visual benefits, particularly in
coastal and scenic regions prone to hurricanes. Above-ground power infrastructure can detract
from the natural beauty of landscapes, diminish property values, and detract from the tourism
appeal of coastal communities. Underground power lines, being virtually invisible, blend
seamlessly into the environment and preserve the visual integrity of coastal areas, enhancing
their attractiveness and livability. This contributes to residents' and visitors' overall quality of life,
fostering community pride and economic prosperity in hurricane-prone regions.

The need for underground above-ground distribution and transmission power lines in
hurricane-prone regions is essential to address the significant risks posed by hurricanes and
tropical storms. By mitigating wind-related damage, enhancing resilience to flooding, protecting
the environment, and improving visual aesthetics, undergrounding power lines offers a
sustainable and effective solution to strengthen infrastructure, support economic development,
and ensure the safety and well-being of communities in hurricane-affected areas. As hurricanes
continue to pose significant threats to coastal regions globally, investing in underground power
lines represents a proactive and prudent strategy to build resilience and adapt to the challenges
of a changing climate.

10.1.3 Tornado

In tornado-prone regions, the necessity for underground above-ground distribution and
transmission power lines is evident due to the significant risks of tornadoes. Tornadoes are violent
and unpredictable weather phenomena capable of causing extensive damage to above-ground
power infrastructure, resulting in widespread power outages, property destruction, and disruptions
to essential services. Undergrounding power lines presents a proactive solution to mitigate the
impact of tornadoes, enhance resilience, and ensure the reliability of electricity supply in tornado-
prone areas.

One of the primary reasons for undergrounding power lines in tornado-prone regions is to
minimize the risk of wind-related damage. Tornadoes generate powerful winds exceeding 200
miles per hour, causing above-ground power lines to be torn down, tangled, or damaged by flying
debris. As a result, communities are left vulnerable to prolonged power outages and service
disruptions, posing risks to public safety, health, and well-being. Underground power lines buried
beneath the ground surface are shielded from the destructive force of tornadoes, reducing the
likelihood of wind-induced damage and enhancing the resilience of the electricity grid.

Underground power lines offer more reliability and durability during tornado events than
their above-ground counterparts. Above-ground power infrastructure, including poles, wires, and
transformers, is exposed to the full force of tornado winds and debris, making it susceptible to
severe damage and failure. In contrast, underground power lines are protected from external
elements and less susceptible to wind-related impacts, ensuring the continuity of electricity supply
even in the aftermath of tornadoes. This reliability is crucial for supporting emergency response
efforts, maintaining essential services, and safeguarding community resilience in tornado-prone
regions.
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Additionally, undergrounding power lines in tornado-prone areas helps to enhance public
safety and reduce the risk of electrical hazards. Tornadoes can topple above-ground power poles,
causing live wires to fall and create hazardous conditions for residents, first responders, and utility
workers. Underground power lines eliminate these risks by removing above-ground equipment
and reducing the likelihood of downed power lines during tornado events, thereby minimizing the
potential for electrocution, fires, and injuries. This promotes public safety and resilience in
tornado-affected communities, contributing to disaster preparedness and risk mitigation efforts.

In the vast prairies of South Dakota, overhead power lines are essential for delivering
electricity to communities and farms. However, these lines are vulnerable to severe weather
conditions like tornadoes, ice storms, and harsh winters, which can cause significant damage.
Following a severe ice storm in 1996, Dakota Energy Cooperative buried a 5.5-mile segment of
power lines in Beadle County using funds from FEMA's Hazard Mitigation Grant Program. Despite
the higher initial cost of underground lines compared to overhead lines, burying them proved a
wise investment. The buried lines remained undamaged during subsequent storms, ensuring
uninterrupted power supply and minimizing repair costs. Dakota Energy continues to invest in
underground cables, prioritizing segments based on cost-effectiveness and development density.
Ultimately, the resilience of underground lines outweighs the expense, providing long-term
benefits for communities and minimizing the impact of extreme weather on power infrastructure.

Given the regular occurrence of storms, opting to bury the power line was a wise financial
decision. While the upfront cost of installing underground lines exceeds that of overhead lines,
the former is more resistant to damage and interruptions, resulting in lower maintenance
expenses. In early 2010, Kruse provided a rough estimate, suggesting that installing one mile of
overhead line might cost around $18,000, whereas the same distance of underground line could
amount to $24,000. He clarified that the fluctuation in underground wire costs is closely linked to
the prices of metals used in the wire and petroleum products utilized in the insulation (FEMA,
2021).

The need for underground above-ground distribution and transmission power lines in
tornado-prone regions is essential to address the significant risks of tornadoes. By mitigating
wind-related damage, enhancing reliability, improving public safety, and enhancing aesthetics,
undergrounding power lines offers a sustainable and effective solution to strengthen
infrastructure, support community resilience, and ensure the continuity of electricity supply in
tornado-affected areas. As tornadoes continue to pose significant threats to communities globally,
investing in underground power lines represents a proactive and prudent approach to building
resilience and adapting to the challenges of extreme weather events.

10.1.4 Flooding

The inherent risks associated with flooding events underscore the need for underground above-
ground distribution and transmission power lines in flooding-prone regions. Floods can cause
extensive damage to above-ground power infrastructure, leading to prolonged power outages,
infrastructure failures, and disruptions to essential services. Undergrounding power lines offers a
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viable solution to mitigate the impact of flooding, enhance resilience, and ensure the reliability of
electricity supply in flood-prone areas.

One primary reason for undergrounding power lines in flooding-prone regions is to
minimize the risk of water-related damage. Floodwaters can inundate above-ground power lines,
substations, and equipment, causing corrosion, short circuits, and electrical malfunctions. As a
result, communities are vulnerable to widespread power outages and service disruptions,
exacerbating the challenges faced during flooding events. Underground power lines buried
beneath the ground surface are shielded from direct exposure to floodwaters, reducing the
likelihood of water-induced damage and enhancing the resilience of the electricity grid.

Moreover, underground power lines offer better reliability and durability during flooding
events than above-ground ones. Above-ground power infrastructure, including poles, wires, and
transformers, is susceptible to water infiltration, structural damage, and corrosion caused by
prolonged exposure to floodwaters. In contrast, underground power lines are protected from
water-related impacts, ensuring the continuity of electricity supply even in the aftermath of
flooding. This reliability is essential for supporting emergency response efforts, maintaining
essential services, and safeguarding community resilience in flood-prone regions.

Additionally, underground power lines help to enhance public safety and reduce the risk
of electrical hazards during flooding events. Floodwaters can compromise the integrity of above-
ground power poles and equipment, leading to the potential for electrocution, fires, and injuries.
Underground power lines eliminate these risks by removing above-ground electrical infrastructure
from flood-prone areas, reducing the likelihood of electrical accidents and ensuring the safety of
residents, first responders, and utility workers. This promotes public safety and resilience in flood-
affected communities, contributing to disaster preparedness and risk mitigation efforts.

Furthermore, underground power lines offer aesthetic and environmental benefits in
flooding-prone regions. Above-ground power infrastructure can detract from the visual appeal of
landscapes, disrupt natural habitats, and pose barriers to floodwater flow during inundation
events. Underground power lines, being hidden from view, preserve the natural beauty of flood-
prone areas, minimize visual clutter, and promote environmental conservation. This enhances
residents' overall quality of life and supports sustainable development practices in flood-affected
regions.

The need for underground above-ground distribution and transmission power lines in
flooding-prone regions is essential to address the significant risks of floods. By mitigating water-
related damage, enhancing reliability, improving public safety, and preserving aesthetics,
undergrounding power lines offers a sustainable and effective solution to strengthen
infrastructure, support community resilience, and ensure the continuity of electricity supply in
flood-affected areas. As floods continue to pose significant threats to communities globally,
investing in underground power lines represents a proactive and prudent approach to building
resilience and adapting to the challenges of extreme weather events.

10.1.5 Earthquake

In earthquake-prone regions, undergrounding above-ground distribution and transmission power
lines is crucial to mitigate the risks associated with seismic events and enhance the resilience of
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electrical infrastructure. Earthquakes can cause extensive damage to above-ground power lines,
poles, and equipment, leading to widespread power outages, infrastructure failures, and
disruptions to critical services. Undergrounding power lines offer a viable solution to reduce the
vulnerability of electrical infrastructure to seismic hazards and ensure the reliability of electricity
supply in earthquake-prone areas.

One primary reason for undergrounding power lines in earthquake-prone regions is to
minimize the risk of structural damage and collapse. Above-ground power infrastructure, such as
poles and towers, is susceptible to structural failure and collapse during earthquakes, resulting in
extensive damage and prolonged service outages. Underground power lines buried beneath the
ground surface are inherently more resistant to seismic forces, reducing the likelihood of structural
damage and ensuring the integrity of the electricity grid even in a significant earthquake.

Moreover, underground power lines offer more reliability and durability during earthquakes
than above-ground lines. Seismic events can cause ground shaking, soil liquefaction, and
landslides, damaging above-ground power infrastructure and disrupting electricity supply.
Underground power lines, insulated from surface disruptions, are less vulnerable to these seismic
hazards, ensuring the continuity of power supply to critical facilities, emergency services, and
essential infrastructure during and after earthquakes. This reliability is essential for supporting
post-earthquake recovery efforts and maintaining essential services for affected communities.

Additionally, underground power lines help to enhance public safety and reduce the risk
of electrical hazards during earthquakes. Earthquakes can cause above-ground power lines to
sway, sag, or collapse, leading to the potential for electrocution, fires, and injuries. Underground
power lines eliminate these risks by removing above-ground electrical infrastructure from the
impact zone of seismic events, reducing the likelihood of electrical accidents, and ensuring the
safety of residents, first responders, and utility workers. This promotes public safety and resilience
in earthquake-affected areas, contributing to disaster preparedness and risk mitigation efforts.

The undergrounding of above-ground distribution and transmission power lines in
earthquake-prone regions is essential to mitigate the risks posed by seismic events and enhance
the resilience of electrical infrastructure. By reducing the vulnerability of power lines to structural
damage, enhancing reliability, improving public safety, and preserving aesthetics,
undergrounding power lines offers a sustainable and effective solution to strengthen
infrastructure, support community resilience, and ensure the continuity of electricity supply in
earthquake-affected areas. As earthquakes continue to pose significant threats to communities
globally, investing in underground power lines represents a proactive and prudent approach to
building resilience and adapting to the challenges of seismic hazards.

10.2 GEOGRAPHICAL LOCATIONS
10.2.1 Mountainous Terrain

Mountainous regions present unique challenges for above-ground transmission and distribution
power lines, making undergrounding these lines necessary to enhance reliability, reduce
environmental impact, and ensure the safety of communities in such areas. The rugged terrain,
harsh weather conditions, and susceptibility to natural hazards in mountainous regions often pose
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significant risks to above-ground power infrastructure, making undergrounding a compelling
solution to mitigate these challenges.

One primary reason to consider undergrounding power lines in mountainous regions is to
minimize the risk of damage and disruption caused by severe weather events. The mountainous
terrain is prone to extreme weather conditions, including heavy snowfall, ice storms, high winds,
and lightning strikes, which can damage and fail above-ground power lines. Undergrounding
power lines protects them from these weather-related hazards, ensuring the reliability of electricity
supply to mountain communities, even during severe weather events.

Moreover, underground power lines offer increased resilience to natural disasters such as
landslides, avalanches, and rockfalls, which are everyday occurrences in mountainous regions.
Above-ground power infrastructure is vulnerable to damage from these geological hazards,
leading to service outages and safety risks. By burying power lines underground, the risk of
disruption due to such events is significantly reduced, enhancing the safety and reliability of the
electrical grid in mountainous areas and minimizing the impact on communities.

In addition to mitigating risks from natural hazards, undergrounding power lines in
mountainous regions helps preserve scenic beauty and environmental integrity. Above-ground
power infrastructure, such as transmission towers and distribution poles, can detract from the
natural landscape, disrupt wildlife habitats, and impact sensitive ecosystems. Underground power
lines eliminate the visual blight associated with above-ground infrastructure, allowing
mountainous regions to retain their aesthetic appeal and ecological balance while providing
essential electricity services to residents and businesses.

Furthermore, undergrounding power lines in mountainous regions improves the safety and
accessibility of electrical infrastructure for maintenance and repair personnel. The rugged terrain
and steep slopes of mountainous areas make it challenging to access above-ground power lines
for routine maintenance, inspections, and repairs. Underground power lines buried beneath the
ground surface are easier to access and maintain, reducing the risks and logistical challenges
associated with servicing above-ground infrastructure in mountainous terrain.

Despite the benefits of undergrounding power lines in mountainous regions, there are also
considerations regarding cost, construction logistics, and technical feasibility. Excavating
trenches, laying underground cables, and installing associated infrastructure can be more
expensive and complex in mountainous terrain than in flat areas. However, the long-term benefits
of improved reliability, safety, and environmental stewardship often outweigh the initial costs of
undergrounding power lines in mountainous regions.

Considering undergrounding above-ground transmission and distribution power lines in
mountainous regions is essential to address the challenges of rugged terrain, severe weather,
and natural hazards. By enhancing reliability, reducing environmental impact, and ensuring the
safety of communities, underground power lines offer a sustainable and effective solution to meet
the electricity needs of mountainous areas while preserving their natural beauty and ecological
integrity. As mountain communities continue to grow and develop, investing in underground power
infrastructure represents a proactive and forward-thinking approach to building resilience and
supporting sustainable development in these unique regions.
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10.2.2 Restrictive Terrain And Limited Road Access

In residential areas characterized by restrictive terrain around roadways and limited access,
underground above-ground transmission and distribution power lines emerge as a crucial solution
to address numerous challenges associated with traditional overhead power infrastructure. These
areas often face constraints such as narrow streets, dense vegetation, and limited space for utility
poles, making installing and maintaining above-ground power lines logistically challenging and
aesthetically unappealing. By transitioning to underground power lines in such environments,
communities can enhance safety, reliability, and visual appeal while ensuring the efficient delivery
of electricity services to residents.

One of the primary reasons for considering undergrounding power lines in residential
areas with restrictive terrain and limited access roadways is to improve safety and minimize the
risk of accidents and injuries. Traditional above-ground power lines are susceptible to damage
from falling trees, vehicle collisions, and severe weather events, posing hazards to pedestrians,
motorists, and residents. In areas with narrow streets and restricted visibility, overhead power
lines can exacerbate safety concerns and increase the likelihood of accidents. Underground
power lines eliminate these risks by removing overhead obstructions and reducing the potential
for electrical hazards, thereby enhancing the overall safety of residential neighborhoods.

Additionally, undergrounding power lines in areas with restrictive terrain and limited
access roadways helps protect the community's visual aesthetics and environmental quality.
Above-ground power infrastructure, such as utility poles and overhead wires, can detract from the
scenic beauty of residential neighborhoods and disrupt the natural landscape. In densely
populated areas with narrow streets and limited green space, the visual impact of overhead power
lines can be particularly pronounced, diminishing the quality of life for residents and detracting
from property values. Underground power lines solve these aesthetic concerns by concealing
electrical infrastructure beneath the ground, allowing residential areas to maintain their charm and
visual appeal while providing residents with reliable electricity services.

Moreover, undergrounding power lines in areas with restrictive terrain and limited access
roadways enhances the reliability and resilience of the electrical grid (Kueck, 2004). above-
ground power lines are susceptible to damage and outages caused by severe weather, vegetation
encroachment, and human interference, leading to service disruptions and inconvenience for
residents. In areas where access for maintenance and repair crews is limited due to narrow streets
and challenging terrain, restoring power following an outage can be time-consuming and
logistically challenging. Underground power lines are less vulnerable to weather-related damage
and external threats, ensuring residents' more reliable and resilient electricity supply, even in
adverse conditions.

Despite the numerous benefits of undergrounding power lines in residential areas with
restrictive terrain and limited access roadways, there are also considerations regarding cost,
construction logistics, and technical feasibility. Excavating trenches, laying underground cables,
and installing associated infrastructure can be more expensive and complex compared to
overhead power lines, particularly in areas with challenging terrain and restricted access.
However, the long-term benefits of improved safety, reliability, and visual aesthetics often
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outweigh the initial costs of undergrounding power lines in residential neighborhoods, making it a
worthwhile investment in communities' sustainable development and livability.

Lahaina, Hawaii, and other parts of the state face unique challenges due to their
geographical features, including single-access areas only accessible by a single roadway. These
areas are particularly susceptible to wildfire and emergency risks exacerbated by overhead
powerlines and utilities. The recent fire in Lahaina serves as a poignant example of the rapid
spread and devastating consequences that such emergencies can have in these environments.
Single-access areas like Lahaina are vulnerable to wildfires due to several factors. Firstly, the
limited access points make it challenging for emergency responders to reach affected areas
quickly, increasing response times and potentially allowing fires to spread unchecked. In the case
of Lahaina, the fire spread from the mountains to the main town towards the ocean in just 30
minutes, highlighting the rapidity with which wildfires can escalate in such environments (Kelleher,
2024).

Secondly, overhead powerlines and utilities exacerbate the risks associated with wildfires
in single-access areas. Downed powerlines can serve as ignition sources for fires or create
barriers that hinder evacuation efforts. In Lahaina, cars were blocked by downed powerlines
during the fire, preventing residents from escaping via the single-access roadway. This situation
forced individuals to abandon their vehicles and retreat to the ocean for safety, highlighting the
life-threatening consequences of such obstacles during emergencies. Furthermore, the dense
vegetation and dry conditions often found in areas like Lahaina provide ample fuel for wildfires,
further increasing the likelihood of rapid fire spread and intensification. The combination of limited
access, overhead powerlines, and conducive environmental conditions creates a perfect storm
for wildfire emergencies in single-access areas.

Addressing the risks associated with wildfires and emergencies in single-access areas
requires a multifaceted approach. Proactive measures such as vegetation management and
firebreak construction can help reduce the likelihood of wildfires and limit their spread.
Additionally, investments in infrastructure resilience, such as undergrounding powerlines and
utilities, can minimize the risk of ignition and obstruction during emergencies. Improving
emergency preparedness and evacuation plans, including establishing alternative escape routes
and providing adequate training for residents and emergency responders, is also essential to
ensuring the safety of communities in single-access areas.

In conclusion, single-access areas like Lahaina, Hawaii, face heightened risks of wildfire
and emergencies due to their geographical constraints and the presence of overhead powerlines
and utilities. The recent fire in Lahaina underscores the urgent need for proactive measures to
mitigate these risks and enhance the resilience of communities in such environments. By
implementing a comprehensive approach that addresses vegetation management, infrastructure
resilience, and emergency preparedness, we can help protect lives and property in single-access
areas and ensure the safety and well-being of residents and visitors alike.

The table comprehensively analyzes various scenarios to determine whether above-
ground power lines should be undergrounded. It considers factors such as the total net benefit
compared to total net cost, population density, vulnerability to storms, the willingness of the
population to cover costs, proximity to coastlines or high-fire risk areas, and the presence of
tornado-prone areas or restrictive terrain. Undergrounding is recommended if the total net benefit
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exceeds the net cost, if population density is high, or if lines are vulnerable to storms. Additionally,
undergrounding becomes viable if most of the population is willing to cover costs. Conversely,
hardening the powerlines is advised if lines are within hurricane-prone areas or high-fire risk
areas. Other considerations include tornado-prone areas and areas with single roadway
entrances or restrictive terrain, each influencing decisions to either underground, harden, or
maintain the status quo for power lines.

Table 5.1 Scenario-Based Decision Matrix

Scenario Description Outcome if Answered “Yes”
Is the total net benefit($) greater than or Underground powerlines
equal to the total net cost($)?
Is the population density greater than or Underground powerlines
equal to 40 end users per T&D line mile?
Are T&D lines vulnerable to intense and Underground powerlines

frequent storms or not rated above 100-year
storm standards?

Can utility lines (telephone, television, Underground power and utility lines
internet) be buried in shared trenches?
Are overhead line easements(right-of-way) Underground powerlines

larger than underground easements?
Is more than 50% of the provided population | Underground powerlines
willing to cover the undergrounding costs?
Are T&D lines within 5 miles of coastline and | Underground powerlines
subject to hurricanes?
Are T&D lines within 20 miles of coastline Harden powerlines
and subject to hurricanes?
Are T&D lines in areas with brush or forest in | Underground powerlines
high-fire risk areas?
Are T&D lines in areas with brush or forest in | Harden powerlines
moderate-fire risk areas?
Are T&D lines in an area prone to tornadoes? | Underground distribution lines and utility
lines. Harden transmission lines.

Are distribution lines in an area where the Underground powerlines

main roadway is a single entrance and exit to
an area further than %2 mile with restrictive
terrain?

Do T&D lines not meet any of the above Status Quo
criteria?
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CHAPTER 11: CONCLUSION

From a multi-scenario and geographical perspective, the debate between above-ground and
below-ground power lines is complex, considering factors such as vulnerability to natural
disasters, initial installation costs, maintenance expenses, and overall reliability. Drawing from the
literature discussed, it becomes evident that both options have advantages and disadvantages,
with varying implications depending on the specific context and environmental conditions.

As extensively depicted, above-ground power lines are the conventional choice across
many regions due to their lower installation costs and ease of maintenance. However, their
susceptibility to damage from severe weather events, such as tornadoes, ice storms, and
hurricanes, poses significant risks to both the infrastructure and the communities they serve. The
frequent occurrence of these disasters, particularly in regions prone to such weather phenomena,
highlights the need for robust mitigation strategies to minimize potential disruptions and hazards.

Conversely, adopting below-ground power lines presents a compelling alternative,
particularly in areas vulnerable to frequent and intense storms. The Cordova, Alaska, Islands of
Hawaii, and Beadle County, SD case study underscores the benefits of burying power lines in
mitigating damage and ensuring uninterrupted service during adverse weather conditions.
Although underground lines' initial installation costs are higher than their above-ground
counterparts, the long-term advantages in terms of reliability and reduced maintenance expenses
make them a prudent investment, especially in areas prone to recurrent natural disasters.

Moreover, the geographical context is crucial in determining the feasibility and
effectiveness of above-ground and below-ground power lines. While above-ground lines may be
more suitable for sparsely populated areas with low risk of severe weather events, densely
populated urban centers and regions prone to hurricanes or tornadoes would benefit significantly
from the resilience offered by underground infrastructure. The flat terrain of South Dakota, as
described in the literature, provides an ideal landscape for installing underground lines, minimizing
excavation challenges and associated costs. Additionally, the secluded and independent nature
of the Hawaiian islands emphasizes the necessary investment in underground infrastructure to
maintain the highest level of reliability and safety.

Furthermore, the decision between above-ground and below-ground power lines requires
a comprehensive assessment of the community's socio-economic factors and long-term
sustainability goals. While above-ground lines may offer short-term cost savings, the potential for
extensive damage and service interruptions during natural disasters can result in significant
economic losses and disruptions to daily life. In contrast, investing in below-ground infrastructure
aligns with the principles of disaster resilience and sustainable development, offering more
excellent reliability and reduced environmental impact over the long term.

In conclusion, the choice between above-ground and below-ground power lines should be
approached carefully considering the specific geographic, environmental, and socio-economic
factors. While above-ground lines may provide cost-effective solutions in specific contexts, the
inherent vulnerabilities to natural disasters necessitate proactive measures to enhance resilience
and mitigate risks. In contrast, below-ground power lines offer excellent reliability and durability,
particularly in regions prone to severe weather events, albeit at higher initial costs. Ultimately,
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investing in resilient infrastructure is essential for ensuring communities' safety, stability, and
sustainability in the face of evolving environmental challenges.
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