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ABSTRACT As global electricity demand continues to rise, innovative transmission line designs are being

developed to enhance efficiency and reliability. Recent studies emphasize the urgent need for advanced

structures that improve transmission capabilities. In this context, optimally designed unconventional lines

with higher natural power emerge as potential game changers. Various electrical, mechanical, and structural

aspects must be studied for a new overhead line design. Among them, evaluating these new transmission line

designs against established safety standards is crucial, particularly concerning low-frequency (50 or 60 Hz)

electric fields generated under these new lines. This paper comprehensively analyzes the electric fields

generated by conventional and unconventional overhead transmission lines. By calculating the electric field

for each sub-conductor individually, we offer a detailed comparison highlighting the differences in field

distribution between these two line types. Our findings indicate that the unconventional transmission lines

exhibit a more favorable electric field profile and comply with current exposure limits set by regulatory

agencies. This research underscores the potential of unconventional designs to improve safety and minimize

environmental impact while addressing the challenges posed by increasing electricity demands.

INDEX TERMS Electric field, overhead line, transmission line, extra high voltage, unconventional lines.

I. INTRODUCTION

The power industry is undergoing rapid expansion to meet

the escalating demand for electricity, driven by increasing

urbanization, population growth, and technological advance-

ments. Significant progress has been made in generation

and distribution systems, notably through the downsizing

of electric generators to enhance efficiency, the integration

of renewable energy sources like solar and wind, and the

deployment of advanced power electronics to facilitate more

effective electricity distribution [1], [2]. These innovations

are crucial in creating a more resilient and sustainable energy

infrastructure. However, the development of transmission

lines—a critical component of the energy network—has not

kept pace with these advancements. The U.S. high-voltage
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transmission system, for example, has faced challenges in

keeping up with the integration of renewable energy, with

the annual construction of new high-voltage lines slowing

considerably over the past decade [3]. Additionally, the

increasing curtailment of wind and solar energy due to

transmission congestion further emphasizes the need for

transmission line upgrades [2]. This lag in transmission

infrastructure poses a risk to energy reliability and security

as demand continues to surge.

To achieve net-zero emissions in the United States by 2050,

substantial increases in high-voltage transmission capacity

are imperative. Experts estimate that capacity must expand by

approximately 60% by 2030 and triple by 2050 to integrate

more renewable energy facilities into the grid efficiently [4].

This expansion is vital for accommodating large-scale solar

and wind installations, which are increasingly recognized for

their role in combating climate change. According to recent
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studies, a staggering $360 billion will need to be invested

in transmission capacity by 2030, with total investments

projected to reach around $2.4 trillion by 2050 [5]. This

financial commitment reflects the urgency of modernizing

our transmission infrastructure to support a sustainable

energy future.

The deregulation of the U.S. transmission network has

complicated the efficient transfer of power across open

markets, resulting in delays in necessary investments in

transmission infrastructure. Two primary factors contribute

to these delays: first, high-voltage overhead line owners often

prioritize profit maximization over infrastructure investment;

second, the complexities involved in acquiring right-of-way

for new lines pose significant challenges. As the focus

on renewable energy sources intensifies—particularly large-

scale solar power plants and wind farms—the importance of

robust transmission networks becomes even more apparent.

These renewable resources are frequently situated far from

load centers, necessitating extra-high-voltage (EHV) trans-

mission lines to distribute the generated power efficiently.

A significant hurdle in expanding transmission capacity is

the high construction cost associated with new lines. In 2023,

building a new 500 kV transmission line in the U.S. was

estimated to cost between $3.9 million and $4.8 million per

mile [6]. In response to this challenge, researchers explore

revolutionary transmission line designs that enhance power

transmission density within existing corridors. One promis-

ing approach involves rearranging phase configurations and

sub-conductors into optimized geometric structures, thereby

increasing power delivery capability [7].

Traditional calculations of electric field intensity at ground

level are not directly applicable to these unconventional trans-

mission lines. Existing models typically assume symmetrical

sub-conductor arrangements within bundle circles; however,

this assumption does not hold for unconventional designs,

where sub-conductors may be positioned asymmetrically or

in varied spatial configurations. To accurately assess the

impact of these unconventional designs, reliable methods for

calculating electric field intensity are crucial.

Electric field intensity beneath transmission lines is a

critical parameter in the electrical design of EHV lines,

as it directly impacts human life and the elements of the

environment. Various methodologies have been proposed

to calculate these fields accurately, ensuring safety and

compliance with regulatory standards. For example, some

studies have focused on calculating electric fields beneath and

on the surfaces of high-voltage conductors, providing insight

into the distribution of fields and their potential risks [8], [9],

[10], [11]. Other research highlights the importance of field

mitigation in areas densely populated with human activities,

stressing the necessity of precise electric field control near

inhabited regions [12], [13], [14], [15]. Moreover, advanced

technologies, such as artificial neural networks (ANNs), have

enhanced the accuracy of electric and magnetic field esti-

mations, providing a more efficient alternative to traditional

methods [16], [17], [18]. This approach improves predictive

accuracy and accelerates field evaluation processes, making

it easier to ensure transmission lines comply with safety

standards. Additionally, research has demonstrated that the

interaction between electric and magnetic fields, especially

under simultaneous exposure, can significantly affect the

induced electric field in humans, further emphasizing the

need for comprehensive safety evaluations [19].

High-intensity electric fields near power transmission lines

can adversely affect human health and the environment if

they exceed established limits. Guidelines from organizations

like the International Commission onNon-Ionizing Radiation

Protection (ICNIRP) help set maximum exposure levels for

public safety [16], [20]. Field mitigation strategies, such

as conductor arrangement adjustments, have significantly

reduced electric field intensity under extra-high voltage lines,

further highlighting the importance of adhering to these

safety limits [15]. Additionally, addressing uncertainties

in electric and magnetic field calculations is critical for

achieving accurate assessments near overhead lines [20],

[21]. Moreover, some optimized models now incorporate

various algorithms like genetic algorithms, particle swarm

optimization, and differential evolution to improve the

precision of field intensity predictions [22].

Studies underscore the importance of refining designing

parameters for environmental and operational factors, which

were avoided earlier. For example, span configurations

and managing conductor sag can significantly influence

field distribution, leading to more efficient designs that

minimize exposure risks [23]. Some external factors, like

bird droppings and pole construction materials, show that

they can also alter electric field characteristics near the

area and necessitate innovative protective measures to ensure

the reliability of transmission systems [24]. In light of

this growing body of research, maintaining electric field

intensity within acceptable limits is essential when designing

new EHV overhead lines [14], [25]. This paper presents a

method for calculating electric fields near the right-of-way

for unconventional lines, comparing these with conventional

designs to highlight the benefits of optimized configurations.

The remainder of this paper is organized as follows.

Section II provides a detailed explanation of the method-

ology used for electric field calculation. This includes the

theoretical framework, equation derivations, and approaches

to analyzing conventional and unconventional transmission

lines. Subsection A describes the electric field calculation

method in detail, while Subsections B and C introduce

the configurations of the conventional and unconventional

overhead transmission lines, respectively. In Section III,

the results of the electric field calculations are presented

and discussed. This section focuses on comparing electric

field intensities at various heights and locations near the

transmission lines, offering insights into electromagnetic

exposure and safety considerations. Finally, Section IV

summarizes the key findings, addresses the compliance of

the designs with established safety guidelines, and suggests

future research directions.
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II. METHOD OF ELECTRIC FIELD ANALYSIS

A. METHODOLOGY FOR ELECTRIC FIELD CALCULATION

The electric field at a random point in space due to

the presence of charge is defined as the electric property

associated with that point. In the context of power facilities,

which typically operate at low frequencies and involve

minimal charge displacement, an electric field is generated

around these facilities.

FIGURE 1. The distances between the point charges, their images, and a
chosen point.

To calculate the intensity of the electric field at a specific

point P (y, z) as illustrated in Fig. 1, in the surroundings of a

transmission line, we need to consider two components, one

for the horizontal and the other for the vertical:

E⃗ =
{

E⃗y, E⃗z

}

(1)

For the transmission line, the relationship between charge

and voltage is expressed as:

[q] = [P]−1 . [U ] (2)

where [U ] denotes the voltage phasor matrix relative to the

ground, [q] represents the charge matrix, and [P] corresponds

to the matrix of Maxwell potential coefficients. These

coefficients are determined through two types of elements:

mutual and self-elements. For an overhead transmission line

with n parallel conductors, these mutual and self-elements are

defined by (3) and (4) respectively.

Pii = 1

2Ãε0
ln

2hi

Ri
(3)

Pij = 1

2Ãε0
ln
Dij

dij
(4)

where ε0 is the dielectric constant of air, hi is the vertical

coordinate of the i-th conductor, Ri indicates radius of i-th

conductor, dij indicates the shortest distance between the i and

j conductors andDij indicates the shortest distance between i-

th conductor and the image of j-th conductors as represented

in Fig. 1.

The electric field intensity components at an arbitrary point

due to n charges can be computed using (5) and (6).

E⃗y (y, z) =
n
∑

i=1

qi

2Ãεo

(

y− yi

r2i
+ +y− yi

r ′2
i

)

(5)

E⃗z (y, z) =
n
∑

i=1

qi

2Ãεo

(

z− zi

r2i
+ + z+ zi

r ′2
i

)

(6)

In these equations, (y, z) are the coordinates of the point

of interest, (yi, zi) are the coordinates of the charges, ri is

the shortest distance from the arbitrary point to the i-th point

charge, r ′
i is the shortest distance between complex images

of the i-th point charge and the arbitrary point, as indicated

in Fig. 1. The constant + denotes the reflection coefficient,

which counts the effect of the soil when calculating the

electric field at a point. We have considered a value of −1

for this coefficient.

Finally, the total electric field at point P can be expressed

as:
Ein =

√

E2
yn + E2

zn (7)

B. ANALYSIS OF CONVENTIONAL OVERHEAD

TRANSMISSION LINE

This paper analyzes a standard 500 kV transmission line

as a benchmark for comparison with our calculated electric

field [25]. The layout of its sub-conductors is illustrated in

Fig. 2. This particular line features a flat-phase configuration

featuring four sub-conductors for each phase, arranged

symmetrically in a circular pattern. Each sub-conductor has

a diameter of 26.82 mm, and the distance between bundles

is 45 cm. The height of the phases is 28 m, and the

separation between adjacent phases is 12.3 m. Based on these

parameters, the natural power for this design is computed to

be 996.0 MW.

FIGURE 2. Phase and the sub-conductor’s configuration of the base case
line [25].

As a three-phase system, three alternating voltages (of the

same frequency) are carried by three circuit wires and reach

their instantaneous peak levels one-third of a cycle apart. As a

single circuit 3-phase line, consider the line voltage as [V ]
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which is related to the peak amplitude Vm, initial angle Æ and

the angular frequency É and presented in (8).

[V ]

=Vm
[

sin (Ét+Æ) , sin
(

Ét+Æ+120◦) , sin
(

Ét+Æ+120◦)]

(8)

Let, J and K are horizontal and vertical coefficients that

determine the electric field at a certain point, calculated

by (9) and (10). The other parameters of these equations are

mentioned in Fig. 1.

Ji = (y− yi)

(

1

r2i
− 1
(

r ′
i

)2

)

(9)

Ki =
(

(z− zi)

r2i
− (z+ zi)

(

r ′
i

)2

)

(10)

Then Eq. (6) will be,

Ev1 =
(

q1

2Ãϵ0

)

K1

= Vm.K1

[

M11 sin (Ét + Æ) +M12 sin
(

Ét + Æ − 120◦)

+M13 sin
(

Ét + Æ + 120◦)] (11)

Ev2 =
(

q2

2Ãϵ0

)

K2

= Vm.K2

[

M21 sin (Ét + Æ) +M22 sin
(

Ét + Æ − 120◦)

+M23 sin
(

Ét + Æ + 120◦)] (12)

Ev3 =
(

q3

2Ãϵ0

)

K3

= Vm.K3

[

M31 sin (Ét + Æ) +M32 sin
(

Ét + Æ − 120◦)

+M33 sin
(

Ét + Æ + 120◦)] (13)

Then, the total vertical component is

Evn = Vm [(K1 ·M11+K2 ·M21+K3 ·M31) sin (Ét+Æ)

+(K1 ·M12+K2 ·M22+K3 ·M32) sin
(

Ét+Æ − 120◦)

+(K1 ·M13+K2 ·M23+K3 ·M33) sin
(

Ét+Æ+120◦)]

= Vm
[

Kv1 sin (Ét + Æ) + Kv2 sin
(

Ét + Æ − 120◦)

+Kv3 sin
(

Ét + Æ + 120◦)]

and in phasor form,

Evn= Vm

[

Kv1 ̸ Æ + Kv2 ̸
(

Æ − 120◦)+ Kv3 ̸
(

Æ + 120◦)]

(14)

Resolving Eq. (14) into real and imaginary parts with Æ =
0, we obtain

real part = Kv1 − 0.5Kv2 − 0.5Kv3
imaginary part = 0 − 0.866Kv2 + 0.866Kv3

}

(15)

Consequently, the amplitude of the electric field is:

Êvn =
√

[

(Kv1−0.5Kv2−0.5Kv3)
2+0.75 (Kv3−Kv2)2

]

· Vm

=
√

K 2
v1+K 2

v2+K 2
v3−Kv1Kv2−Kv2Kv3−Kv3Kv1 · Vm

= Kv · Vm

The r.m.s. value of the total vertical component at P (x, y)

due to all 3 phases will be

Evn = Êvn√
2

= Kv · V (16)

In a similar manner, the r.m.s. value of a total horizontal

component of the field at P due to all 3 phases is

Ehn = Jh · V
= V .

√

J2h1+J2h2+J2h3−Jh1Jh2−Jh2Jh3−Jh3Jh1 (17)

where,

Jh1 = J1 ·M11 + J2 ·M21 + J3 ·M31

Jh2 = J1 ·M12 + J2 ·M22 + J3 ·M32

Jh3 = J1 ·M13 + J2 ·M23 + J3 ·M33







(18)

where the values of J1, J2, J3 are obtained from Eq. (9) for Ji
with i = 1, 2, 3.

The above equations were coded in MATLAB. For

conventional transmission lines, the traditional way is to

consider a fictitious conductor instead of a bundle conductor.

Then, the above equation gets a slight change. And the change

occurs in (3), where Ri (radius of the i-th conductor) becomes

aeq (equivalent radius). The radius of the fictitious conductor

is determined using (19).

aeq = R
(

N .a
/

R
)1/N (19)

R : bundle radius = B
/ (

2 sin
(

Ã
/

N
))

where B: bundle

spacing (spacing between adjacent sub-conductors)

N : number of sub-conductors in a bundle,

a: radius of each sub-conductor

C. ANALYSIS OF UNCONVENTIONAL OVERHEAD

TRANSMISSION LINES

We also consider two unconventional 500 kV transmission

lines, as referenced in [9]. Unlike conventional lines, these

lines employ eight sub-conductors per phase, with their

orientation calculated using an optimized algorithm aimed at

maximizing natural power (Pn in Eq. (20)) output. The design

factors include the phase-to-phase distance, surface electric

field, symmetry about the centerline, and ground clearance.

The optimization is governed by several key conditions,

which can be formulated as follows:
max {Pn}
Subject to: a. Dihjk g Dmin (i, j ∈ {1, 2, 3} and i ̸= j) and

(h, k ∈ {1, 2, . . . .n})
b. Emax f Epr

c. Symmetry constraint

d. Hmin g Hpr

e. Bi,h−k Bi,h−k f Lbi−spacer i ∈ {1, 2, 3} and
h, k ∈ {1, 2, . . . .n} (20)

These constraints guarantee precise adjustment of the

subconductor positions. The initial requirement stipulates

VOLUME 12, 2024 178041
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that the minimum distance between phases must not be

below Dmin, a value derived from thorough studies on

lightning and switching overvoltage within the system. The

subsequent condition safeguards the maintenance of surface

electric field intensity. The third condition guarantees that

sub-conductors exert mechanical loads symmetrically on the

tower, while the fourth regulates the ground clearance of

the line. Lastly, the fifth condition restricts sub-conductor

clearance within a single phase. In this case, phase-to-phase

minimum clearance is 6.7 m, the conductor surface electric

field is 17.20 kV/cm (rms), and the minimum possible

height is 27.775 m. The bi-conductor spacer distance is

kept at 2.2 m. The optimization problem mentioned in (8)

can be solved using evolutionary search algorithms, but an

innovative algorithm is presented to solve it in [26] and [27].

The algorithm is shown in Fig. 3.

FIGURE 3. Suggested algorithm for determining the optimal locations of
sub-conductors.

A horizontal phase configuration is presumed to address

the problem utilizing the algorithm. Subsequently, for a

specified n and r , The sub-conductors are positioned sym-

metrically on a circle with a radius rb, Which is standard for

conventional lines. After this, the phase spacing is decreased

to Dmin, as stated in the initial constraint.

Subsequently, the surface electric field is assessed to

satisfy the second constraint. If the maximum electric

field (Emax) is less than or equal to the prescribed value

(Epr ), the phase spacing is increased until Emax equals Epr .

Following this, the charges of the phases are equalized to

fix the phase positions. Subsequently, employing the direct

search algorithm, the positions of the sub-conductors are

determined. After obtaining a new set of positions, the natural

power is computed. If the combination yields a superior

value of Pn and satisfies all five constraints, the location

is considered for the second iteration. This iterative process

yields numerous solutions. However, only two models are

considered for this paper, as depicted below.

In Figs. 4 and 5, we can see the optimal orientations

obtained from solving (8) using the algorithm described

in Fig. 3. HSIL-1’s sub-conductors have a diameter of

20.93 mm. The sub-conductor with the greatest height from

the ground is in the outside phases, at 32 m, while the one

with the least height is in the central phase, at 24 m.

FIGURE 4. Phase and sub-conductor’s position of the HSIL-1.

Like HSIL TL1, HSIL TL2 has eight sub-conductors with

the same conductor type in each phase. Its width is the

same as the conventional line, Fig. 2, 24.6 m. We must

consider each sub-conductor separately to calculate the

electric field for these two unconventional lines. Because

of its orientation, we cannot consider each sub-conductor

bundle as one conductor. That’s why we must calculate the

effect of 8 × 3 = 24 conductors with its image conductors.

To do this, we used themethod discussed previously. The only

difference between the conventional and unconventional one

is the consideration of radius while determining the potential

coefficients. The mutual element of the potential coefficient

in (3) considers an actual radius rather than a fictitious radius.

III. RESULTS AND DISCUSSION

The previously outlined method is employed to calculate the

electric field distribution for the transmission line (TL) under

consideration. This study focuses on two critical measure-

ment points to evaluate the results: one at ground level and

another at 1 meter above the ground (especially within the

Right of Way (ROW)). The electric field at these two points

provides essential insights into the electromagnetic exposure

experienced near the transmission line.

Fig. 6 illustrates the intensity of the electric field at ground

level. The blue curve in the graph represents the electric field
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FIGURE 5. Phase and subconductor configuration of the HSIL-2.

FIGURE 6. Electric field under the high voltage TL at ground level.

produced by the base case transmission line, which serves as

the benchmark for comparison. In contrast, the two proposed

unconventional transmission lines exhibit varying electric

field behaviors. One of the proposed configurations results in

a lower electric field intensity than the base case, indicating

a design that minimizes electromagnetic exposure. The other

proposed line, while generating a slightly higher electric field

than the base case, remains well within the permissible safety

limits established for transmission lines in proximity to the

right-of-way.

Fig. 7 shows another plot of the electric field above the

ground. Like the previous graph, this graph shows that the

electric field is under the acceptable limit, even 1 m above

the ground.

We need to consider different levels to better understand

the electric field distribution of the lines. Figs. 8, 9, and 10

will give us a better view of the electric field distributions.

These figures show that the electric fields become more

FIGURE 7. Electric Field under the transmission lines at 1 m above the
ground.

FIGURE 8. Electric Field under the transmission lines at various heights
from the ground for the conventional line shown in Fig. 2.

skewed as they rise from the ground, especially for the

unconventional transmission lines.

Though the electric fields for the unconventional lines are

skewed and raised higher than those for the conventional line,

their amounts are still under the acceptable limits, discussed

in Tables 1 and 2, at the edge of ROW, even at a height of

15 m from the ground.

The figures presented clearly show that the electric field

at the edge of the right-of-way is comparable to that of a

conventional line. In this regard, our primary focus should be

on its acceptance. The ICNIRP reports from 1998 and 2010,

which provide guidelines on exposure limits, are referenced

below [28], [29].

Exposure limits can exhibit significant variations across

the spectrum, ranging from extremely low frequencies to

radio frequencies. Even within the range of extremely
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FIGURE 9. Electric field under the transmission lines at various heights
for the unconventional TL-1.

FIGURE 10. Electric field under the transmission lines at various heights
for the unconventional TL-2.

low frequencies pertinent to power systems, distinctions

between 50 Hz and 60 Hz frequencies can arise.

ICNIRP, an international commission for non-ionizing

radiation protection, states that its guidelines are based

solely on scientific evidence. Governments may consider

additional factors when deciding whether and how to adopt

these guidelines. The 1998 ICNIRP guidelines for power

frequencies’ occupational exposure set the fundamental

restriction at 10 mA/m2. For the public, there is an additional

safety factor of 5, resulting in an essential limitation of

2 mA/m2. It’s important to note that these restrictions

apply specifically to the central nervous system and not the

whole body. Concerning reference levels, the 1998 ICNIRP

guidelines set them at 500 µT and 10 kV/m for workers and

100 µT and 5 kV/m for the public at 50 Hz. In contrast,

the 2010 ICNIRP guidelines set reference levels at 1000 µT

TABLE 1. The 1998 and 2010 ICNRP guidelines on exposure limits.

TABLE 2. The EMF exposure limits for overhead lines in six US states.

and 10 kV/m for workers and 200 µT and 5 kV/m for

the public at 50 Hz. In 1999, the European Union also

put forth a public exposure recommendation that included

values directly from the ICNIRP 1998 guidelines. No federal

exposure limits have been established for extremely low

frequency (ELF) electromagnetic fields (EMFs) in the United

States. However, six states have implemented exposure

limits, primarily focusing on regulations concerning power

lines [30].

The values in Tables 1 and 2 compare well, revealing that

the electric field at the right-of-way edge of our proposed
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lines remains well below the threshold established by various

organizations.

IV. CONCLUSION

This paper presents a comparative study of the electric

fields generated by two unconventional transmission line

designs and a conventional 500 kV transmission line,

aiming to assess whether the proposed designs comply with

internationally established exposure limits. By employing a

rigorous analytical method, we computed the electric field

intensities at ground level and 1 meter above the ground,

focusing on electromagnetic exposure at various critical

points around the transmission lines.

The results demonstrate that, while the unconventional

designs exhibit variations in electric field intensity compared

to the conventional design, both proposed configurations

remain well within the permissible safety limits. Specifically,

one of the unconventional lines generates a lower electric

field than the base case, and the other produces a slightly

higher field intensity. However, both remain compliant

with international standards, including those outlined by

the International Commission on Non-Ionizing Radiation

Protection (ICNIRP) for public exposure.

Further analysis at different heights above ground (up to

15 meters) revealed a skewed distribution of the electric

field for the unconventional transmission lines. Nonetheless,

these variations still adhere to the acceptable thresholds at

the edge of the right-of-way, ensuring safe electromagnetic

exposure levels across different heights and distances from

the lines. Moreover, besides the higher natural power of the

unconventional designs, they meet exposure guidelines set by

both the ICNIRP and regulatory bodies from various regions,

including the European Union and certain U.S. states.

Overall, this study confirms that the innovative subconduc-

tor configurations used in unconventional transmission lines

provide a viable solution for enhancing transmission capacity

while maintaining compliance with strict electromagnetic

exposure limits. These results support the feasibility of

adopting unconventional designs for future high-capacity

transmission projects, balancing efficiency with safety con-

siderations.
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