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Abstract

A better use of space is achieved when different networks and systems, such as AC transmission lines, transportation
systems, and pipelines share the same right-of-way. However, the electromagnetic coupling between the systems may
cause the appearance of dangerous conditions for people due to exposure to high touch voltages, as well as for
pipelines, caused by the activation of the AC corrosion phenomenon. These dangerous conditions require that during
design the possible risks are assessed, and the corresponding mitigation actions are determined. This paper presents a
simplified methodology for risk assessment using a practical approach and analytical expressions that can be easily
implemented from information known while designing. Likewise, results are included for a case study that allow
validating the proposed methodology and demonstrating the importance of this type of analysis.
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Resumen

Un mejor aprovechamiento del espacio se logra cuando diferentes redes y sistemas, tales como lineas de transmisién
AC, sistemas de transporte y tuberias comparten una misma servidumbre de paso. Sin embargo, el acoplamiento
electromagnético entre los sistemas puede causar la aparicion de condiciones peligrosas para las personas, debido a la
exposicion a elevadas tensiones de toque, asi como para las tuberias, a causa de la activacion del fendmeno de corrosion
AC. Dichas condiciones peligrosas requieren que durante el disefio se evallen los posibles riesgos y se determinen las
correspondientes acciones de mitigacion. En este articulo se presenta una metodologia simplificada para el analisis de
riesgo usando un enfoque practico y expresiones analiticas que puede ser implementada de manera sencilla a partir de
informacion conocida durante el disefio. Asi mismo, se incluyen resultados para un caso de estudio que permiten
validar la metodologia propuesta y demostrar la importancia de este tipo de analisis.
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1. Introduction

A problem in electrical systems is the space in which the
transmission lines are installed, this is due to
environmental restrictions, as well as the location of
other types of facilities such as railway tracks and gas or
oil pipelines. The Pipeline installations close to AC
transmission and distribution lines suffer electromagnetic
interference because the electromagnetic field generated
by the AC lines produces an induced voltage on the
pipeline even if it is underground [1].

The induced voltages on underground pipelines due to
magnetic coupling with AC transmission and distribution
lines produce hazards to personnel as a consequence of
the effects of step and touch voltages in the human body
[2], [3]. In addition, these induced voltages can produce
degradation of the pipeline insulating coating, and glow
and arc discharges can appear on the coating surface [4].
Furthermore, currents through holidays in the pipeline
coating involve risk of AC corrosion [5].

Pipelines and AC transmission and distribution lines
corridors are frequently placed parallelly, and very close
(tens of meters) from each other, to take advantage of the
right-of-way of the transmission lines to reduce
installations costs. From the point of view of the
designer, critical points along the pipelines corridors
where the induced voltages exceed threshold values to
activate degradation processes, corrosion, risks for step
and touch voltages on personnel, should be previously
determined for the installation, and protective or
corrective strategies must be adopted.

There are different guidelines and directives to calculate
the induced voltages on metallic pipelines by AC power
systems [4], [6], [7]. The majority are based on inductive
coupling and calculations are made using analytical
expressions.

In this paper, a simplified analytical methodology to
calculate the critical induced voltages on pipelines by
parallel AC power lines, and to estimate the hazards to
personnel near pipelines and the corrosion level in the
pipe is presented and applied to a case study. The results
are discussed, and future improvements are also
presented.

2. The simplified analytical method

Pipelines and AC transmission and distribution lines are
electromagnetically coupled via electrostatic coupling,
inductive coupling, and conductive coupling [4]. Due to
electrostatic coupling, the electric field related to the AC
transmission and distribution lines induce on pipelines
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currents and voltages which are of interest if pipelines are
above ground and insulated from earth. On the other
hand, the conductive coupling is related to circulation of
electric currents in the soil and buried structures during
fault conditions; the injection of fault currents cause
ground potential rise of earthed structures and a
difference of potential across the pipeline insulating
coating. Finally, inductive coupling is caused by the
magnetic field created by the currents in the AC lines
which induces voltages and currents on pipelines [8].

In this study, we focused on the calculation of effects of
inductive coupling between AC lines and underground
pipelines under normal conditions. The induced voltages
on the pipelines can cause current circulation along the
pipeline corridor and potential differences between
pipelines and the surrounding soil across the pipeline
insulating coating. Additionally, the difference of
potential between pipeline and connected accessories,
such as valves, fences, etc., involves electric shock
hazard to people.

The inductive coupling mechanism is related to the
magnetic field produced by the AC transmission and
distribution lines, and, as expected, depends on the power
transmission line currents and operating conditions, the
distance between the power lines and the pipeline, the
length of exposure and the characteristics of AC power
line.

The simplified analytical
summarized as follows:

methodology can be

i.  The longitudinal component of the electric field
along the pipeline corridor, known as the
Electromotive Force (EMF), should be
calculated. Various distances between the
transmission line and the pipeline must be
considered to determine the critical distance,
where the EMF is maximum. If the distance is
known, this is not necessary, and it is assumed
that this is the critical distance.

ii. The voltages to earth and currents are calculated
as resultant of the applied EMF for the critical
condition.

iii. Voltage distribution profiles along the pipeline
corridor are superimposed with the hazard level
magnitude for personnel safety, and critical
sections are determined.

iv. The maximum current density through holidays
is calculated and the risk of AC corrosion is
estimated.
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2.1. Analytical method for calculating the EMF

Induced EMF can be calculated using Electric Circuit
Methods (ECM) or Finite Element Methods (FEM) [9],
[10], [11]. Using ECM the induced EMF per unit of
length along the pipe, E_p (V/km), can be calculated
using Equation (1) [12], [13].

n
Ep = Z Zmi—pIi (1)
i=1
where Zp,;_, (Q/km) is the mutual impedance between
the pipe and the ith active conductor in the power line,
and I; (A) is the current in the ith conductor, see Figure
1.

Conductor
h;
l ) y > Air
T Earth
h; Coating

Pipeline

Figure 1. Geometry considered for the EMF calculation.
Source: elaborated by the authors.

The mutual impedance between overhead current
carrying conductors and underground insulated
pipelines, considering the soil as a lossy media, can be
calculated using the Pollaczek’s formula [14] as shown
in Equation (2).

_ Jwig
mo 2m

fooF(s)cos(ys)ds 2
0

where w (rad/s) is the angular frequency, u, (H/m) is the
vacuum permeability, y (m) is the horizontal distance
between the conductor and the pipe, s is the integration
variable, and the function F(s) is calculated as shown in

Equation (3).
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where yZ = jop,0, — w?puge,, pHg, 05 Y ggare
permeability, conductivity, and permittivity of the soil,
respectively, and h; (m) and h, (m) are presented in
Figure 1.

The solution of Equation (2) requires the implementation
of complex numerical methods [15], and some
approximated formulas have been proposed by different
researchers [14]. Among the approximated formulas,
Lucca’s formula is accurate enough for most of the study
cases in engineering [16]. Lucca’s formula is shown in
Equation (4).

_ joug
m 2

Z U1 +712) (4)

where J; = In(S/D), J, = — 2 (1/y,52) H(H? - 3y?),

H=h; —h,+2/y,, S=H?+y? and D=

V(hy = hy)? + y2.
2.2. Induced voltages and current distribution

When the pipeline and surrounding soil are considered as
lossy media, the distribution of the voltage to earth along
the pipeline, V(x) (V), can be calculated solving the
pipeline and surrounding soil equivalent transmission-
line model as shown in Figure 2.

E,(x)dx 7 _.d
1(}'() P Zp—sX
O]
|
V(x + dx)

|

X
V(ix) yp_sufx
|

dx

Figure 2. Equivalent transmission line model per unit of
length of the electrical circuit of pipeline and the
surrounding soil. Source: elaborated by the authors.

In Figure 2, E,, is the driving induced electromagnetic
force (EMF) calculated with Equation (1), z,_s (€/m)
and y,_s (1/Qm) are the series impedance and parallel

admittance of the pipeline-soil electric circuit,
respectively, calculated as follows in Equations (5) and

(6).
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where p, (Qm) and w, (H/m) are the resistivity and
permeability of the pipeline respectively, r, (m) is the
external radius of the pipe, p. (Qm) is the resistivity of
the coating, &, (m) is the thickness of the coating and &,
(F/m) is the permittivity of the pipeline coating.

The differential equations that allow solving the circuit
in Figure 2 are shown in Equations (7) and (8).

dzix) +z, J(x) =V, =0 (7
dl(x)
W + yp_SV(X) =0 (8)

When an ungrounded pipeline extends beyond the
parallel route, the analytical solution for equations (7)
and (8) are derived in [4], as shown in Equations (9) and
(10).

|%4
V(x) = 5 p [e—Vp—s(L—x) _ e—yp_sx] )
p-s
Vp — (L-x) —
100 =5, —=[2— e —emt] - (10)
p-s

where L (m) is the length of the parallel route and

Yp—s = +/Zp—sYp—s (1/M) is the coefficient of propagation
of the pipeline-soil circuit.

The steps in the methodology described previously
related to the electrical risk analysis and corrosion
evaluation on pipeline are presented in the case study
results section.
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3. Case Study

The case study considered in this paper was proposed in
[7] and corresponds to a 500 kVV AC power transmission
line which meets a 0.864 m (34”) diameter gas pipeline
at the south of California. The average apparent soil
resistivity is 400 Qm, the series impedance of the
pipeline-soil circuit per unit of length, z,_ in Figure 2,
is 1.031x107* + j5.544x10™* /m, and the parallel
admittance of the pipeline-soil electric circuit per unit of
length, y,_, in Figure 2, is 3.980x107° +j1.694x10~7 1/Qm.
The transmission line is horizontally configured with
equally spaced conductors, 9.753 m, and the mean height
of the phase conductors is h; = 18.287 m. The pipeline
is ungrounded and buried at h, = 0.914 m, see Figure 3.

500 kV AC Tranmission line

e 9.753 m 5

Pipeline

Figure 3. Geometry of the case study. Source:
elaborated by the authors.

The current in the phase conductors, from the closest to
the farthest conductor to the pipeline, are7002120° A,
7002 —120° A and 700£0° A, respectively. The
distance y (m) between the pipeline and the center
conductor of the transmission line varies for the purpose
of analysis.

3.1. Results

A Scilab © code to solve Equations (1) — (10) was
developed, including a graphical user interface. The case
study corresponding to Figure 3 was simulated under the
conditions described in the previous section. The mutual
impedances between the transmission line conductors
and the pipeline were calculated using Lucca’s formula
for different distances between the pipeline and the
transmission line. The simulation results are summarized
in Table 1.
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Table 1. Calculation results for the case study
considering different separations between the pipeline
and the transmission line

|Epl . |Epl
y(m) | (Vikm) 0gap|5: ) | (vikm) A&;‘
Calc. ) Meas.

0 6.06 | 14999 | 104 | 418
6.0 | 1205 | 8340 | 143 | 157
1219 | 1887 | 6698 | 245 | 22.9
1829 | 2198 | 6104 27 18.6
2438 | 2213 | 5860 | 222 | 0.33
3048 | 20.86 | 57.79 | 222 | 6.03
6096 | 13.38 | 57.60 4| 440
9144 | 937 | 5810 85 | 103

18287 | 483 | 5802 4 206
30478 | 290 | 56.40 16 | 8L6

Source: elaborated by the authors.

Additionally, in the fourth column of Table 1, were
included measured values reported in [7] for this case
study. The difference between calculated and measured
values is presented in the fifth column of Table 1. In the
range of distances between 6 and 183 m (20 — 600 ft), the
approximated method proposed by Luca allows
predicting voltages with a reasonable error, ~ 20 %. The
magnitude and phase of the induced EMF as a function
of the distance y are presented in Figure 4.
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From Figure 4, it is evident that the voltage distribution
along the pipeline will also be dependent on the distance
y. Considering for our case study that the length of the
parallel route is 10 km and that the pipeline extends
beyond the parallel route 5 km in each direction, Figure
5 exhibits the simulation results of voltage and current
distributions along the pipeline for distances y of
6.096 m (20 ft), 24.383 m (80 ft) and 91.436 m (300 ft).

From Figures 5 a), ¢) and e), it is conspicuous that the
maximum values of the induced voltage appear at the
beginning and end point of the parallel route, while the
minimum values are obtained at the middle of the parallel
route. On the other hand, from Figures 5 b), d) and f), the
maximum value of the induced current appears in the
middle of the parallel route. The maximum values
obtained for the three different separations considered are
summarized in Table 2.

Table 2. Summary of the maximum values of the
induced voltage and current for the three different
separations presented in Figure 5

y(m) | Max(V(x)) (V) | Max(I(x)) (A)
6.096 34.537 12.062
24.383 63.402 22.142
91.436 26.857 9.379
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Figure 4. Behavior of the induced EMF magnitude and

phase as a function of the distance y. Source: elaborated
by the authors.

In Figure 4, the EMF magnitude reaches a maximum
when the distance between the center phase and the
pipeline is about twice the distance of separation among
the phase conductors. On the other hand, from y =12 m
the phase of the EMF remains almost constant at an
average value 59.340°.

Source: elaborated by the authors.

As expected, the greatest maximum values of induced
voltage and current appear for distance y = 24.383 m,
where the EMF is the maximum, see Table 1 and Figure
4, this justifies step one in the simplified methodology.

3.1.1. Electrical risk assessment

Once the voltages and currents are calculated, it is
necessary to estimate the potential electrical risk to
people and the corrosion hazard. Regarding the
estimation of the risk to people, international standards
as the NACE [2] state a tolerable voltage threshold
(hazardous level) of 15 V for personnel safety. It is based
on the consideration that the human resistance to
electrical AC current at power frequency is about 1500 Q
and currents below 10 mA do not usually cause
dangerous pathophysiological effects. On the other hand,
there are local standards and normative, that state more
restrictive conditions. For example, the RETIE [17] in
Colombia, states 1000 Q as the value of the human body
resistance for step and touch voltages calculations.
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Figure 5. Induced voltage and current distribution along the pipeline a) and b) for y = 6.096 m; c¢) and d) fory =
24.383 m, and ¢) and f) for y = 91.436 m. Source: elaborated by the authors.
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Figure 6 shows the time versus current zones of the  From Figure 6, it is noticeable that not only the
pathophysiological effects of alternating currents from  magnitude of the current must be considered, but also the
15 Hz to 100 Hz, taken from [3], [17]. time.
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Figure 6. Time/current zones of the effects of alternating currents from 15 Hz to 100 Hz. Source: IEC [3].
Since the pipelines do not have automatic interrupters of ~ where d;, (m) is the holiday diameter.
the current, it must be guaranteed that the operating o )
conditions are always limited to zone AC-2, i.e., at most Table 3. Color chart for corrosion risk analysis
10 mA for any exposure time. So, in Colombia,
hazardous level must be taken as 10 V. J (AIm?) Description Level
<30 Pipeline protected from AC Low
Superimposing this threshold value on Figures 5 a), c) corrosion
and €), mitigation actions are required because along 30 - 100 Medium likelihood of AC Medium
most of the length of the pipeline the hazardous level is corrosion
exceeded. Even points beyond the parallel route exceed > 100 Very high likelihood of AC -
it. corrosion

3.1.2. Corrosion hazard analysis

On the other hand, concerning the risk of AC corrosion,
the standard BS EN 15280:2013 [18] recommends that
the induced voltage should not exceed 10 V where p, >
25 Qm or 4 V where pg < 25 Qm. Additionally, as the
corrosion rate depends on the current density at holidays
in the pipeline coating, / (A/m?), the standard UNE-
CEN/TS 15280 [19] states that if /] < 30 A/m?then the
pipeline can be considered as protected from AC
corrosion; if 30 <J < 100 A/m?, there is medium
likelihood of AC corrosion, and if ] > 100 A/m?, there is
very high likelihood of AC corrosion. Based on this, a
color chart can be proposed as shown in Table 3.

If the risk of corrosion is medium or high, mitigation
strategies are required. The current density, J(x) (A/m?),
at a holiday location can be calculated using the
following expression [20]:

V()
psﬂdh

J(x) =8 (11)

Source: elaborated by the authors.

In the simplified methodology, it is only necessary to
calculate the current density at the points where the
maximum values of induced voltages appear. The risk of
corrosion is evaluated, and if it is Low, it is not necessary
to calculate in any other place along the pipeline corridor.
However, if the risk is medium or high, it is necessary to
calculate the current density as a function of the position
along the pipeline corridor using Equations (9) and (11).

The current densities corresponding to the maximum
values in Table 2 were calculated using Equation (11)
and considering a holiday of 1 cm?, the results are
summarized in Table 4.

For the case study considered here, a medium likelihood
of AC Corrosion according to the standard UNE-
CEN/TS 15280 was obtained when the separation
between the pipeline and the transmission line was
24.383 m.
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The simplified methodology is summarized in the
flowchart in Figure 7.

Ultimately, in addition to the previous analysis the
designer must consider fault conditions depending on the
short circuit capacity for evaluating the likelihood of an
electric discharge between pipeline and grounded buried
structures able to cause pitting and perforation of pipes.

Table 4. Summary of the maximum values of the
current density through a 1 cm? coating holiday for the
three different separations presented in Figure 5 and

Table 2
y (m) Max(J(x)) (A/m?)
6.096 19.485
24.383 35.771
91.436 15.152

Source: elaborated by the authors.

Determine variables and
parameters of media,
powerline and pipeline

}

Calculate E,
Equations (1) and (4)

ry

A 4
Calculate V(x) and I(x)
Equations (5) - (10)

[

Risk analysis

A 4

Implement mitigation
actions

Corrosion analysis
No

Implement mitigation
actions

Report
design/study

analyses

Figure 7. Proposed simplified methodology flowchart.
Source: elaborated by the authors.
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4, Conclusions

In this paper, a simplified methodology for the risks
assessment to the safety of people and estimation of
corrosion level in pipelines close to AC transmission
lines was presented. The methodology is based on a
practical approach and well-known analytical
expressions.

When comparing the results of the case study with
experimental measurements, it was found that the
analytical expressions to determine the EMF are
sufficiently precise for engineering analysis with an error
that is smaller in the range 24.38 m <y < 91.44 m.
Additionally, it was found that for distances (y) of up to
9 times the separation between conductors in the AC
transmission line, the induced voltages in pipelines can
be dangerous for people and mitigation actions are
required, as was to be expected since other researchers
have estimated the maximum possible interference

distance as 200,/p; m [4].

Likewise, it was shown that along non-parallel sections
of pipelines, even at points quite far from the
transmission line (5 km), it is still possible to have
dangerous voltages for people, so the distribution of
voltages must consider the entire route of the pipelines,
regardless of its distance or geometry of its route with
respect to the transmission line.

Risk analysis is a primary study during the design stage
and must be implemented using the most accurate and
reliable methods. Future studies will include the analysis
under fault conditions and lightning.
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