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Abstract: This paper introduces a new concept in transmission expansion planning based on un-
conventional lines, termed “smart transmission expansion planning”. Traditionally, the domains
of transmission expansion planning (TEP) and transmission line design are separate entities. TEP
planners typically rely on the electrical specifications of a limited set of standard conventional line
designs to evaluate planning scenarios, ultimately leading to the construction of the selected can-
didate line. In this context, it is noted that cost-effective scenarios often diverge from meeting the
technical criteria of load flow analysis. To address this discrepancy, this paper proposes an alternative
approach wherein TEP is conducted based on the specific requirements of the system earmarked for
expansion. The transmission expansion planner initiates the process by determining optimal line
parameter values that not only meet the operational criteria but also ensure cost-effectiveness. Subse-
quently, a line is designed to embody these optimal parameters. A detailed comparative analysis is
conducted in this study, comparing the outcomes of TEP analyses conducted with conventional lines,
unconventional lines, and lines featuring optimal parameters. Through extensive load flow analysis
performed under normal and all single-contingency scenarios across three distinct loading conditions
(peak load, dominant load representing 60% of peak load, and light load representing 40% of peak
load), the results reveal that transmission lines engineered with optimal parameters demonstrate
effective operation, with fewer transmission lines required to meet identical demands compared to
other approaches.

Keywords: power systems; smart transmission expansion planning; normal condition; single contingency

1. Introduction

The contemporary restructuring of the power industry into a horizontally integrated
open market model has prompted significant transformations in both the supply and
demand sides. Traditional large synchronous generators have been supplanted by lighter
generators and variable renewable energy resources, while modernization efforts on the
demand side include the proliferation of distributed variable energy resources, advance-
ments in energy storage technologies, and the adoption of demand response strategies for
the demand side management. Various factors are contributing to the swift evolution of
electric power systems, including governmental policies, economics, and technological
advancements [1,2]. These elements collectively propel the transformation of the power
sector, with the overarching objective of delivering reliable energy sourced from progres-
sively cleaner and cost-effective sources. Despite these advancements, the transmission
sector has seen minimal hardware changes over its extensive history.

Even with the integration of energy efficient technologies into power system demand
sectors, a sustained increase in energy demand persists. The International Energy Outlook
2023 predicts significant increases in energy consumption across different sectors by 2050,
with expected rises of 62% in the industrial sector, 41% in transportation energy and a
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tripling of consumption in commercial and industrial buildings by 2050 [3]. To achieve
the 1.5 °C pathway outlined in the Paris Agreement, the energy transition necessitates
a swift proliferation of electricity generation derived from renewable sources. Within
the framework of the 1.5 °C scenario, end-use sectors are anticipated to undergo rapid
electrification by 2050, resulting in a tripling of global electricity demand from the level
recorded in 2020. Concurrently, the proportion of renewable energy within the power
generation matrix is projected to escalate substantially, soaring from 28% to 91% over
the time frame spanning from 2020 to 2050 [4]. A study conducted in 2021 examining
the feasibility of achieving zero emissions in the United States by 2050 found that there
would be a need to expand the capacity of high-voltage transmission lines by around 60%
by 2030 and triple it by 2050 [5]. Nonetheless, the expenses associated with high- and
extra-high-voltage (EHV) transmission lines are substantial. In the domain of electrical
power transmission, overhead three-phase transmission remains dominant. Although
underground transmission presents an alternative, its significantly higher cost poses an
economic barrier, and the high charging current in EHV AC cables introduces technical
complexities [6,7]. The High Voltage Direct Current (HVDC) transmission requirement for
large-scale power transfer, along with its technological frameworks and recent advance-
ments, is thoroughly discussed in [8-10]. Nevertheless, from the economic perspective, it is
only viable for exceedingly long distances, often exceeding 800 km [9], and HVDC circuit
breakers have yet to be commercialized, which is another major issue.

The need for cost-effective transmission expansion planning (TEP) becomes evident in
such a situation. Such planning is crucial for efficiently transferring electrical power and
upholding grid resilience and reliability. It serves as a vital mechanism for facilitating the
seamless conveyance of electricity from generation sources to consumption centers. Numer-
ous studies in the literature have extensively explored transmission expansion planning,
delving into various facets of power grid enhancement. Most studies focus on utilizing
TEP to integrate large-scale renewable energy sources into the primary grid ([11-13], to
cite a few), on ensuring the system remains robust under the uncertainty of contingency,
load demand, and renewable energy sources ([14,15], to cite a few), and on incorporating a
market-based approach into TEP in a deregulated environment based on optimized power
flow and locational marginal prices ([16,17], to cite a few). On the other hand, designing
transmission lines with non-circular or non-ellipsoidal bundles to increase the natural
loading of transmission lines has been carried out [18,19]. An unconventional High Surge
Impedance Loading (HSIL) transmission line with a generic conductor bundle configura-
tion has been used for TEP analysis in the literature [20,21]. However, line design and TEP
analysis have yet to be integrated.

To date, TEP and line design have been considered independent processes, whether in
research or actual utilization. The typical engineering practice for TEP is based on studying
local planning cases, where load flow, short circuit, and transient stability studies under
peak and light loading conditions for normal conditions and single contingencies are carried
out using commercial software tools. Ultimately, the scenarios that meet the technical
criteria are economically compared. In this regard, planners use the line parameters per
length of a few common and available conventional line configurations for each voltage
level and calculate them for the given length for the abovementioned studies. Thereafter,
the final planning scenario, including those conventional transmission lines, is constructed.
This has also been the case for research conducted on TEP to date, in which line parameter
values from a few conventional line configurations for each voltage level are used. In such a
sequence, cost-effective scenarios (or scenarios with any other objective) often do not meet
the technical criteria of the mentioned studies. In this paper, we will overturn the above
sequence. Our goal is to enable a transmission expansion planner that can determine the
optimal line parameter values leading to the most cost-effective scenario and then design a
line that has these optimal parameters. Although this cannot currently be realized through
conventional line configurations, it can be realized by using breakthrough unconventional
line designs. The main contributions of this article are summarized as follows:
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e Introduction to the requirements of cost-effective extra-high-voltage AC transmission
systems for power system expansion.

e  Proposal for an innovative approach in transmission expansion planning based on
requirements by finding optimal line parameters as required instead of using available
standard conventional line configurations.

e  Comparing the operations of each TEP scenario with a conventional line, unconven-
tional HSIL line, and the proposed line for smart TEP to supply the designated load.

e  Cost comparison of each TEP scenario using a conventional line, unconventional
HSIL line, and the proposed line for the smart TEP throughout the life span of the
transmission line.

The remainder of this article is organized as follows: Section 2 provides an overview
of the base test system from which TEP is carried out. Section 3 presents transmission
expansion planning with different line configurations. Section 4 provides a detailed cost
comparison of the different TEP approaches, and Section 5 concludes the paper.

2. Base Test System

The base 500 kV test system is taken from [22], and its single-line diagram is depicted
in Figure 1. The transmission line configuration within this system follows a conventional
horizontal layout, is characterized by a phase spacing of 12.3 m and is situated at a height
of 28 m from the ground level. The length of each transmission line is presented in Table 1.
Each transmission line is classified as a long transmission line and is modeled with an
equivalent 7t model. Additionally, each transmission line is equipped with four Macaw
conductors per bundle. The line resistance, inductance, and capacitance per km of trans-
mission line for this configuration are specified as 0.0228 (2/km, 0.878 mH/km, and
12.975 nF/km, respectively. The generation, load, and shunt compensation information for
this test system at peak loading conditions are provided in Table 2. It is noteworthy that this
test system operates effectively under normal conditions and under all single-contingency
scenarios, including peak load, dominant load, and light load conditions. The power loss
in the base test system at peak loading condition is 321.2 MW. The cumulative capacities of
the required shunt reactor at the dominant and light loading conditions are 2350 Mvar and
6800 Mvar, respectively. Further details regarding this system can be found in [22].

17

Figure 1. The 17-bus base test system used for the TEP study.
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Table 1. Transmission line length of the test system shown in Figure 1.

Line Length (km) Line Length (km)
1-2 410.33 7-12 300.05
1-4 426.78 8-11 349.10
1-7 370.92 9-10 447.28
2-3 436.90 9-15 398.20
2-5 294.56 10-14 392.74
3-6 349.56 11-13 261.30
4-8 416.14 12-14 348.37
5-6 415.00 12-16 406.46
5-7 435.50 13-16 417.27
5-10 376.35 14-15 458.18
6-9 316.35 14-17 403.64
7-11 387.10 15-17

Table 2. Generation, load, and shunt compensation information of test system at peak load.

Bus V] (p.w) Bus Type Py (MW) Pr (MW) Qr (MW) Shunt Capacitor
1 1.05 Slack

2 - PQ - 1900.00 920.21 100 Mvar
3 1.03 PV 3600 1750.00 847.56 -

4 - PQ - 1850.00 896.00 100 Mvar
5 - PQ - 1600.00 774.92 150 Mvar
6 1.03 PV 3600 1700.00 823.34 -

7 - PQ - 1900.00 920.21 -

8 1.04 PV 3600 1600.00 774.92 -

9 - PQ - 2000.00 968.64 400 Mvar
10 1.03 PV 3600 1700.00 823.34 -

11 - PQ - 1800.00 871.77 200 Mvar
12 1.05 PV 3600 1600.00 774.92 -

13 1.05 PV 3600 1800.00 871.77 -

14 - PQ - 2300.00 1113.94 50 Mvar
15 1.00 PV 3500 1700.00 823.35 -

16 - PQ - 1750.00 847.56 -

17 - PQ - 1150.00 556.97 150 Mvar

3. Transmission Expansion Planning

The transmission expansion planning objective is to connect a 1250 MW load with a
0.9 lagging power factor located at a new bus, bus 18. Bus 18 is located at 341.84 km and
341.84 km from bus 16 and bus 17, respectively.

3.1. Using an Unconventional Line

The unconventional line, featuring eight chickadee conductors per bundle for the
line configuration, is sourced from [20,21]. The line configuration is visually depicted in
Figure 2, and the specifications of this line configuration are provided in Table 3. In Figure 2,
each blue circle shows a subconductor.
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Figure 2. Unconventional line configuration used for the comparison.

Table 3. Line parameters and some important information about the line shown in Figure 2.

Specific Result Line Parameters

Maximum Electric Field, E™%* 20.0kV/cm R (Q3/km) 0.0216
Surge Impedance loading 1354.72 MW L (mH/km) 0.619
Line Width 11.69 m C (nF/km) 18.199

To supply the demand of a 1250 MW load at bus 18 utilizing the unconventional line,
incorporating two-line connections from bus 16 to bus 18 and two-line connections from
bus 17 to bus 18 becomes imperative within the system framework. Furthermore, adding
one more line connection from bus 14 to bus 17, adhering to the conventional line con-
figuration, is necessary to ensure satisfactory system operability under normal operating
conditions and all single-contingency scenarios. The required shunt compensations to guar-
antee satisfactory system performance during peak loading conditions, including other
loading conditions, are delineated in Table 4. This tabulation indicates that a total capacity
of 1250 Mvar for shunt capacitors and 1500 Mvar for shunt reactors must be integrated
across various buses at peak load. A comprehensive load flow analysis was performed to
analyze the TEP of this system, which is presented in Figure 3. All load flow analyses in
this paper were done by PSS/E 35.4.

Table 4. The required shunt compensations to guarantee satisfactory system performance during
peak load, dominant load, and light load conditions for the TEP with the unconventional HSIL line.

Peak Loading Condition
Bus 2 4 5 7 9 11 14 16 17 18
Mvar 150 (Cap.) 100 (Cap.) 150 (Cap.) 200 (Cap.) 450 (Cap.) 200 (Cap.) 100 300 600 500
Dominant Loading Condition
Bus 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Mvar 150 - 50 200 - - 150 - 200 - 550 - 400 200 500 950 450
Light Loading Condition
Bus 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Mvar 400 200 300 400 450 300 600 50 650 100 900 200 700 650 750 1100 450
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Figure 3. TEP with the unconventional HSIL line (green) and conventional line (purple).

This TEP assessment illustrates that the system adheres to specified constraints to
uphold operational requirements. These constraints encompass maintaining the bus voltage
within predefined limits, denoted as 0.95 < |V;| < 1.05 p.u. for normal operation and
0.90 < |V;| < 1.05 p.u. for contingency situations. Additionally, reactive power generation
is constrained within the bounds of —0.3P,; < Qg; < 0.6P;, where P; represents the active
power generation of individual generating units. Moreover, line loading limits are also
observed within their thermal rating. The total power loss in the system at peak loading
conditions for this TEP approach is 436.2 MW. The voltage, reactive power generation, and
line loading limits also meet the required limit for the other loading scenarios, such as
dominant and light loading conditions. However, an adjustment in the shunt reactors is
needed, as depicted in Table 4.

This TEP approach necessitates an additional line within the 17-bus test system con-
figuration, in addition to two/two-line connections from bus 16 and bus 17 to bus 18.
This extra line connection in the test system is also required with the other two/two-line
connections from bus 16 and bus 17 to bus 18 if the conventional transmission line de-
scribed in Section 2 is utilized for the TEP. The maximum power loss for the TEP with the
conventional transmission line is 435.1 MW under peak loading conditions. Detailed infor-
mation about the required shunt compensation to ensure the system remains satisfactorily
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operable during peak, dominant, and light loading conditions is presented in Table 5. This
information shows that the cumulative capacity of the 1250 Mvar shunt capacitors and
900 Mvar shunt reactor at peak loading, 3100 Mvar shunt reactor at dominant loading, and
7500 Mvar shunt reactors at light loading condition needed to be connected in the system.

Table 5. Shunt compensation information at peak load, dominant load, and light loadings for the
TEP using the conventional line.

Peak Loading Condition
Bus 2 4 5 7 9 11 14 16 17 18
Mvar 150 (Cap.) 100 (Cap.) 150 (Cap.) 200 (Cap.) 450 (Cap.) 200 (Cap.) 150 200 400 150
Dominant Loading Condition
Bus 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Mvar 150 - 50 200 - - 150 - 200 - 550 - 400 200 300 750 150
Light Loading Condition
Bus 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Mvar 400 200 300 400 400 300 600 50 650 100 900 200 700 700 550 900 150

This TEP analysis with the conventional and an unconventional line prompts the in-
quiry into whether a TEP approach capable of supplying the specified load can be achieved
solely by implementing a two/two-line connection from bus 16 and bus 17 to bus 18. The
subsequent section delineates a new approach for TEP based on the system requirements.

3.2. Smart Transmission Expansion Planning
3.2.1. Methodology

The objective of smart transmission expansion planning is to decrease the capital cost
and the operational cost of the expanded transmission line to meet the designated load
demand throughout the life span of the transmission line. The capital cost includes the in-
vestment in expanded transmission line construction, the cost of required additional shunt
compensating devices, and the cost of additional bays needed to connect the transmission
line and shunt compensating devices to the bus. The considered operational cost of TEP is
the cost incurred by the additional power losses in the system due to the TEP. The detailed
formulation of smart transmission expansion planning is as follows:

Objective: Minimize Cost (investment + operational) of TEP

Constraints:

(i) Transmission line parameter constraints:

Rsmart = R
0.8L < Lmart < 1.2L (1)
0.8C < Cgpart < 1.2C

where R, L, and C are the line resistance, inductance, and capacitance of the unconventional
HSIL line configuration presented in Figure 2, and Rgmart, Lsmart, and Csmart are the line
parameters of the line for smart TEP.

(i) Power balance constraint:

Ef\i] Pi: le\il Pidemand+z Ploss
le'\il Qi: Zf\il Qidemand"’Z Qloss
where P; = |V;|LN | |Vi|(Gircos(8; — d;) + Bysin(6; — &)

Qi= |Vi|211<\]=1 [V (Gixsin(d; — ) — (Gixcos (i — o)) 3)
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Pigermand and Qjgemana are the active and reactive power demand at bus 7, P; and Q;
are the injected active and reactive power into the bus i, Pj,5; and Q)5 are the active and
reactive power loss in the system, V; and J; are the magnitude and angle of the bus voltage,
and Gj; and By are the real and imaginary parts of the element of the bus admittance
matrix corresponding to the i-th row and k-th column. N is the total number of buses in
the system.

(iii) Bus voltage constraint:
Normal Operating Conditions : 0.95 < |V;| < 1.05 p.u. 4)
Contingency Conditions : 0.90 < |V;| < 1.05 p.u. )
(iv) Constraint on power flow in transmission line:
Sik < Si™* (6)
where Sj/** is the thermal limit of the transmission line considered as 80% of the maximum
capacity of the line.

(v) Constraint reactive power generation:
—0.3P; < Qgi < 0.6P; (7)

where Pg; is the active power generation limit, and the reactive power generation by the
generating units connected to the PV bus should be between —30% and 60% of active
power generation.

The methodology for smart transmission expansion planning is thoroughly elucidated
within the comprehensive flowchart shown in Figure 4.

Amount of Demand to Supply

!

Initialize the number of line
connection

v

/—> Find Line parameter: R, L, C
L Modify L, C

Change No. of Line +
connection Perform Load Flow Analysis
A

A

L, C modify
not work

No

Normal Operation:
Vi, Qgi, and Sik in limit?

L, C modify

not work No

N-1 Contingency:
Vi, Qgi, and Sik in limit2

Perform economic Analysis

No Economically

Optimal?

Yes

Optimal Line parameter:
Lsmart, Csmart

Figure 4. Flow chart of the methodology used for smart TEP.
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3.2.2. TEP Analysis

If the transmission line undergoes a redesign, altering the line configuration to achieve
line inductance and capacitance values equal to 90% of those of the unconventional line
specified in Section 3.1, while maintaining an identical total conductor cross-section and
hence the same line resistance, it becomes feasible to supply the 1250 MW load with a
0.9 lagging power factor at bus 18 using only two-line connections from bus 16 to bus
18 and two-line connections from bus 17 to bus 18. Notably, there would be no requirement
for an additional line connection between buses 14 and 17. This TEP approach fulfills the
system requirements under normal and all single-contingency conditions, encompassing
peak loading conditions as well as other loading conditions such as dominant and light
loadings. The line inductance and capacitance for this reconfigured line are specified as
0.5571 mH/km and 16.379 nF/km, respectively. All transmission lines are modeled using
an equivalent 7 model for long transmission lines. The total per-unit series and shunt
parameters for lines 16-18 and 17-18 are detailed in Table 6.

Table 6. Per-unit line parameters for the transmission line for smart TEP.

Rs (p.u.) Xs (p-u.) Gs (p.u.) Bs (p.u.)
Line 16-18 0.0026840 0.0266850 0.0060571 5.0734146
Line 17-18 0.0028126 0.0280374 0.0070999 5.3506486

To ensure the satisfactory operation of the system under normal conditions and all
single contingencies, a cumulative capacity of 1400 Mvar shunt capacitors and 900 Mvar
shunt reactors is essential within the system. The precise allocation of shunt compensation
capacity and their respective buses are presented in Table 7.

Table 7. Shunt compensation information at peak load, dominant load, and light loadings for
smart TEP.

Peak Loading Condition
Bus 2 4 5 7 9 11 14 16 17 18
Mvar 150 (Cap.) 100 (Cap.) 150 (Cap.) 200 (Cap.) 450 (Cap.) 200 (Cap.) 150 (Cap.) 250 300 350
Dominant Loading Condition
Bus 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Mvar 150 - 50 200 - - 150 - 200 - 550 - 150 200 400 650 350
Light Loading Condition
Bus 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Mvar 400 200 300 400 450 300 600 50 650 100 900 200 450 650 650 800 350

The detailed load flow analysis for this TEP approach, denoted as smart TEP, at peak
load under normal operating condition is illustrated in Figure 5.

As evidenced by the comprehensive load flow analysis, the system successfully satis-
fies all technical requisites under steady-state operating conditions. Evidently, the voltage
limits of all the generating units, loading constraints of the transmission lines, and reactive
power generation for all generating units linked to PV buses remain within the prescribed
limits necessary for seamless system operation under normal conditions. The total power
loss in the system at peak loading conditions for smart TEP is 436.7 MW.

Furthermore, the system complies with these requirements across various loading
scenarios, including dominant and light loading under normal and all single-contingency
conditions. Adjustments to the shunt reactors are essential to ensure the technical integrity
of the test system in both dominant and light loading conditions under regular operation
and all single-contingency scenarios. Specifically, a total capacity of 3200 Mvar shunt
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reactors is needed to address the dominant loading, and a total capacity of 7450 Mvar shunt
reactors for the light loading condition, as detailed in Table 7.

o|, o[z ~|&
3 B~ 8| 103 1 8ls 1.05
=3 8|2 32 2|8
o= o|lo oo olw olvw N[ Nl N ~]|=
w|® s~ N® - w © o - el
2|8 Bz Bl gl 8§ &|7 &|7 8|3 |5
-651.1 s 8 506.5 o
1145 g3 g[8 165.1 o 52:;33 1.04
o ) e[ =[8 -190
4
ol~ &= o|-
o|® ~IN = |N
2 5% &R
~ o~ ~|Y 2l
1.04
1.03 1.3
93 ®|lo ©|o @
HERIEREIE
(-] mnmw
2 8lc 8|
C o~ -3 -3
1.03
- - - |~ © Og o.c,oz w 288
Nl ol ~ 4 © 0 .
9 Ylo Yo 8|8 10 g[8 g8 §8103 §,~:§~ a8 1.05 qle 2l=
2| T S| ~ =4 ”N20.512 |~ @9 i -28.2 ;g’gg
1.03 I~
286 o|® n~|o o|e of= olo o|o -~ ~ ole ol ale
(=2 J -~ o« ~ ~ bl D « L] |-
5 °[g 8|8 g8 IR Blz P8 g8 HERIES o 13 105
' = -23.1
4
o o —
%l ¥[8 8|5 §|g
© ©o|N ol =l R ol of|= v - )
15 b R uwgld Bz Bz SR §[R10s
g8 5|3 55 8|3 83 35 ¥(% 387
ole o|lv wlo o
1.00 vl ld c|lo <o
27 B2 8|3 83 R 12
QI el ®|(© KO o|m o|® -436
8|8 8|2 Bk Bk RI8 °|3
~|o 3 o|la ofg ~ |~ =
= @ . g 16
<o - ool ole
~~ ® = ®© Ol O~
(R & J& R|3
*la 2| o0 Nl
0l el oo oI~ O~
17 w w = 18 1.05
g2 8l 83 3Ny 1
46.0
2|5 °|8 &8 |88 S8 S8 8|8 °l8

Figure 5. Smart TEP with the new unconventional line based on system requirement.

In the same network configuration, the TEP utilizing a conventional line can supply a
maximum load of 1250 MW with a power factor of 0.9 at bus 18, meeting all requirements
for all single-contingency situations. Under normal operating conditions, this setup can
deliver a load of up to 2400 MW on bus 18. Similarly, employing an unconventional
HSIL line as illustrated in Figure 2, the TEP (Figure 3) can accommodate a load of up to
1325 MW, ensuring adherence to all the technical requirements during any contingency
event. Moreover, this configuration can effectively sustain a load of up to 2850 MW at
bus 18 while satisfying all technical specifications during regular operation. On the other
hand, the line with parameters designated by smart TEP can deliver a power output of
1310 MW at bus 18, fulfilling all technical prerequisites during all single contingencies. It can
handle a load of up to 2900 MW at bus 18 under regular operational conditions. However,
compensation must be adjusted for each case to ensure satisfactory operation under normal
operating conditions and single-contingency situations. This analysis demonstrates that the
smart TEP option with an unconventional line configuration has a greater capacity to handle
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future increased loads with fewer lines compared to the conventional and unconventional
HSIL lines considered.

4. Cost Comparison

In this TEP study, four Macaw conductors per bundle were used for the TEP with the
conventional line, and eight Chickadee conductors per bundle per phase were used for
the TEP with both the unconventional HSIL line and the line considered in the smart TEP.
These conductors were chosen in such a way that the total aluminum cross-section for the
four macaw conductors was identical to that of the eight-chickadee conductor. In addition,
the total weight per km for four macaw conductors and eight chickadee conductors is
almost the same. Therefore, the cost of the conductors and the tower’s strength to handle
the conductor weight per circuit are comparable in all the considered TEP cases.

Various components need to be factored into determining the expenses for each TEP
case. These include the costs associated with the 500 kV transmission line, the shunt reactor,
the bay, and energy loss costs. Detailed information about these cost elements can be found
in the 2023 report from the Midcontinent Independent System Operator (MISO) on the
Transmission Cost Estimation Guide [23]. The report provides comprehensive information
on the average transmission line costs, expenses related to incorporating bays for new line
connections, and the unit costs of grid-supporting equipment like shunt reactors or shunt
capacitors across different voltage levels, including 500 kV. According to the report, the
average cost of a single-circuit 500 kV transmission line varies across different states in
the United States, with an average cost of USD 2.672 million per kilometer. In addition,
integrating a bay into a 500 kV substation equipped with necessary features like a breaker
and half-bus characteristics for facilitating new line connections costs approximately USD
7.0 million. The report also indicates that the shunt reactor cost per Mvar is estimated to
be USD 23,625. It is important to note that connecting the shunt compensating devices to
bus 18, the new bus after TEP, requires an additional bay.

When planning the expansion of a transmission system, it is essential to consider
the cost of power losses within the system. The generation units compensate for these
losses and can be quantified in terms of generation cost, equivalent to the amount of
power loss. According to reference [24], the average capital cost per MW of generation
units for natural gas-fired combined cycle power plants in the U.S. is USD 1.04 million.
Additionally, as outlined in reference [25], the fixed operational and maintenance (O&M)
cost for such a plant is USD 30,000 per MWh, with a variable O&M cost of USD 1.92 per
MWh. Therefore, the annual operation and maintenance cost for generating 1 MW of power
would be approximately USD 0.046819 million. The average cost of natural gas in 2023 was
reported to be USD 2.665 per MMbtu [26], and the heat rate was 6.30 MMbtu/MWh [25].
As a result, the annual fuel cost for a 1 MW power plant amounts to approximately
USD 0.147076 million. The cost analysis of each TEP case was conducted, assuming the
transmission line has a lifespan of 30 years and constant O&M and fuel costs over the period.
The results presented in Table 8 show that smart TEP has the lowest total cost among the
three approaches, which is USD 1082.737 million cheaper than the conventional line and
USD 1106.817 million cheaper than the unconventional HSIL line presented in Section 3.

Table 8. Total cost of each TEP case.

Cost of Line, Bay, and Reactor Cost of Power Loss Total Cost
Additional Additional Canital of TEP
TEP Case Line Cost Bay Cost USD Reactloio(l;:st Losses Due to Inv:;)tlmaent Fuel Cost O&M Cost USD
;08 08 TEP (MW <08 o JSI
USD (Million) (Million) USD (Million) ( ) USD (Million) USD (Million)  USD (Million) (Million)
Ei‘;gvent“’“al 4639.660 77 16.537 113.9 118.456 502.558 159.981 5514.194
Unconventional 4639.660 77 33.075 115 119.600 507.412 161.526 5538.274
HSIL line
Smart TEP 3561.134 63 15.356 1155 120.120 509.618 162.228 4431457




Energies 2024, 17,1912

12 of 14

It should be noted that line design is a complex multidisciplinary and interdisciplinary
subject. Different electrical, mechanical, and structural aspects need to be studied when
developing a new design for an overhead line. Some of the electrical aspects are corona
effects (corona loss, audible noise, and radio and television interferences), electric and
magnetic fields under the line, various types of electromagnetic transients and insulation
coordination, etc. The idea of determining the optimal line parameters leading to a cost-
effective scenario for a TEP study, or combining line design and TEP studies is feasible.
However, to determine the optimal number, type, and location of subconductors in space
leading to these optimal line parameters, other aspects of line design should be also studied.
For example, it must be determined if the electric and magnetic fields at the edge of the
right-of-way of the line meet the related guidelines or not. The number and location
of shield wires necessary to protect this new line against lightning strikes must also be
determined. Each of these topics could be a separate study and are beyond the scope of this
paper. Once all are these questions are addressed, given the remarkable savings resulting
from the idea of this paper, this approach will be the preferred strategy when performing a
TEP study.

It also should be noted that a new type of conductor, tower, insulator, or special
materials for tower foundations are not being proposed or introduced in this paper. In
other words, all the components and materials used in the smart and unconventional HSIL
lines are those available on the market. Therefore, these items will not have an impact on
price. However, for any new line design, all various electrical, mechanical, and structural
aspects of line design need to be studied, as mentioned above. Some of these aspects, like
the electric and magnetic fields under the line at the ground level or at a height of 1 m,
can be easily studied using existing analytical methods and computer code. Some other
aspects, like corona loss, radio interference, etc., which are mainly based on empirical
formulae, need to be studied in a full-scale testing facility, and this may be a costly and
time-consuming process. However, all costs and efforts to test and evaluate different
line design aspects are a one-time cost and effort. The key contribution and idea of this
paper is to show that the line parameters that have had no role in TEP studies to date
can be determined and tailored for a TEP study, leading to a remarkable cost-effective
scenario. This means that even for a given base system, different TEP case studies lead to
different line parameters and, in turn, different line designs; and handling all line design
aspects for each one can be a barrier to the practical realization of the idea. This is the case
for any new /novel idea where many technical challenges need to be addressed. In this
regard, different aspects of line design can be carried out for a range or area of positions
for subconductors, and for a range of the number of subconductors in the bundle for a
given voltage level, for example, 500 kV. As a result, we can have a range of line parameters
and consider this as a constraint in the TEP optimization problem. This, of course, opens
new windows for research. For example, it is necessary to obtain empirical formulae for
those ranges considered, or to move toward developing or improving the basic theoretical
approaches for different aspects of line design like corona loss. All these are open questions
that need further research. However, the savings that can result from the idea are so great
(for example, more than 1000 million USD in the TEP case presented here) that it is worth
conducting these studies.

5. Conclusions

This paper introduces a new concept in transmission expansion planning based on
unconventional lines named “smart transmission expansion planning”. Departing from
traditional methodologies, this innovative approach tailors the planning process to the
specific needs of the designated expansion system, treating line parameters as variables.
Instead of relying on standard-design conventional lines, the planning procedure involves
identifying optimal line parameters capable of meeting operational technical criteria while
maximizing cost-effectiveness. Through meticulous load flow analyses conducted under
various conditions, including peak load, dominant load, and light load, the performance
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of transmission lines designed with optimal parameters is compared against performance
utilizing conventional lines. The results underscore the effectiveness of transmission
lines engineered with optimal parameters, demonstrating superior efficiency in meeting
demands with fewer lines compared to alternative approaches.
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