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Abstract-- The fire risk associated with energized transmission 
and distribution lines is well known, and protection tripping to de-
energize a line is commonly viewed as the method that eliminates 
the electrical energy that can cause combustion. In recent years 
some utilities have been proactively de-energizing lines during 
extreme wind events to prevent the possibility of sparking 
catastrophic wildfires. This is often referred to as Public Safety 
Power Shutoff (PSPS). It is common to refer to a line as de-
energized once the voltage sources have been removed by opening 
their respective breakers, but due to the proximity of adjacent 
energized lines these “de-energized” lines can carry appreciable 
voltages that can present both a shock hazard and a fire hazard. 

The risk associated with catastrophic wildfires caused by utility 
infrastructure is of paramount importance to many utilities, and 
the purpose of this paper is to bring an awareness of the wildfire 
risk associated with de-energized lines. At the author’s utility 
many cases of broken hardware, downed conductors, and 
vegetation contact have been documented on lines during these 
high wind related PSPS events. Due to the concern over possible 
ignitions caused by de-energized lines a proposal was made to 
intentionally ground lines cleared for PSPS events or long 
duration clearances. Studies were conducted and field 
measurements made on cleared lines to quantify the relative risks 
of intentionally grounding a line versus leaving it ungrounded in 
the event that hardware failure or vegetation contact results in a 
path of current flow to ground that can spark a fire. Studies have 
shown that as little as 10 mA of current can ignite a fire. 

The unique electrical properties of the two distinct mechanisms 
by which de-energized lines can carry voltage will be discussed. 
The first is the voltage developed by the electric field dropped 
across the mutual capacitance between the energized line, de-
energized line, and earth, and its magnitude is related to the 
voltage level of the energized line. The second is the voltage 
induced in the de-energized line by the magnetic field associated 
with the load current flowing in the energized line. The former is 
manifest on a de-energized and ungrounded line, and has a 
relatively high voltage characteristic, with relatively low currents 
flowing when an unintended fault on the de-energized line occurs. 
The latter predominates once grounds are applied, and results in 
a reduced voltage, but with increased current flow as a ground 
loop is created by an unintended fault on the de-energized line. The 
risks associated with grounding a de-energized line versus leaving 
it ungrounded will be discussed, along with the results of actual 
field testing on de-energized lines and EMTP simulations. The 
often unappreciated paradox between Faraday’s Law, which 
states that the voltage around a closed loop is equal to the time 
changing magnetic flux inside the loop, and Kirchoff’s Voltage 
Law, which states that the voltage around a closed loop sums to 
zero, will be discussed, with the analysis of induced voltages on de-
energized lines serving as an excellent example to reconcile this 
paradox. 
 

Index Terms—Electromagnetic induction, EMTP, grounding, 
wildfires. 

I.  INTRODUCTION 
HERE has been an enormous effort in recent years by 
utilities in regions that are plagued by wildfires to address 

the risk of electrical equipment sparking fires by developing 
faster protection schemes that de-energize faulted lines as 
quickly as possible, even exploring non-traditional schemes 
that purport to identify precursors to faults such that a line can 
be de-energized before the fault develops. Additionally, Pacific 
Gas and Electric Company (PG&E) has a Public Safety Power 
Shutoff (PSPS) program that involves de-energizing 
distribution and transmission lines in high wildfire threat areas 
during extreme wind events in order to prevent catastrophic 
wildfires. Though it is easy to become complacent with the idea 
that galvanically isolating (i.e. clearing) a line removes the risk 
of sparking a fire, we’ve long been aware of the risk of 
electrocution posed to lineman when working on de-energized 
lines, and extending this understanding to the risk of a de-
energized line igniting a fire only requires us to imagine the 
right fuel source and weather conditions. Furthermore, fires 
started in recent years when grounding de-energized lines have 
removed any doubt of the capacity of de-energized lines to start 
fires. 
One example in the PG&E system involved a grounded 500kV 
line, where sparking and burnt grass were observed at the base 
of a transmission tower, and boiling water was observed in a 
small puddle near the base. Another incident involved removing 
a temporary protective ground (TPG) from a 500kV line which 
drew an arc that ejected hot metal particles from the surface of 
the conductor or ground clamp which fell to the dry grass 
below, starting a small grass fire. Although both of these 
incidents involved voltages induced on de-energized 500kV 
lines, studies [1] have shown that as little as 10mA of current 
can ignite a fire if the condition is allowed to persist long 
enough, and the example in section IV below will demonstrate 
that currents well above this level are easily met on much lower 
voltage lines. 
During high wind events when PSPS is initiated there is an 
increased risk of fault conditions on a de-energized line (debris, 
vegetation contact, failed equipment, etc. due to high winds) 
which can cause sparks and fires just like these events that 
occurred during the process of grounding 500kV lines. 
Assuming that the risk of starting a fire at the location that 
grounds are applied is addressed, electrical energy can be 
reduced for subsequent faults by applying grounds on a de-
energized line. While applying grounds on de-energized lines 
might not be possible during the accelerated timeframe of a 
PSPS event, lines that are de-energized for extended clearances 
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or lines that are in the process of being decommissioned offer 
an opportunity to study the effect of grounding on reducing the 
electrical energy present on a de-energized line, thereby 
reducing the fire risk. 

II.  BASIC PHYSICS OF INDUCED VOLTAGES AND CURRENTS 
There are two distinct mechanisms which create induced 

voltages and currents on lines that are de-energized but 
mutually coupled with energized lines. The first, shown in Fig. 
1, is a result of the electric field that originates from the 
energized conductor, dropping across the mutual capacitance of 
the two lines to ground. The second, shown in Fig. 2, is a result 
of the magnetic field that circulates around the energized 
conductor, coupling with the mutual inductance of the two 
lines. 

 
Fig. 1.  Electric field dropped across mutual capacitance of lines creating 
induced voltage on the de-energized line. 

 
Fig. 2.  Magnetic field from load current inducing current on the de-energized 
line that is grounded on both ends. 

A.  Electric Field and Mutual Capacitance 
The electric fields produced by the individual phases of the 

energized line permeate the surrounding space, with the net sum 
of these individual fields resulting in a net electric field shown 
dropped across the mutual capacitance of the two lines shown 
in Fig. 1. If we could conceptualize the energized conductors as 
occupying the exact same space, and if the voltages were 
perfectly balanced positive-sequence, then the net electric field 
in Fig. 1 would sum to zero, but of course neither of these 
assertions are true, and the net electric field will depend on the 
geometry of the conductors and will be directly proportional to 
the voltage of the energized line. 

As the distance between the two circuits is increased the 

difference between the phase angles of the voltages induced on 
the individual phases of the de-energized line will decrease due 
to their relatively close proximity to each other when compared 
with the distance between the energized and de-energized lines. 
For simplicity it will be useful going forward to deal only with 
single-phase circuits, with the understanding that the same basic 
principles apply to three-phase circuits. Three-phase circuit 
analysis can be left to an electromagnetic transient program 
(EMTP) which can handle these complex calculations with 
alacrity. 

The single-phase circuit in Fig. 3 shows the electric field 
produced by the energized line which drops across the mutual 
capacitance of the energized line and de-energized line to 
ground. The voltage to ground is constant along the length of 
both the energized and de-energized lines assuming constant 
geometry is maintained, a point worth noting when contrasted 
with the less intuitive voltage profile caused by magnetic 
induction that will be detailed later. If the de-energized line in 
Fig. 3 was grounded (either intentionally or by a fault 
condition), then the resultant current flow to ground would lead 
the induced voltage by 90 degrees. It can be understood that the 
induced voltage does not depend on the length of the line by 
noting that electric field at any point on the line is unaffected 
by what’s going on at a distant location down the line. The 
capacitance, however, will increase in proportion to the length 
of the line. 

 
Fig. 3.  Single-phase circuit representation of electric field induction on de-
energized line. 

Because the voltage of the energized line is unaffected by 
the electrical connections of the de-energized line (i.e. whether 
it is grounded or left ungrounded), this circuit can be reduced to 
the Thevenin equivalent shown in Fig. 4, with a voltage source 
that is directly proportional to the voltage of the energized line, 
and with a capacitance that is directly proportional to the length 
of the line. Once the de-energized line is shorted to ground 
(either by intentionally applying grounds or if a fault occurs) 
the current flow will be proportional to the length of the line, 
with the impedance 1/jωC of the capacitor in Fig. 4 being 
inversely proportional to the line length. 
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Fig. 4.  Thevenin equivalent of the effect of electric field induction. Voltage of 
de-energized line (VDE) is proportional to energized line voltage (VE), and 
capacitance is proportional to line length. 

B.  Magnetic Field and Mutual Inductance 
The net sum of the magnetic fields circling the current 

flowing in the individual phases of the energized line results in 
a single magnetic field coupled with the mutual inductance of 
the two lines shown in Fig. 2. If we could conceptualize the 
current carrying conductors as occupying the exact same space, 
and if the currents were perfectly balanced positive-sequence, 
then the net magnetic field in Fig. 2 would sum to zero, but 
since neither of these assertions are true, the net magnetic field 
will depend on the geometry of the conductors and will be 
directly proportional to the current flowing on the line. 

The single-phase circuit in Fig. 5 shows the magnetic field 
produced by the energized line which permeates the area in 
between the de-energized line and ground. The voltage induced 
in the de-energized line by this mutual inductance follows 
Faraday’s law which states that the voltage in a circuit is 
proportional to the rate of change of the magnetic flux in the 
circuit, with half of the voltage appearing at each end of the 
open de-energized line and of opposite polarity such that the 
sum total of the circuit voltage equals the negative of the time 
rate of change of the magnetic flux in the circuit. Unlike the 
current flow through the mutual capacitance, once an initial 
ground is applied the current induced by the magnetic field only 
flows when subsequent grounds are made after the initial 
ground connection (grounding switch, TPG, or fault). Shown in 
Fig. 6, the voltage at the ungrounded end of the line follows 
Faraday’s law, and if the open end was grounded as in Fig. 7 
(grounding switch, TPG, or fault), then the resultant current 
flow to ground would lag the induced voltage by 90 degrees. 
The induced current would flow as required to cancel the flux 
produced by the energized line. It can be understood that the 
induced current does not depend on the length of the line by 
noting that flux created by the energized line increases linearly 
with the length of the line, but so does the cancelation flux 
produced by the induced current, and therefore the induced 
current varies proportionally with the energized line current, 
and does not depend on the line length. The induced voltage in 
Fig. 6 on the other hand does increase proportionally with the 
length of the line. 

 
Fig. 5.  Single-phase circuit representation of magnetic field induction on de-
energized line, both ends open. 

 
Fig. 6.  Single-phase circuit representation of magnetic field induction on de-
energized line, one end grounded. 

 
Fig. 7.  Single-phase circuit representation of magnetic field induction on de-
energized line, both ends grounded. 

Because the current of the energized line is unaffected by the 
electrical connections of the de-energized line (i.e. whether it is 
grounded at both ends or left ungrounded), the circuit of Fig. 6 
can be reduced to the Norton equivalent shown in Fig. 8, with a 
current source that is directly proportional to the current 
flowing on the energized line, and with an inductance that is 
directly proportional to the length of the line. The current flow 
on the energized line is converted into flux via the inductor L in 
Fig. 8 which manifests as a voltage across the open terminals 
that will increase with increasing line length, but a subsequent 
short across these terminals will result in fixed current that is 



 4 

independent of the line length and proportional to the current 
flow on the energized line. 

 
Fig. 8.  Norton equivalent of the effect of magnetic field induction. Current flow 
on shorted down de-energized line (IDE) is proportional to current flow on 
energized line (IE), and inductance is proportional to line length. 

C.  Shortcomings of KVL 
There is a paradox at the heart of two of the basic equations 

used by electrical engineers. The first is Kirchoff’s voltage law 
(KVL) which states that the sum of the voltages around any 
closed loop is zero. 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝑉𝑉𝑖𝑖
𝑖𝑖

= 0 

The second is Faraday’s law of induction, which states that 
the sum of the voltages around any closed loop equals the 
negative of the time rate of change of the magnetic flux in that 
loop. 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = �𝑬𝑬 ∙ 𝑑𝑑𝒍𝒍 = −�
𝜕𝜕𝑩𝑩
𝜕𝜕𝜕𝜕

∙ 𝑑𝑑𝑨𝑨 

Since we’re dealing with 60Hz sinusoids, we can restate this 
by saying that the voltage around a closed loop is proportional 
to the flux, a direct contradiction to KVL which states that it is 
zero. It is easy to forget that the derivation of KVL, as Richard 
Feynman put it, relies on the assumption that “there is no 
magnetic field in the region outside the individual circuit 
elements” [2]. Most electrical engineers rarely use Faraday’s 
law and are perfectly content applying KVL without ever 
confronting this paradox, and this works as long as we stay 
within the bounds of lumped circuit analysis, but Faraday’s law 
is essential to understanding the internal workings of the most 
enigmatic of these lumped circuit components: the inductor. 

To demonstrate how easy it is to unnerve our KVL wired 
brains we need only to look at a simple two resistor circuit 
which has voltage induced by an external source (Fig. 9) 
providing a 60Hz sinusoidal magnetic (B) field. 

If the B field that is applied by the external source is coming 
out of the page (Fig. 9), then this will induce current in the 
circuit to flow such that the resultant induced B field (into the 
page) will tend to cancel the externally applied B field. If the 
resistors were removed and you just had a shorted loop, then by 
Faraday’s law the total magnetic flux (Φ) in the circuit would 
be zero since the voltage along a short must be zero, the induced 
current being the source of this induced B field which 
accomplishes the requisite flux cancellation. 

 
Fig. 9.  Current and magnetic field induced by externally applied magnetic field. 

Returning back to the case of two resistors (Fig. 10), if the 
induced current was equal to 1A, and we had two different 
resistance values of 1Ω and 5Ω, then I would read -1V if I 
placed a voltmeter on the left side of the circuit, and 5V if I 
placed a voltmeter on the right side of the circuit. 

 
Fig. 10.  Two resistor circuit with different voltages on the left and right sides 
of the circuit. 

The assiduous observer might resolve this conundrum by 
inserting one of their favorite lumped components into the 
circuit, the mutual inductor, drawing a 6V drop across the 
mutual inductor in order to satisfy the KVL requirement that the 
total voltage drop around the circuit equals zero. When used in 
this way KVL always holds true, but what is good for 
computational analysis is not always the best approach for an 
intuitive understanding of the underlying physics [3]. The 
reality is that there is no such 6V drop across the wire that 
extends from the 1Ω resistor to the 5Ω resistor—there can be 
no such voltage drop across a piece of conductor. 

If I set aside KVL for the time being and instead turn to 
Faraday’s law, I can break apart the lumped component and 
better understand what goes on inside inductors. For example, 
in Fig. 11, when I slide the voltmeter to the middle of the circuit, 
I now effectively have two circuits, divided by the high 
impedance voltmeter. Each half will contain half of the original 
flux, assuming the flux is evenly distributed. If the original flux 
created 6V, then the voltage in each half should sum to 3V, 
which will hold true if there is a 2V drop across the voltmeter. 

 
Fig. 11.  Two resistor circuit with voltmeter in the middle of the circuit. 

If we now uniformly distribute this 6Ω total resistance along 
the length of the circuit (Fig. 12), and assume that the flux is 
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uniformly distributed along the length of the circuit, we have 
something that looks more like a transmission line that is 
grounded on both ends. With 1A of induced current, then the 
total flux in the circuit per Faraday’s law is proportional to the 
6V dropped across the 6Ω resistor. 

 
Fig. 12.  Uniformly distributed 6Ω resistance. 

If we connect a voltmeter at, for example, a location 1/3 of 
the way down the circuit (Fig. 13), then the new left circuit will 
contain 1/3 of the original flux which is equivalent to 2V, and 
the right circuit will contain 2/3 of the original flux which is 
equivalent to 4V. Since these voltages exactly match the 
voltages dropped across the 2Ω and 4Ω resistances respectively, 
there is no remaining potential to be dropped across the 
voltmeter, which therefore yields a reading of 0V. 

 
Fig. 13.  Uniformly distributed 6Ω resistance with voltmeter one third of the 
way down the circuit. 

If we shorted the circuit at this same 1/3 location (Fig. 14), 
then we would get 0A of current flow through the short (the 1A 
flowing through the 2Ω resistor due to the 2V drop is matched 
by the 1A flowing through the 4Ω resistor due to the 4V drop, 
with no remaining current to flow down the short). 

 
Fig. 14.  Uniformly distributed 6Ω resistance with short one third of the way 
down the circuit. 

If the magnetic field is not uniformly distributed along the 
line (Fig. 15), then we can get an uneven distribution of flux, 
where the left third of the circuit contains half of the total flux, 
and the right two thirds of the circuit contains the other half of 

the total flux. 

 
Fig. 15.  Non-uniformly distributed magnetic field. 

 With the voltmeter connected at the 1/3 point in Fig. 16, the 
left circuit loop contains half of the flux just as the right circuit 
loop does, and so the total voltage around each of those loops 
must sum to 3V (corresponding to Φ/2). A 1V drop across the 
voltmeter accomplishes this (KVL around the right loop for 
example is -1V+4V), and we now have a potential difference 
from line to ground. 

 
Fig. 16.  Uneven distribution of flux due to non-uniformly distributed magnetic 
field. 

If we shorted the circuit at this same 1/3 location (Fig. 17), 
and assuming that the left 1/3 of the circuit and the right 1/3 of 
the circuit still each contain half of the flux respectively (which 
is equivalent to 3V), then we now have the current distribution 
through the resistors as shown in Fig. 17, with current flow 
through the short equal to 0.75A due to this uneven distribution 
of flux, and we now have the equivalent of current flow from 
line to ground. Note that for simplicity I’m assuming that the 
net flux is unchanged once the short is applied, but for this to 
be accomplished the external source applying the flux would 
have to be increased to compensate for the cancellation flux 
produced by the induced current flow. 

 
Fig. 17.  Non-uniformly distributed magnetic field with short one third of the 
way down the circuit 

This analysis suggests that the voltage due to magnetic 
induction, and subsequent short circuit current, can be driven 
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down to zero if the grounds on both ends of a transmission line 
have negligible resistance, and if the conductor resistance is 
constant and the magnetic flux induced by the energized line is 
uniformly distributed along the length of the line. Low 
grounding resistance can be achieved through substation 
grounding switches, TPGs applied at substations or well 
grounded structures with low soil resistivity, or on lines with 
static wire where the parallel ground connections of the towers 
achieve a net low resistance to ground. Non-uniformity in 
magnetic flux distribution can be due to either a change in the 
proximity of the energized and de-energized lines, or a change 
in the configuration of either the energized or de-energized line, 
for example a change in transmission tower configuration (e.g. 
vertical to horizontal conductor configuration) or due to 
transpositions on the line, a topic we will revisit in more detail 
following. 

III.  TRANSMISSION LINE GROUNDING 
Now that we’ve reviewed electric field induction through 

mutual capacitance and magnetic field induction through 
mutual inductance, we will apply this knowledge to various 
transmission line grounding configurations and discuss the 
effect with regard to the risk of starting a fire if a conductor on 
the de-energized line makes contact with a fuel source (e.g. 
vegetation), which I’ll refer to as a fault on the de-energized 
line. 

Although the following sections demonstrate how fault 
current can be limited, further study into the complex topic of 
electrical fire ignition is needed for comprehensive 
understanding of how to mitigate fire risk. The lines modeled 
in the following sections manifest a relatively high voltage and 
high source impedance characteristic for the effect of mutual 
capacitance, and a relatively low voltage and low source 
impedance characteristic for the effect of mutual inductance. 
Although it appears that appreciable voltages are required to 
ignite the dry vegetation that would be considered a wildfire 
risk (favoring electric induction as the higher risk factor), it’s 
conceivable that a lower voltage with a higher current 
characteristic could pose a higher ignition risk when in direct 
contact with dry vegetation if a short path to ground exists, or 
if there’s excessive heating of the earth floor as in the example 
of the TPG applied to a 500kV line given earlier. These 
unknown factors make it much more difficult to decide whether 
or not to apply grounds on a line during an emergency situation 
like PSPS, where time is of the essence, and both the ability to 
physically place grounds as well as determine the effectiveness 
of those grounds (due to changes in soil resistivity by 
geography) is extremely limited. 

A.  Ungrounded Line 
The most straightforward way to handle de-energized 

transmission lines is to leave them ungrounded. This is a 
particularly appealing option for emergency switching such as 
PSPS which requires quickly de-energizing multiple lines, with 
the goal to return these lines to service as quickly as possible 
once the extreme fire risk subsides. Since current flow due to 
magnetic field induction only occurs with two or more ground 

connections, a fault on the ungrounded line would result in 
current flow by the effect of electric field induction alone, with 
the relatively high voltage and high impedance characteristic 
shown in the Thevenin equivalent of Fig. 4. This situation poses 
a unique fire risk due to the fact that fault current flow will 
remain relatively constant throughout a range of resistance 
values. Field tests [4] confirm that inserting a 1000 Ω resistor 
in series to ground changes this capacitive current flow by only 
a negligible amount. Factors that increase fire risk include 
operating voltage of the energized line and the length of the line 
which affects the capacitive current flow. Line configuration 
and the proximity between the cleared line and energized line 
are additional factors that increase fire risk that are common to 
this section and the following sections. 

B.  Single Ground 
In the case of a single ground applied on a de-energized 

transmission line as shown in Fig. 18, we now have to consider 
the effect of both electric field induction and magnetic field 
induction. 

 
Fig. 18.  De-energized line with single intentional ground. 

At the location of the single ground, current will flow due to 
the electric field induction through the mutual capacitance of 
the lines. Unlike the case of a grounding switch inside of a 
substation, the risk of starting a fire at the location of a TPG 
needs to be considered since constant current will be supplied 
over a range of ground resistance values, and there is a 
possibility of catching ground vegetation growth on fire if an 
adequately low ground resistance cannot be accomplished. 
Factors that increase fire risk at a TPG location include 
operating voltage of the energized line and the length of the line 
which affects the capacitive current flow. 

A fault on this line will experience both the effect of electric 
field and magnetic field induction. The current flow through the 
mutual capacitance will be split through the established single 
ground and the fault location depending on the impedance of 
the ground, the fault, and the line. The current flow due to 
magnetic field induction will circulate in the loop established 
by the single ground and the fault. 

When compared with the ungrounded line, both electric and 
magnetic field induction affect the fire risk at the fault location 
on a line with a single ground. There is a decrease in fire risk 
associated with electric field induction as the induced voltage 
has been clamped down by the applied ground, and the current 
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flow has two paths, one through the applied ground and the 
other through the fault, with the majority of current flowing 
through the typically much lower resistance path of the applied 
ground. But there is an increase in fire risk associated with, and 
due to the introduction of, magnetic field induction, and factors 
that increase this risk include current flow on the energized line 
and length of the line which affects the magnetically induced 
voltage. 

C.  Grounded at Both Ends 
If we grounded the open end of the de-energized line in Fig. 

18 such that it is grounded at both ends of the line, then the 
resulting current flow will be due to both electric field induction 
and magnetic field induction. Unlike the case of a grounding 
switch inside of a substation, the risk of starting a fire at the 
location of a TPG needs to be considered since it is in a field 
environment with potentially significant ground resistance, and 
significant current flow can result from the combination of 
electric and magnetic field induction (enough to boil ground 
water as in the case of the 500kV line mentioned in the 
introduction), and even much larger currents if there is a ground 
fault on the energized system. 

A fault on this line that is grounded at both ends will see 
current flow that is reduced when compared to the fault on a 
line with a single ground. Current flow due to electric field 
induction now has multiple ground paths to take as opposed to 
the path through the fault, and as we saw in the circuit analysis 
of section II, the fault current flow due to magnetic induction 
will be a fraction of the current flow that results when only a 
single ground is applied, with this value approaching zero if the 
grounds have low resistance and if the conductor resistance is 
constant and the magnetic flux is uniformly distributed over the 
length of the line. 

When compared with the ungrounded line, there is a 
decrease in fire risk associated with electric field induction as 
the induced voltage has been clamped down by the two applied 
grounds, and the current flow has multiple paths, with the 
majority of current flowing through the typically much lower 
resistance path of the two applied grounds. There is an increase 
in fire risk associated with magnetic field induction, and factors 
that increase this risk include current flow on the energized line, 
the length of the line which affects the magnetically induced 
voltage, the non-uniformity of the magnetic field distributed 
along the length of the line, a change in conductor resistivity, 
and the resistance of the two applied grounds. If the conductor 
resistance is constant and the magnetic field is uniformly 
distributed along the length of the line (conductors maintain the 
same configuration, the distance between the energized and de-
energized lines is constant, there are no transpositions), and the 
resistance to earth of the applied grounds if reduced to zero, 
then the fire risk associated with magnetic field induction will 
be reduced to zero.  

D.  Multiple Grounds 
Multiple grounds further reduce fault current flow due to 

electric field induction due to the increased paths through 
ground for the current to take. Furthermore, one can judiciously 
choose the location of these multiple grounds such that the 

magnetic flux between grounds is uniform, driving the fault 
current due to magnetic induction down to zero, as 
demonstrated in the following example. 

E.  Example: Double Circuit Line 
Shown in Fig. 19 is an example of two mutually coupled 

lines which illustrates the grounding methods previously 
discussed in this section. Between Station A and the junction (5 
miles from Station C) runs a double circuit line of the vertical 
configuration and dimensions shown in Fig. 20. After the 
junction, going to Station B and Station C, the lines run with 
the same vertical configuration, but they are no longer mutually 
coupled as they run in separate corridors. Also shown is a single 
transposition which introduces a change in the magnetic flux 
profile along the line (a transposition on either circuit in the 
mutually coupled section would cause this non-uniformity in 
the magnetic flux profile). These lines were modeled using an 
EMTP, with a SLG A-phase fault placed on the de-energized 
line 5 miles from Station A as shown in Fig. 19 for a variety of 
grounding configurations, with the pre-fault voltage and fault 
current recorded in Table I for 0 Ω faults and Table II for 100 
Ω faults. 

 
Fig. 19.  Example of two lines mutually coupled between Station A and the 
Junction (JCT). 

 
Fig. 20.  Double circuit, vertical configuration. 

TABLE I 
Prefault Voltage and Fault Current for 0 Ω Fault in Fig. 18 

Grounding Applied VA (prefault, V) IA (fault, A) 
None 2060 0.188 
Station A 102 14.4 
Station A and JCT 37.7 7.85 
Station A and Transposition 0.176 0.048 
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TABLE II 

Prefault Voltage and Fault Current for 100 Ω Fault in Fig. 18 
Grounding Applied VA (prefault, V) IA (fault, A) 
None 2060 0.188 
Station A 102 1.01 
Station A and JCT 37.7 0.373 
Station A and Transposition 0.176 0.002 

 
For the case of an ungrounded de-energized line, the pre-

fault voltage was significantly higher than any of the situations 
where grounds were applied. The fault current was 
comparatively small, but at 188 mA is within a range that 
studies have suggested is enough to start a fire. It is noteworthy 
that the fault current led the pre-fault voltage by approximately 
90 degrees, consistent with capacitive coupling charging 
current, that both the pre-fault voltage and fault current scale 
linearly with the voltage of the energized line, and that the fault 
current level is maintained through a range of fault resistance 
values (undiminished at 100Ω). 

With a single ground applied to the de-energized line at 
Station A, the capacitively coupled voltage is shunted to 
ground, and the overwhelming driver of prefault voltage and 
fault current is now due to mutual inductance, with these 
voltages and currents now scaling linearly with the current flow 
on the energized line. The prefault voltage is a fraction of what 
it was for the ungrounded line, but the current is two orders of 
magnitude greater, though it quickly diminishes as fault 
resistance is increased (compare Table I with Table II). 
Complex testing would need to be performed to attempt to 
understand the fire ignition risk associated with this setup, but 
it is not convincing that this low voltage source has the capacity 
to ignite the highly resistive dry foliage that is typically of 
primary concern. It is noteworthy that the fault current lagged 
the pre-fault voltage by approximately 90 degrees, consistent 
with magnetic induction, and that both the pre-fault voltage and 
fault current scale linearly with the current flow on the 
energized line, confirming the idea that the effect of magnetic 
induction due to current flow on the energized line is the 
dominating factor once the de-energized line has been 
grounded. 

When a subsequent ground is applied at the junction (JCT) 
in Fig. 19, the pre-fault voltage and fault current is further 
reduced, but not driven to zero due to the non-uniform 
distribution of magnetic flux between Station A and the 
junction due to the presence of a transposition. 

If we instead apply a ground at the transposition (with or 
without the ground still applied at the junction), we now 
establish a uniform distribution of magnetic flux and drive the 
pre-fault voltage and fault current to zero. In practice the 
resistance of TPG connections to earth will limit our ability to 
drive the fault current of mutually coupled de-energized lines 
to zero, but substation ground switches, substation TPGs, or 
lines with static wire will more closely approach this ideal, and 
on lines without static wire it might be necessary to apply TPGs 
at multiple adjacent pole/tower locations to achieve the desired 
results. The purpose of this example is to demonstrate the 
importance of the location of the grounds, creating inductive 

loops that have a uniform magnetic flux distribution between 
the ground locations. 

A final observation can be made that once a ground is 
applied at the junction, fault current along the section between 
the junction and Station C is driven to zero since there is no 
magnetic field coupling between the two lines along this 
section. 

IV.  FIELD TESTING AND EMTP SIMULATIONS 
Field tests were performed to confirm the relatively high 

voltage and low current characteristic of an ungrounded de-
energized line that is subsequently grounded (either 
intentionally or by fault condition), and the relatively low 
voltage and high current characteristic of a de-energized line 
that is already grounded at one end and then is subsequently 
grounded at the other end. It is possible for a de-energized line 
to exhibit higher current flow due to electric field induction than 
due to magnetic field induction (e.g. if the energized line is very 
high voltage and lightly loaded, and the two lines are very long), 
and likewise it is possible for the magnetic field induced voltage 
to exceed the electric field induced voltage (e.g. if the energized 
line is very low voltage and heavily loaded, and the two lines 
are very long), but the opposite characteristic as captured in the 
following example is more typical. The lines were modeled in 
an EMTP to determine how effective software simulations are 
at capturing the unbalanced voltages and currents that result 
from electric and magnetic field induction. There are many 
factors that will contribute towards discrepancies between the 
field measurements and EMTP simulations including accuracy 
of the measurement equipment, accuracy of ground resistance 
measurements, assumptions of earth resistivity, and accuracy of 
the line model developed in the EMTP, but because the ultimate 
goal is to reduce fire risk (a topic which is incredibly complex 
and difficult to quantify in its own right), we are not looking for 
precisely accurate numbers, but instead general trends. 

Two lines along a four line corridor (Fig. 21) were de-
energized and tested, the Moraga-Oakland #1 115kV line and 
Moraga-Oakland #2 115kV line, which were induced by the 
energized Moraga-Oakland #3 115kV line and Moraga-
Oakland #4 115kV line. 

 
Fig. 21.  Four 115kV line corridor. 
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Fig. 22.  Four 115kV line corridor modeled in an EMTP. 

The four lines were modeled in an EMTP (Fig. 22), with a 
variety of factors that can affect the accuracy of the simulation 
results taken into consideration, including the ground resistance 
of the towers in question, the load current on the energized 
lines, and the order that the phases are arranged on the tower 
from top to bottom. The line model for this EMTP study 
includes a default option to create an ideal transposition of the 
circuit, an option which needs to be disabled in simulations such 
as this which critically rely on the unbalance created by the fact 
that these lines are not ideally transposed. 

The two test locations chosen were Tower 0/1 which is the 
first tower outside of Moraga Substation, and Tower 3/24 which 
is about 1.7 miles from Oakland Substation. Both the #1 and #2 
lines were de-energized throughout the testing, and 
measurements were taken for a given circuit on a given tower 
under the following two scenarios: a tower location was tested 
with the de-energized line ungrounded, and re-tested with the 
same circuit at the other tower location grounded (3-phase to 
ground). Voltage measurements were taken on each phase, and 
then each phase was subsequently grounded one at a time, with 
current flow to ground measurements taken. Table III shows the 
voltage and current measurements taken on the Moraga-
Oakland #2 115kV line compared with the values obtained from 
EMTP simulations for the case of an ungrounded line, and 
Table IV shows the results with the opposing tower location 
grounded (e.g. the measurements at Tower 0/1 were taken with 
Tower 3/24 grounded). 

 
TABLE III 

Ungrounded Line: Test and Simulation Values 
 Voltage (V) Current (mA) 
Circuit 2 Top 

Phase 
Middle 
Phase 

Bottom 
Phase 

Top 
Phase 

Middle 
Phase 

Bottom 
Phase 

Tower 0/1 
Test 

722 825 400 16.7 18.6 9.9 

Tower 0/1 
Simulation 

951.3 1275.1 544.9 19.9 26.5 19 

Tower 3/24 
Test 

828 401 715 19 12 16 

Tower 3/24 
Simulation 

1267.7 547.2 956.6 26.3 19.1 20 

 
 
 
 
 

 
TABLE IV 

Grounded at Opposite Location: Test and Simulation Values 
 Voltage (V) Current (mA) 
Circuit 2 Top 

Phase 
Middle 
Phase 

Bottom 
Phase 

Top 
Phase 

Middle 
Phase 

Bottom 
Phase 

Tower 0/1 
Test 

29 33 13 800 1000 800 

Tower 0/1 
Simulation 

6.2 7.6 8.6 821 1003.4 1133.5 

Tower 3/24 
Test 

10 9 11.5 900 700 800 

Tower 3/24 
Simulation 

7.8 8.7 6.3 1024.6 1152.6 833 

 
The relatively high voltage and low current characteristic 

captured in Table III is overwhelmingly due to the effect of 
electric field induction on this ungrounded line, and the 
relatively low voltage and high current characteristic captured 
in Table IV is overwhelmingly due to the effect of magnetic 
field induction with the opposite location grounded. The 
magnetic field induced voltages in Table IV are also present in 
Table III, either adding or subtracting from the electric field 
induced voltages depending on the location of measurement 
and direction of current flow on the adjacent circuits, but 
because the magnetic field induced voltages are 1 to 2 orders of 
magnitude lower than the electric field induced voltages, we 
can effectively ignore their contribution to Table III. 

The electric field induced currents in Table III are also 
present in Table IV, either adding or subtracting from the 
magnetic field induced voltages depending on the location of 
measurement and direction of current flow on the adjacent 
circuits, but because the electric field induced currents are 1 to 
2 orders of magnitude lower than the magnetic field induced 
currents, we can effectively ignore their contribution to Table 
IV. 

Although there are discrepancies between the measured and 
simulated values, the EMTP simulations produce reasonably 
accurate results for the purpose of determining the effectiveness 
of grounds in removing the source of electrical energy on a de-
energized line. Once the line model is built, the user can quickly 
simulate any combination of ground locations. This software 
additionally serves as an excellent educational tool: by 
adjusting voltages and currents on adjacent line the user can 
convince themselves of the effect of the voltage level of the 
adjacent line on the Thevenin equivalent of Fig. 4, and the effect 
of the current flow on the adjacent line on the Norton equivalent 
of Fig. 8. 
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V.  CONCLUSION 
There are documented cases of de-energized 500kV lines 

causing fires due to ground current flow through a TPG or due 
to falling hot metal particles produced by arcing at the overhead 
conductor when removing a TPG. It has been demonstrated that 
significant voltages and currents can also be induced on de-
energized lines at lower operating voltage levels. 

Grounding de-energized lines can be an effective method to 
reduce electrical energy and thereby reduce fire ignition risk, 
but many factors must be understood and considered including 
the fire risk at the location of the grounds themselves, the 
separate effects of electric field induction and magnetic field 
induction, consideration of the magnetic field profile along the 
line when choosing ground locations, and the effectiveness of 
the grounds (resistance to ground). If the line can be grounded 
in segments such that each segment has conductor resistance 
which is constant, a magnetic field that is uniformly distributed 
along the length of the line (conductors maintain the same 
configuration, the distance between the energized and de-
energized lines is constant, there are no transpositions), and the 
resistance to earth of the applied grounds if reduced to zero, 
then the fire risk at a subsequent fault location will be reduced 
to zero. 

An EMTP simulation can be used to provide a reasonable 
approximation of the voltages and currents induced on a de-
energized line, and can be a valuable tool to study the effect of 
the location where grounds are connected. Finally, although 
KVL applies without failure to lumped circuit analysis, 
Faraday’s law requires that the non-conservative electric fields 
that are induced by time changing magnetic fields result in 
voltages around closed loop paths that do not sum to zero, and 
grappling with this unnerving feature of magnetic inductance is 
an essential part of un-lumping the inductor, revealing the 
internal mechanics not only of magnetically induced 
transmission lines, but of any wire wound component including 
generators, transformers, and CTs. 
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