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ABSTRACT

Nepal’s growing market penetration and demand for electricity are causing power net-
works to operate above their intended limits, leading to transmission limitations. High
real estate costs, infrastructure development, and the protection of forests and other natural
areas make it difficult to build additional transmission lines in urban or semi-urban areas.
Transmission line projects typically have short schedules to meet the growing demand
for load and accommodate future hydropower projects and renewable energy generation

projects.

It is preferable to replace the current, aging ACSR conductors with HTLS conductors that
have a greater power transfer capability to attain the maximum amount of power transfer
per unit RoW. Compared to a new line, this can be completed more quickly and with less
effort and financial planning. Without requiring major changes to the current tower, the

same transmission line footprint can be utilized.

A strong power system can withstand sudden disturbances without catastrophic conse-
quences.To ascertain the effects of transmission line failure on the electricity system and
transmission line outages on system performance, contingency analysis is utilized. This
study calculates the performance index, or Active Power Performance Index (PIP), for
a single transmission line outage using the Newton-Raphson technique and DIgSILENT
Power Factory modeling software. The findings indicate which lines in the INPS grid
are crucial, indicating that either compensatory devices or transmission line upgrades are

necessary.

Load flow study is the backbone of power system planning, operation, and expansion.
Load flow calculation of the INPS with assistance from the software DigSILENT Pow-
erFactory 15.1 is executed at peak wet season generation scenario and Dry Peak Case.
Overall national generation of 3076.29 MW and peak load of 2050.19 MW is found with
surplus power of 846.60 MW and grid losses of 179.50 MW. The adoption of equivalent
HTLS conductor is being investigated for further analysis of critical 66kV and 132kV line
sections at maximum generation and peak load demand and minimal Dry Peak generation

and peak load.

Keywords: Contingency, INPS, Newton-Raphson, Performance Index
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CHAPTER ONE: INTRODUCTION

1.1 Background

The reliable operation of a power transmission system is crucial for ensuring an uninter-
rupted supply of electricity. With the increasing demand for electrical power, transmission
networks often experience overloading, which can lead to contingencies such as line fail-
ures and system instability. The Integrated Nepal Power System (INPS) is facing signif-
icant challenges due to overloaded transmission lines, necessitating a strategic approach
for system upgradation. Identifying and mitigating these issues is critical for improving

system resilience and ensuring the long-term reliability of power distribution.

Nepal’s transmission lines are currently primarily overhead for cost reasons. At the mo-
ment, Nepal has 384 Circuit Kilometer (Ckt-km) of high voltage transmission lines, in-
cluding the Dhalkebar- Muzzarffarpur 400kV Cross-Border Transmission Line (78 Ckt.km)
and the Dhalkebar-Inaruwa 400kV (306 Ckt.km). 514.46 Ckt-km of 66 kV transmis-
sion lines, 3967.87 Ckt-km of 132 kV transmission lines and there are 1105 circuit km of
220 kV lines including 5 circuit km of underground cable 220 kV double circuit lines at
Matatirtha Substation. As per the NEA Annual Report 2081, Nepal is currently building
transmission lines for 450 circuit km of 400 kV, 583 circuit km of 220 kV, and 1,247
circuit km of 132 kV. In the same way, 766 circuit km of transmission line and 4188
MVA capacity to the system have been added in the fiscal year 2080/081 by which INPS
transmission system till date consists of 6508 Ckt-km of Transmission lines, 13050 MVA
transformation capacity and 367.5 MVAr compensating capacity[1].

Due to the shifting social and economic activities of the expanding population, market
penetration and electricity demand are rising daily. Electric vehicles and electric cook-
ing is adding extra burden to the existing transmission lines making them overload. After
being released from its planned power outages, the Nepal Electricity Authority (NEA) is
committed to provide its customers with consistent, reasonably priced, and dependable
electric power. With substantial investments in transmission and distribution systems for
their strong power system network, utilities should take the initiative to strengthen the
power system as a whole. The Integrated Nepal Power System (INPS) is facing signif-
icant challenges due to overloaded transmission lines, necessitating a strategic approach
for system upgradation. In crowded urban and semi-urban regions where property prices
have been rising, one of Nepal’s biggest challenges has been the construction of addi-

tional transmission and distribution lines and substations. Repeated hindrance from the



landowners and rudimentary social and environmental issues have suffered the transmis-
sion lines and other power system projects very badly. Identifying and mitigating these
issues is critical for improving system resilience and ensuring the overall Power System
performances[2]. High Temperature Low Sag (HTLS) conductors, which are newly de-
veloped high-capacity conductors, will be used in place of ACSR conductors. NEA and
the relevant department must reconsider how to increase transmission capacity by imple-
menting new procedures that allow the same transmission footprints to be used. When
HTLS conductor use was evaluated using the IEEE 9 bus system, an investigation of vari-
ous methods to increase power transfer capacity revealed that it had decreased congestion
by 41%][3]. While several techniques are used throughout the world to increase the trans-
mission lines’ capacity, in Nepal, this is essentially a novel approach. Some of the major
overloaded lines of INPS have already been successfully uprated with equivalent HTLS
conductor and many transmission lines upgradation projects in NEA are under execution
phase[1].

1.2 Problem Statement

The trend of energy consumption in Nepal’s electrical market is increasing quickly these
days because of modernization, globalization, urbanization, the real estate industry, popu-
lation increase and changes in consumer energy consumption patterns. Transmission and
distribution lines are designed for optimal load-handling capacity, but due to high power

transfer capacity the lines are being overloaded.

Several transmission lines in the INPS network are operating beyond their rated capaci-
ties, leading to increased thermal stress and potential failures. In the event of a line outage,
adjacent transmission lines carry the additional load, which can lead to cascading failures.
NEA and related utility have to face different issues in development of the new transmis-

sion lines and substations mainly because of the following factors:

* a) Restrictions on Right of Way Accessibility: Rights of Way for New Line Projects
are inaccessible because of the high cost of real estate, the large population, infras-

tructure development, and forest preservation.

* b) Time constraints: The new transmission line must be constructed as soon as pos-
sible. The rate at which new transmission lines are being built is slower than the
rate at which power generation is increasing. Additionally, it will take significantly

longer to build a new transmission line than the utility can tolerate.



Due to long-standing landowner resistance, the expense of deforestation and rebuilding
vegetation at new sites, and growing real estate prices, new transmission lines have been
a persistent issue that has caused project delays throughout time. Based on these tenets,
the government must reconsider and revise current laws, regulations, and guidelines to
accomplish public expectations in a way that facilitates timely project completion. In
order to convey sufficient power to the load center with less investment, the NEA and other
implementing agencies need to make plans to use high-capacity conductors to expand the

current transmission lines’ capacity.

Although it is inevitable to increase the transmission capacities of existing lines, it takes
a lot of capital and effort to establish a new overhead transmission line. It is believed that
by replacing the outdated ACSR conductor with HTLS conductors in a shorter period of
time and with a lower expenditure, the capacity of current lines might be increased rather
than new transmission lines being built to satisfy the increasing demand for power. The
high-capacity conductors can decrease line loss and carry more current than the traditional
ACSR conductors. The fastest and least expensive way to increase line capacity is through

re-conductoring.

This study aims to identify critical transmission lines, analyze their contingency impact,
and prioritize them for upgrades based on a Performance Index (PI) ranking. Without
strategic interventions, the risk of widespread blackouts and reduced power system stabil-
ity remains high.

1.3 Objectives
The primary objectives of this research work are noted below:

* To analyze the current load flow conditions of the INPS and identify overloaded

transmission lines.

* To perform contingency analysis by simulating potential failures and assessing their

impact on the power network.

* To rank the transmission lines based on their severity of overloading and contin-

gency effects using Performance Index (PI) scores.

» To propose strategic transmission system upgrades for enhancing grid reliability and
efficiency.



* To do load flow and analyze the results after upgrading all the critically overloaded

transmission lines.

1.4 Scope

This research work focuses on the transmission lines within the INPS network, particularly
those that exhibit high loading conditions. The study employs IEEE Standard 738 for
evaluating conductor current ratings and utilizes DigSILENT PowerFactory for load flow

and contingency analysis.
The scope of the research work assumes the following considerations :

* The primary focus of the study is on INPS overhead wires with voltages of 66kV

and above.

* The load flow output’s capacity to identify the important transmission lines is greatly
influenced by the precision the accuracy of the information acquired from secondary

sources.

* Maximum wet season generation and maximum peak load conditions have been

considered.

* The swing bus receives excess power during the load flow study during the rainy

s€ason.

» The swing bus supplies the deficit electricity during the load flow study of the dry

s€ason.

» Based on the present NEA service state, the derated current carrying capacity is

examined.

* After replacing the conductors, it is anticipated that protection and insulation sys-

tems will be adequate to supply the increased power flow.

* Only the severely overloaded lines are suggested to have their high-capacity con-

ductors replaced.

1.5 Limitation

This study was not conducted with consideration for the following limitations:

4



* The cost of cutting the transmission lines to string the new HTLS conductors and

dismantle the old ACSR conductors is not counted.

+ Additionally, indirect costs that could be associated with the load curtailment pa-

rameter and conductor replacement are not taken into account.

* Replaced old ACSR conductors, project execution schedule, etc., are outside the

purview of the investigation.

* Further validation is required before upgrading existing aged conductor with high

current capacity conductor in the field.

1.6 Significance of the Research Work

This research work focuses on the 66kV and higher voltage transmission lines within the
INPS network, particularly those that exhibit high loading conditions. By identifying the
most critical transmission lines for upgradation, this study provides a data-driven approach
to strengthening Nepal’s power system infrastructure. Policymakers, engineers, and utility
operators can use the insights to improve the INPS’s efficiency and dependability. Up-
grading prioritized transmission lines will reduce system overall losses, improve voltage

stability, and ensure a more resilient power grid.

1.7 Thesis Organization

The dissertation is organized into five chapters. This section enlists a brief outline of each

chapter and its contents.

» Chapter 1 gives brief introduction of the dissertation including background infor-
mation, problem statement, objectives, and key assumptions and limitations. The

problem statement is described and followed by the objectives of the thesis.

» Chapter 2 explores the necessary literature review done for this thesis covering the
development and implementation of HTLS conductors in the INPS network, various
methods to enhance transmission line capacity, and . It also discusses load flow

analysis. Additionally, relevant studies on HTLS conductor adoption are reviewed.

» Chapter 3 explains contingency analysis, its ranking of overloaded transmission

lines, input parameters, INPS modeling, and an explanation of IEEE 738 for figuring



out the connection between overhead conductors’ current and temperature. It also

summarizes the load flow analysis of the INPS after conductor upgradation.

+ Chapter 4 analyzes the simulation results, assessing their significance. The technical
specifications of various conductors are examined, and critical transmission sections
are identified through load flow studies and their ranking is done using contingency
ranking. Recommendations for replacing these sections with high-capacity conduc-
tors are proposed and the load flow analysis of the INPS after conductor upgradation

is done aswell as the findings are summarized.

» Chapter 5 concludes the thesis work and suggests further research opportunities to

expand on this work.

Finally, this thesis will end with a list of references and the relevant appendices.



CHAPTER TWO: LITERATURE REVIEW

This chapter explores the necessary literature review done for this dissertation. It covers
the fundamentals of Conductor uprating strategy for enhancing the power transfer capac-
ity of existing transmission lines without extensive infrastructure modifications. Vari-
ous studies and industry standards have explored methods to increase conductor current-

carrying capability while maintaining system stability.

2.1 Overview of Conductor Uprating

The technique of enhancing overhead transmission lines’ current-carrying capacity (Am-
pacity) is known as conductor uprating. This can be achieved through a variety of tech-
niques, such as reconducting with High Temperature Low Sag (HTLS) conductors, mod-

ifying conductor operating conditions and enhancing transmission line designs.

2.2 Methods for Overhead Conductor Uprating

The overhead transmission lines’ capacity to transfer power can be increased using a va-
riety of methods. The future capacity requirements, current line specifications and line
design and construction processes are the primary determinants of the best approaches
or methods for uprating overhead transmission lines. Therefore, physical limits, operator
considerations, economics and electrical limitations should all be taken into account. The
methods of Overhead Transmission lines Uprating techniques is shown in the following

Figure 2.1

The location, features, and performance of the old existing line will determine the best
overhead line uprating strategies for a given situation. Upgrading an overhead line by
definition means increasing its power delivery capability, which calls for either increasing

its:
* Current Rating (Current Uprating) and/or
* Voltage Level (Voltage Uprating)

2.2.1 Current Uprating

The most popular choice for uprating overhead lines is current uprating. It works well
for overhead wires whose thermal capacity limits the line loading. Since a higher cur-

rent rating raises the conductor temperature, the method is often referred to as ”Ampacity
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Figure 2.1: Methods of Capacity Enhancement of Transmission Line[4]

Uprating” or “Thermal Uprating.” The subsequent subsections provide explanations of

various overhead line current uprating techniques.

* Re-conductoring Method:
The most popular and efficient way to increase current while requiring the least
amount of structural alteration is re-conductoring. Without changing their struc-
ture, Current can be greatly increased using High Temperature Low Sag (HTLS)
conductors[5]. HTLS conductors are designed to withstand higher temperatures

while minimizing sag, making them ideal for uprating applications.

* Deterministic Method:
By raising the conductor temperature while keeping the ground clearance appro-
priate, current uprating can be accomplished using this method. This approach de-
termines the current rating under the worst-case weather conditions for a line by
considering the highest allowable conductor temperature together with wind speed

and direction, ambient temperature and solar radiation.

* Probabilistic Method:
With this approach, line ampacity is predicted using statistical models based on

past weather data. To ascertain how long a conductor temperature can stay over its



limiting value, the probabilistic method takes into account the real weather in the

area where the line is located.

* Real-time Monitoring Method:
It implements real-time monitoring of environmental conditions (e.g., wind speed,
temperature) to dynamically adjust line ratings.Based on actual conductor location
and meteorological circumstances, real-time monitoring assists system operators
in developing and implementing line ratings in real-time. Because the conductor
temperature rarely rises over the design temperature, there is less chance of the

aluminium conductor’s annealing temperature being exceeded.

* High Surge Impedance Loading Method:
By lowering the overhead line’s characteristic impedance and raising the SIL (Surge
Impedance Loading) level, the most recent technological advancements have en-
abled an increase in power transfer capabilities. We refer to this idea as High Surge
Impedance Loading (HSIL).

2.2.2 Voltage Uprating

The voltage rating of lines is raised using this technique of uprating overhead transmission
lines, which is only feasible in the presence of adequate electrical clearance. Two crucial
elements must be present in order to obtain this clearance. The first step is to determine
whether an existing structure has the necessary air clearances for a higher voltage. The
second step is to determine the amount of insulation needed to withstand overvoltages
caused by power frequency, lightning impulses, and switching surges. The above methods

of current uprating and voltage uprating techniques[6] are shown in the Table 2.1



Table 2.1: Methods of Conductor Uprating of Transmission Line[6]

Uprating Method Technique Process
Re- Replacement of Conductor | Increased  conductivity
Increasing conductoring area, Composite con-
Method ductor systems, High
current
rate ‘ . . temperature conduF:tors
Rating criteria modifica- | Study of Metrological data
(Currfent tion
Uprating) Deterministic | Increase conductor tension | Increment in tension, Neg-
Method ative Sag Device
Increase conductor attach- | Extension of structure
ment height body, Interspaced struc-
tures, Insulator crossarm
Probabilistic | Account for actual load | Temporary increase in rat-
Method profile ing
Modify rating criteria Probability-based metro-
logical study
Real-time Thermal of line, sag, ten- | Line sag or tension moni-
monitoring sion and/or climatic condi- | tor, Conductor distributed
Method tions measurement temperature sensing,
Weather station
High surge | Conductor geometry and | Physical configuration
impedance bundling
loading
Method
Increasing | Conductor Increasing conductor at- | Re-tensioning, Sag ad-
voltage air clearance | tachment height justment, Increasing
level conductor height at at-
(Voltage tached point, Extension of
Uprating) structure height, Terrain

parameters

Increasing phase-to-phase
clearance

Re-Tensioning, Line com-
paction,  Double-circuit
line to high voltage single-
circuit line, Inter-phase
spacer

Insulation
electrical
strength

Re-insulation

Adding/substituting insu-
lators, Use of polymeric
insulator, Cross-arm mod-
ification
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2.3 HTLS Conductors and its Application

High-Temperature Low-Sag (HTLS) conductors are sophisticated overhead transmission
line conductors made to function at high temperatures with little sag during operation.
These conductors enable power utilities to increase transmission capacity without the need

for significant infrastructure modifications.

2.3.1 Overview of HTLS Conductors

HTLS conductors are engineered with specialized core materials that allow higher op-
erating temperatures while reducing sag, thus overcoming the limitations of traditional
conductors like ACSR (Aluminum Conductor Steel Reinforced)[7]. Similar to ACSR,
HTLS conductors are typically composed of stainless steel wires that have been helically
stranded over a reinforcing core. The low density, high conductivity layers of aluminum
strands are where the majority of electrical current flows. At high temperatures and loads,
the reinforcing core bears the majority of the tension force. It might be significant to
remember that using high temperature conductors, such as HTLS, would enable higher
current and power flow, but if the line is longer than 100 km, voltage regulation may

suffer. Some of the Key Features of HTLS Conductors are given below:

* May function at temperatures as high as 200-250°C, as opposed to regular ACSR’s
80°C.

* Minimal sag, allowing increased power transfer without violating clearance limits.

* Higher ampacity, enabling existing transmission lines to carry more current.

L]

Reduced thermal expansion, maintaining system reliability under high load condi-

tions.

2.3.2 Types of HTLS Conductors

1. ACCC (Aluminum Conductor Composite Core) :

» Core Material: Carbon fiber or glass fiber composite.

» Advantages: High strength, reduced sag, increased efficiency, and lower losses.

11



Figure 2.2: ACCC HTLS Conductor

 Applications: Used in long-span transmission lines and high-capacity corri-

dors.

2. ACCR (Aluminum Conductor Composite Reinforced) :

» Core Material: Aluminum-based metal matrix composite (MMC).

» Advantages: Lightweight, corrosion-resistant, and suitable for harsh environ-

ments.

* Applications: Ideal for areas with extreme weather conditions and high me-

chanical loads.

Figure 2.3: ACCR HTLS Conductor

3. GAP-Type Conductors (GZTACSR, GTACSR) :

» Core Material: Grease-filled gap between aluminum and steel core.

12
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Figure 2.4: Gap Type ZTACSR HTLS Conductor

» Advantages: High thermal resistance, better mechanical stability, and suitable

for retrofitting.

* Applications: Used in upgrading existing transmission lines with minimal

modifications.

4. Invar Core Conductors (TACIR, GTACIR) :

» Core Material: Invar (Nickel-Iron alloy).
» Advantages: Low thermal expansion, high durability.

» Applications: Useful for regions with extreme temperature variations.

Figure 2.5: Invar Core TACIR HTLS Conductor

2.3.3 Applications of HTLS Conductors

High-Temperature Low-Sag (HTLS) conductors are used in power transmission networks
worldwide to boost the efficiency and capacity of their existing transmission lines. The
practice of substituting high-capacity conductors for traditional ACSR conductors in or-
der to fulfill the rising demand for electric load has been examined in numerous inter-
national research articles [8]. The 220 kV transmission system capacities in Egyptian
Power Network increased by 58%-78% after uprating by conventional conductor by HTLS
conductor[9]. Some of the notable applications of HTLS conductors in world practices are

listed below:

13



Companies like American Electric Power and Xcel Energy have used Aluminum
Conductor Composite Reinforced (ACCR) to add existing lines without having to

alter tower structures.

South California Edison has rolled out ACSS (Aluminum Conductor Steel-Supported)

on urban distributions to support larger loads.

Power Grid Corporation of India utilized TACSR (Thermal Alloy Conductor Steel
Reinforced) and GAP-type conductors for the augmentation of existing 220 kV and
400 kV networks. HTLS has played a key role in bringing renewable energy to
Rajasthan and Gujarat.

Germany has also employed ACCC (Aluminum Conductor Composite Core) to in-

crease transmission capacity without constructing new corridors.
France and UK used ACSS conductors for long-distance high-voltage transmission.

HTLS conductors assist to deal with high power loads in severe temperature condi-
tions beyond 50°C in United Arab Emirates.

Compact HTLS conductors (GTACSR, ACCC) are used to upgrade power trans-

mission lines without increasing right-of-way in Japan.

Florida Power & Light utility of USA has used HTLS conductors in hurricane-prone

grids to improve system resilience.

2.3.4 Uses of HTLS Conductors in INPS Network

Increasing the transmission capacity of existing lines through uprating is a feasible al-

ternative to building new overhead transmission lines. Many techniques have been used

globally to increase the transmission line conductors’ ampacity, but in Nepal, they are

essentially brand-new. Nonetheless, many new transmission line projects in NEA are

currently underway that use HTLS conductors of the proper design at different voltage
levels (33kV,66kV,132kV,220kV,400kV, etc.)[1]. The following sections provide a quick

overview of the few upgrade plans and projects under NEA.

* The 33 kV Dhalkebar-Mujeliya double lines (line length: 50 ckt. km) had both cir-
cuits updated with HTLS conductor, increasing ampacity by around 70—75% com-
pared to ACSR (Dog) conductor.
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« Similarly, another project in NEA; New Khimti- Lamosanghu 132kV single circuit
ACSR BEAR Conductor has been successfully upgraded using equivalent HTLS
Amsterdam Conductor to improve the power transfer quality and to improve the

Kathmandu Valley’s power supply system’s dependability and continuity.

» Another NEA project is the construction of a 23-kilometer, 132-kV line that will
connect the new Biratnagar substation, which houses the HTLS (ACSR Bear equiv-
alent) conductor, to the Inaruwa substation. It aims to improve the quality of power
in the Morang and Sunsari districts while also reducing power congestion at the
33/11kV Rani Substation, the 33/11kV Tankisinwari Substation and the Duhabi Grid

Substation.

* The majority of the Kathmandu Valley’s transmission lines have already been up-
dated, with HTLS conductors taking the place of outdated ACSR conductors. In
an attempt to enhance the quality of the power supply in the Kathmandu Valley,
HTLS conductor has been added to the 7 km Suichatar-Matatirtha 132kV line, 5
km Suichatar-Balaju 132kV line, 13 km Suichatar-Patan 132kV line, and 8.5 km
Suichatar-Teku 66kV line. In a similar vein, the 66kV transmission line between

Bhaktapur and Baneshwor-Patan has also been upgraded with HTLS conductors[1].

* In addition, 18.5 km of Hetauda-Kamane 132kV single line and 37 km of Hetauda-
Pathlaiya 132kV single circuit transmission line having ACSR Bear conductor have

been successfully uprated with equivalent HTLS Conductor.

* Additionally, an upgrade employing HTLS conductor is proposed for the 28km long,
132kV transmission line between Kushaha and Duhabi, which currently uses ACSR
Bear conductor. In a similar vein, NEA has begun to increase the capacity of the
7km long, 132kV Pokhara-Lekhnath transmission line with ACSR Wolf and HTLS

conductor.

2.4 1EEE Standard 738 for Calculating Current-Temperature of Bare Over-
head Conductors

The current carrying capacity of the ACSR conductors is ascertained using IEEE stan-
dard 738. IEEE Standard 738, "IEEE Standard for Calculating the Current-Temperature
of Bare Overhead Conductors,” provides guidelines for determining the thermal rating
of conductors used in power transmission networks[10]. Manufacturers usually provide

the DC resistance of the conductor at 20 °C and the AC resistance corresponding to 50
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Hz. IEEE Std.738 can be used to determine the flow of alternating current under specific
ambient conditions.
2.4.1 Current Carrying Capacity of ACSR BEAR

The ACSR Bear’s current carrying capacity is determined using IEEE standard 738. Prop-
erties of ACSR Bear conductor are given in Table2.2. The various parameters used for

Table 2.2: Properties of ACSR Bear conductor

Conductor Code | Strands X-section Diameter Resistance at 20
Al/St/dia Area (mm?) (mm) °C (€2/km)
(mm)

ACSR Bear 30/7/3.35 326.1 23.45 0.1093

calculating current carrying capacity of ACSR Bear conductor are tabulated below in the

Table2.3. If one knows the conductor surface temperature and the steady-state weather

Table 2.3: Parameters used for ACSR Overhead Conductors

Parameters Values | Units Remarks
Latitude 27.5 degrees | Latitude of project area
Day of Year June 21 | - Summer Solstice
Time of Day 12:00 PM -

Atmosphere Clear - -

Elevation Above Sea Level 1500 meter -

Ambient Temperature 40 °C -

Conductor Surface Temperature (Max) | 80 °C -

Conductor Absorptivity 0.8 - -

Conductor Emissivity 0.45 - -

Wind Velocity 0.56 m/s -

conditions, one may calculate convection, radiation, solar-caused heat gain, and conduc-
tor resistance for a bare conductor. In these weather circumstances, the corresponding
current can be calculated. A numerical approach is established by IEEE Standard 738 that
links the core and surface temperatures of a bare stranded overhead conductor to weather
conditions and either constant or time-varying electrical current. According to IEEE Stan-
dard 738 Clause 4.4.1, the Steady State heat balance equation is:

QC+QT:QS+[2RT (2.1)
where,

* ().: Rate of Convective heat loss

16



* (). Rate of Radiated heat loss

* (Qs: Rate of Solar heat gain

 I: Conductor current at maximum allowable temperature T

* R: Conductor resistance at maximum allowable temperature T

. Convective Heat Loss: Two types of convective heat loss are commonly recog-
nized: forced convection and natural convection. When there is still air, natural
convection, also known as free convection, takes place. In a cycle that repeats itself
repeatedly, the cold air around the hot conductor heats up, rises and is displaced by
cold air from the surrounding medium. Blowing air over a conductor causes forced
convection, which expels the heated air. The Reynolds number, a dimensionless
quantity, often determines the amount of convective heat loss is given by

Dop+V,
Nge = =470, (2.2)

K

where,
* Dy: Conductor diameter

* py: Air density at the mean film temperature

Vw: Wind velocity
* jy: Dynamic viscosity of air

py: Air density at the mean film temperature of conductor boundary can be calcu-

lated as
~ 1.293—1.525x 10" H, +6.379 x 10" H?

140.003671%m ’

Py (2.3)

where,

* Thim: Air temperature in boundary level, calculated as the mean of conductor

surface temperature (7s) and ambient temperature (7})
* H.: Elevation of conductor above sea level

* V: Wind velocity
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* py: Dynamic viscosity of air at the mean film temperature of conductor bound-
ary calculated as:

~ 1.458 x 10~ (Tym +273)1°
N Ttiim +383.4

Using the above equations, Reynolds number is calculated as below:

" (2.4)

Diameter of ACSR Bear, Dy = 0.02345m,

Maximum allowable conductor surface temperature, Ts = 80°C),
Ambient temperature, T, = 40°C,

Temperature of the air film at conductor boundary, 7%, = % = 60°C,
Elevation of conductor above sea level, H, = 1500m,

Wind velocity, V,, = 0.56m/s,

Air density, py = 0.884Okg/m3,

Dynamic air viscosity, /17 = 1.98689 x 1075 kg/m-s,

Reynolds number, Nge = DopVw _ 580.94.

At any wind speed, IEEE Standard 738 recommends calculating forced convective

heat loss using the following equations and using the larger of two:

ge1 = Kangle [1.01 +1.35 N2 K (T —Ta)] , (2.5)
ez = Kangle - 0.T54NRE K (T — To), (2.6)
where,
Kangle = 1.194 —sin(3) — 0.194 cos(23) + 0.368sin(283), (2.7)
K =2424 x 1072 4+ 7.477 x 10~ T — 4.407 x 10T, (2.8)

Taking the wind to be perpendicular to the conductor axis, i.e., 3 = 90°, gives
Kangle = 1. Using Ty, = 60 °C, we find: Ky = 0.02871W/m°C.

Using these values, the following forced convection rates are obtained:
qe1 = 43.506W/m,
de2 = 59.161W/m.

As per the standard, choose the forced convection rate to be 59.161 W/m.
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Natural convection takes place when the wind speed is zero (”Still Air”), and the

rate of heat loss is:
Gen = 3.645p%° DY P K p(T, — To)' 2. (2.9)

Therefore, the natural convection rate is:
gen =20.658 W/m.

Now, as per the standard, the convection rate will be the maximum of forced and
natural convection rates. Therefore, the rate of convection heat loss is:
ge=59.161 W/m.

. Radiated Heat Loss: Energy is released into the environment through radiation
when a bare overhead conductor is heated above room temperature. Assumed to be
at ambient temperature, the difference between the conductor’s and the surrounding
temperatures largely determines the rate of energy radiation. Radiative heat trans-
port is also influenced by the conductor’s surface state, or emissivity. The Stefan-
Boltzmann law, which is expressed in absolute (Kelvin) degrees to the fourth power,
defines radiation by connecting radiative energy transfer to the difference between
the ambient temperature and the conductor surface temperature. The radiated heat

loss is calculated using:

To+273\" (T, +273\*
+73> _<+73) 1’ (2.10)

—17.8-Dy-
o 0 5[( 100 100

where:
* Dyp: Conductor diameter (m)
* ¢: Emissivity of the conductor surface
» Ts: Conductor surface temperature (°C)
* Ty: Ambient temperature (°C)

As per IEEE Standard 738 Clause 5.4, the absorptivity should be taken to be at least
0.8, and the emissivity should be a maximum of 0.1 less than the absorptivity. Using

¢ = 0.45, we calculate:
gr=11.137 W/m.
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3. Rate of Solar Heat Gain: Heat energy is supplied to the conductor by the sun.
The amount of solar heat energy that is transferred to the conductor is determined
by the sun’s position in the sky, the Solar Constant, the percentage of that energy
that is transferred to the conductor through the earth’s atmosphere, the conductor’s
orientation and its surface state, or absorptivity. The energy of the sun is mostly
absorbed by black, worn conductors and reflected by bright, glossy conductors. The

rate of solar heat gain is calculated as:
qs = aQsesin(0) A’ (2.11)
where:
* a: Absorptivity, o = (.8

 A’: Projected area of conductor per unit length

0: Effective angle of incidence of sun’s ray

Q@ se: Total solar and sky radiated heat intensity corrected for elevation
The projected area of conductor per unit length is given by:

A= Dg-1m?/m = 0.02345 m?/m. (2.12)

The effective angle of incidence of sun’s ray is obtained as:
6 =cos ! (COS(HC)COS(ZC—ZZ)), (2.13)
where:
* H.: Solar altitude
* Z;: Azimuth of the line, Z; = 90° for a line running east to west
* Z.: Azimuth of the Sun
The azimuth of the Sun is calculated as:

Z.=C+tan (X)), (2.14)
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where:

* X: Solar azimuth variable, calculated as:

B sin(w)
X = sin(Lat) cos(w) — cos(Lat) tan(d)

The solar declination ¢ is given by:

284+ N
365

6 = 23.46sin < -360) ,
where:

* N: Day of the year (January 1 = 1, January 2 =2, and so on)

For summer solstice, N = 172, which gives:
0 = 23.459°.

w is the hour angle, the number of hours times 15 degrees from noon.

At noon w = 0°.
Lat is the latitude and Lat = 27.5°N .
This gives X = 0.

Now, the solar constant, C, is defined as shown in the Table2.4:

Table 2.4: Hour Angle and Corresponding C' Values

Hour Angle (w) | C'if X > 0 degrees | C'if X < 0 degrees

—180 <w <0 0 180

0<w<180 180 0

For X =0 and w = 0, C' = 180 which gives Z. = 180°.
The solar altitude H. is given by:

H.=sin"! (Cos(Lat) cos(0) cos(w) + sin(Lat) sin(é)).
Substituting the values gives:

H, = 85.959°,
6 = 90°.
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The total solar and sky radiated heat intensity corrected for elevation, ()., is ob-

tained as:
Qse = ksolar@s, (2.18)
where:
kgolar = 1 +1.148 x 1074 H, — 1.108 x 108 H? = 1.10372, (2.19)
Qs=A+BH.+CH?+DH?+ EH!+ FH> + GH. (2.20)

The values of the coefficients are obtained from Table 2.5 obtained from IEEE Stan-
dard 738.

Table 2.5: Polynomial Coefficients for Solar Heat Intensity as a Function of Solar
Altitude

Coefficients | Clear Atmosphere | Industrial Atmosphere
A -42.2391 53.1821
B 63.8044 14.211
C -1.922 0.66138
D 0.0346921 -0.031658
E -0.000361118 0.00054654
F 1.94318E-06 4.3446E-06
G -4.07608E-09 1.3236E-08

For clear atmosphere, we obtain:

Qs = 1034.685 W/m?,
Qse = 1187.064 W/m?.

Therefore, the rate of solar gain is:
qs = aQsesin(0) A’ = 22.269 W/m. (2.21)
4. Steady State Thermal Rating: The steady state thermal rating can be obtained

using:
Gc+qr ZQS+12RT7 (2.22)

where:
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* ¢.: Rate of convection heat loss = 59.162 W/m

* ¢,: Rate of radiated heat loss = 11.137 W/m

* ¢s: Rate of solar heat gain = 22.269 W/m

 [: Conductor current at maximum allowable temperature of 80°C

* R: Conductor resistance at maximum allowable temperature of 80°C

The resistance at 20°C is 0.1093€2/km, with a temperature coefficient of resistance
of 1/228 per°C. The resistance at 80°C is calculated as:

0.1093 (1+ %)
R(80°C) = = 0.1338Q/km,
1+ 55
228

=1.338x1074Q/m.

Substituting the values into the equation for current:
Ge+qr — Qs
I'=\|—F5o 2.23
R(80°C) ’ 2:23)

i \/59.162+ 11.137 — 22.269

we get:

1.338 x 104 ’
I =599.24 Amperes.

Therefore, the thermal rating of ACSR Bear is 599.24 Amperes.

2.5 Load Flow Analysis

The flow of actual and reactive power as well as electrical performance under specific
situations under steady state system operation are displayed by the load flow solution.
In order to assess and regulate the power system’s performance under particular circum-
stances, it additionally gives transformer and line loads, system losses, and voltages at
specific places in the system. This analysis can also look at other alternative ideas for
future growth to accommodate increasing load demands and evacuation of current and

future generations.
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The load flow in the power system must be examined with consideration for both 1) Present
Operation and 2) Future Operation. On the one hand, an operation or control engineer
needs the right information to get at work practically immediately; he or she has to be able
to access the power system’s behavior under many possible configurations. A planning en-
gineer, on the other hand, is responsible for determining the system behavior while taking
into account the fact that reinforcements have not yet been constructed and the correspond-
ing monthly or annual rise in loads. The most often used approaches for load flow studies
are the Newton-Raphson, Gauss-Siedel, and Fast Decoupled Load Flow methods. DigSI-
LENT PowerFactory solves non-linear equations using the Newton-Raphson method. It
is possible to calculate both balanced (AC Load Flow, balanced positive sequence) and
unbalanced (AC Load Flow Unbalanced, 3-phase (ABC)) load flows using PowerFactory.

2.6 Contingency Analysis

A power system may experience contingencies due to internal component failure or exter-
nal influences such as equipment overload and lightning. According to [11], contingency
analysis is the qualitative assumption of various critical scenarios that might arise in power
systems in the future and the optimization of solutions intended to address those issues re-
lated to the critical conditions. Contingency analysis is a significant technique used in
various fields such as power systems, risk management, business continuity, and project
management. It involves the evaluation of the impact of potential failures or unexpected
events and developing strategies to counteract their effects[12]. The Main Objectives of

Contingency Analysis are listed below:
* Point out potential contingencies (Failures, Outages, risks, etc.).
» Explain the impact of these contingencies.
* Implement response and mitigation strategies.

The Most Common methods used in Contingency Analysis of Power System Network are

illustrated below:

* N-1 Criterion: Ensures the power system is operational even when one of its ele-

ments fails.
* N-k Analysis: Examines the effects of multiple failures.

* Load Flow Analysis: Examines power distribution in case of contingencies.
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Contingency Analysis is done on the following basis:

» Higher priority is given to more crucial components, and their failures indicate a

bigger risk to the stability and security of the system.

* The system’s resilience to these interruptions is essential to its security.

2.7 Contingency Ranking and Selection

The post contingency values for various outage quantities according to interest are esti-
mated using a quicker method based on linear sensitivity factors. Sensitivity factors can

be divided into two categories, which are:

1. Generation Qutage Sensitivity Factor(GOSF) : GOSF relates the approximate

change in power flow in line’i-j” due to the outage of generator at bus ’k’.

2. Line Outage Sensitivity Factor(LOSF) : LOSF helps to calculate the approximate

change in power flow in line’i-j” due to the outage of line 'm-n’.

In the event of a line or generator interruption, the sensitivity factors provide estimations
of actual power flows in the lines that are quite accurate. The performance index (PI) is
used to rank each outage event based on the findings of the sensitivity and AC load flow
analyses. For contingency ranking, the performance index (PI) selection is crucial. The
severity of every given contingency should be accurately reflected in the PI. There are two

categories into which the PI can be separated:

1. MW ranking method : The changes in real power flows only are considered. The
Simplest form of the PI for MW ranking method is:

PL; =)W, ( : ) (2.24)
i=1 P max,?

where, P; = power flow in line i after contingency j

Pmax; = rated maximum MW Capacity of line j

N7, = total number of overloaded lines of contingency j

W; = weight for line i, assumed 1 in this research

n = even integer, assumed 2 in this research
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2. Volatge security/ reactive power ranking method : Only changes in reactive
power or voltage magnitude are taken into account. The Simplest form of the PI for

Voltage/ reactive power ranking method is:

N - 72
O‘Z[ AV ] (2.25)

Plv = 1:2:1 ? A‘/;lim
where, Vi =V, - V;Speci fied of bus’i’ after contingency j
AV;lim = 1/2*(Vi max - Vi min) rated voltage of bus 1

AV; =V; - ViSpeci fied of bus’i’

N = Total Number of Buses in the system

ai = user selected weighting factor, assumed 1 in this research
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CHAPTER THREE: METHODOLOGY

This chapter outlines the research process, beginning with the collection of data. The
approach used for this study is to determine the technical implications of switching to
HTLS conductors at 66 kV and higher voltage transmission lines from older, overloaded
ACSR conductors. The overall methodology adopted in this research work is shown in

Figure 3.1.

3.1 Research Overview

This thesis follows an applied research approach, focusing on enhancing transmission ca-
pacity of aged overloaded lines using HTLS conductors. A combination of quantitative
analysis, experimental data, and simulations is used to assess the feasibility and effective-

ness of HTLS conductors in power transmission system upgradation.

3.2 Data Collection

The data for INPS was obtained from various publications of NEA such as Generation
Directorate[13], Transmission Directorate[1], and Power System Operation Department,
Load Dispatch Center (LDC) of NEA. To perform a detailed analysis, data is gathered

from various sources, which includes:
* Transmission system Annual reports and network load data.
* Technical specifications of conductors (HTLS, ACSR, and others).

* Environmental parameters affecting transmission line performance (Temperature,
Wind speed, Altitude).

 Previous research papers and case studies on the implementation of HTLS.

3.3 Qualitative Validation of Data

Data obtained from various sources for INPS model were qualitatively validated.
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3.3.1 Validation of Generation Data

Generation data from various hydropower plants and solar plants were validated from their
operational schedules, maintenance records and plant operators. The observed generation
data were verified with the annual report of NEA and Load Dispatch Center.

3.3.2 Validation of Transmission System Data

Data related to transmission system like conductors used in the transmission lines, param-
eters setting of lines, transmission lines type, capacity rating, transmission losses and other
related data were obtained from Transmission Annual Report, Grid Operation Department
of NEA, Power System Operation Department of NEA. The obtained data was verified

with engineers and grid operators.

3.3.3 Validation of Load Data

Load data needed for modelling of INPS were obtained from substations, Distribution
centres and Distribution and Consumers Service Directorate Annual report of NEA. The

data was verified with Load Dispatch Center and engineers from Distribution Center.
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Figure 3.1: Flowchart for transmission line upgradation



3.4 Modelling of INPS

A variety of synchronous generators, a solar power plant, transmission lines, and loads
coupled at various bus voltages ranging from 66 kV to 400 kV make up the Integrated
Nepal Power System (INPS). Additionally, Tanakpur, Nepalgunj, Sampatiya (Mainihawa),
Ramnagar (Gandak), Raxaul (Parwanipur), Dhalkebar and Kataiya (Kusaha) are also con-
nected to the external grid via INPS. The INPS Network model consists of total 117 Nos.
Busbars which icludes 3 Nos. 400 kV , 13 Nos. 200 kV, 78 Nos. 132 kV and 23 Nos.
66 kV buses for load flow and contingency analysis. Modelling of INPS was done in
DigSILENT Powerfactory which is shown in the Figure3.2.

Figure 3.2: INPS Model in DigSILENT Tool

The said software was also used for load flow analysis for base case and all other cases of

contingencies. The Model of INPS is shown in firure:3.3.
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Figure 3.3: Integrated Nepal Power System (INPS)

3.5 IEEE Standard 738

IEEE Standard 738, "IEEE Standard for Calculating the Current-Temperature of Bare
Overhead Conductors,” states that thermal rating can be assessed for conductors used in
power transmission networks. This standard is commonly used to calculate the current-
carrying capacity of overhead conductors by taking into account the conductor’s charac-
teristics and the surrounding environment. IEEE 738 outlines mathematical models for
estimating conductor temperature under varying loading and environmental conditions.

These calculations take into account parameters such as[10]:
» Solar Radiation: The effect of sunlight on conductor heating.
* Ambient Temperature: External temperature affecting the conductor.
* Wind Speed and Direction: Cooling effects that influence conductor temperature.
» Conductor Resistance: Electrical properties that determine heat generation.

* Emissivity and Absorptivity: Material properties affecting thermal radiation ex-

change.
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This standard is employed to evaluate the current rating of various Aluminium Conduc-
tor Steel Reinforced (ACSR) used in INPS. The given excel figure3.4 shows the current
calculation of ACSR Bear Conductor. Further, IEEE Standard 738 cab be also used for
evaluating the current rating of equivalent HTLS Conductors for upgrading the aged over-
loaded lines of INPS.

Inputs:

Parameters Symbol |Values |Units |Remarks Referred Standard
Latitude Lat 27.5|degrees |Latitude of the location

Year Day N 172 Number of Days from Jan 1 (1 for Jan 1, 172 for June 21 Solstice) |IEEE-738-2012 (Table 1)
Hour Angle w 0|degrees |15 degress per hour from Noon (0 for 12 PM, +15 for 1PM) IEEE-738-2012 (4.5.4)
Atmosphere Clear Atmospheric Condition

Elevation 1500|masl  |Elevation of the location

Ambient Temperature T a 40/° C

Conductor Surface Temperature (Max) |T_max 80|° C

Conductor Bear Add new conductors in Sheet Tables. if required

Conductor Outer Diameter Do 0.02345|m

Coefficient of Resistance 0.00403 per °C

Wind velocity Wv 0.56|m/s

beta 0|degrees | Angle between wind and perpendicular to conductor axis

Emissivity 0.45 If not known take at most 0.1 less than absorptivity IEEE-738-2012 (5.4)
Absorptivity 0.8 If not known take at least 0.8 IEEE-738-2012 (5.4)
Azimuth of line 90|degrees |90 For East-West Line

Output:

Caclulated Current Rating of Bear 599.24 Amperes

Figure 3.4: IEEE Std. 738 Calcultion for ACSR Bear Conductor

3.6 Load Flow Study

Load flow studies are performed to assess the impact of replacing existing aged ACSR
conductors with equivalent HTLS conductors in overloaded transmission lines[14]. The
INPS load flow analysis is conducted using the DigSilent PowerFactory 15.1 software
package. DigSilent uses the primary and secondary data to create a model. Only substation
buses with voltages of 66 kV and above are taken into consideration when developing the
system model. The 66kV, 132kV, and 220kV buses connect the generators to one another.
Load Flow study is done for the following:

* Power flow calculations to determine current loading and voltage profiles.
* Voltage Profile assessment before and after conductor upgradation.
* Identification of critical transmission line sections for uprating.

The load flow study flowchart is shown below in the figure:3.5
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Figure 3.5: Load Flow Study Flow Chart

3.6.1 Consideration for Load Flow Study in DigSilent

Following factors have been taken into consideration for the INPS load flow research in
DigSilent:

* In order to calculate the system load flow, the external grids of 400kV Bus at
Dhalkebar Substation, which connects Dhalkebar -Muzafarpur 400kV cross-border
transmission lines, and 132kV Bus at Mahendranagar, which connects Mahendranagar-
Tanakpur 132kV cross-border transmission line, have been considered reference/s-
lack buses. This is because INPS is a grid with multiple buses for power exchange

(both import and export) from India.
* The load flow analysis outcomes may be impacted by the selection of slack bus.

* Newton-Raphson load flow power equations have been used in DigSilent for the
load flow investigation. The tool’s default setting for the iteration step size conver-

gence options is automatic adoption.

* During the load flow study, three-phase balanced and positive sequence AC load

flow was taken into consideration.

» Each bus has a lower limit of 0.95 p.u. and an upper limit of 1.05 p.u. for the

permitted voltage.
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* A maximum of 100% thermal loading is taken into consideration.

* Lumped factors are taken into consideration when determining the kind of trans-

mission line.

3.7 Contingency Ranking

Depending on the real or active power flow across the transmission line, the contingency
ranking was carried out. The Active Power has been considered here in order to determine
Performance Index (PI). This index is used to evaluate the severity of line overloading

during contingency conditions.

Several methods exist for ranking contingency scenarios, including Voltage Performance
Index (VIP) and Line Overload Index (LOI)[15, 16]. However, the Active Power Perfor-
mance Index was chosen due to its effectiveness in quantifying the impact of real power

flow on system stability and its computational efficiency in large power networks.

Ny, ]- n

PIj:ZWZ( - ) (3.1)
i=1 Imax,i

where, I; = current flow in line i after contingency j

I'max; = rated maximum current of line j

N7, = total number of overloaded lines of contingency j

W; = weight for line 1, assumed 1 in this research

n = even integer, assumed 2 in this research

A higher PI value indicates a more severe contingency, requiring immediate attention to

system reinforcement.
To ensure accuracy in the ranking process, the following assumptions were made:

» Steady-State Analysis: The study considers only steady-state conditions, neglecting
transient stability effects.

* Constant Load Demand: Load demand is assumed to remain constant during the

contingency analysis.

* No Network Reconfiguration: The study does not account for network topology

changes during contingencies.
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The ranking of contingencies helps prioritize which transmission lines need urgent upgra-

dation to prevent cascading failures.

3.8 Overleaf

Overleaf is an innovative online platform and LaTeX editor designed specifically for aca-
demics, researchers, and professionals involved in scientific writing and publishing. Over-
leaf provides a collaborative environment where users can create, edit, and manage LaTeX
documents seamlessly, without the need for local LaTeX installations or complex setup. It
offers LaTeX templates from various reputable journals. In this dissertation, the overleaf

is used to prepare the reports.
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7KLV FKDSWHU SUHVHQWY WKH UHVXOWY REWDLQHG XVLQ

4.1 ACSRQurrent Rating
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DQGLVFRPSDUHG ZLWK WKH@DLQXIDEWMXUHUV UDWLQJ:
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