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—
Abstract

This paper presents practical mitigation techniques to reduce incident energy, 
by graphically visualization of theoretical and empirical studies in order to 
understand the dynamics of parameters that influence the energy released 
during an arc flash fault event. The practical use of mitigation techniques is 
based on the hierarchy of control measures from NFPA 70E [1]. The subjects in 
focus are; Substitution of existing equipment and recommendations for good 
design practices, Engineering controls to reduce the arcing current or the arc 
duration, increase the working distance and introduce work procedures. All is 
to make electrical work safer and to ensure high reliability of electrical system 
performance. For further considerations a method to handle cases of genera-
tor near nature in relation to arc flash calculations is proposed.
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Fig. 1. NFPA 70E [1] 
Hierarchy of Con-
trol Measures

—
Introduction

Are you aware of the incident energy stored to be released during an arc flash fault 
event in your electrical systems? Have you ever considered how simple mitigation 
techniques can limit the incident energy? Are you aware of the danger an arc flash 
event can cause in an electrical installation? These are some of the questions that 
will be answered in this paper.

During the last decade, there has been high focus on arc 
flash hazards in the electrical industry. It is mainly due to a 
higher focus on the risks and because EN 50110-1 [2] has had 
an update on the topic in “Annex B.6 Arc” Hazard that focuses 
on the consequences associated with an arc flash fault event 
in electrical installations. Today, it is mandatory for all new 
electrical installations in the United States (US) to include 
an arc flash analysis according to NFPA 70E [1] to the project 
documentation in order to follow US federal law of regula-
tion. This indicates that arc flash is a topic that we will see 
more and more all over the world in order to increase per-
sonal safety.

Statistically, arc flash fault events occur due to:

•	 Human errors, when someone is working on or near live 
current carrying parts creating an unintended contact be-
tween two or more conductive elements. 

•	 Mechanical wear of equipment, corrosion on electrical 
parts and contactors.

•	 Faulty connections, wiring failure.
•	 Pollution, dust, leakage or other substance that may create 

an accidental electrically conductive connection.

One of the primary reasons for high incident energies are in-
adequate settings of protective devices, which earlier have 
been based on short-circuit studies dismissing considering 
the influence of an arcing current. This paper focusses on 
high incident energy and describes the mitigation techniques 
to be used in practice in order to reduce the risk and maybe 
even eliminate it through hierarchy of control measures from 

NFPA 70E [1], starting from most to least effective methods 
as shown in Fig. (1). This paper reviews practical mitigation 
techniques within Substitution and Engineering Controls as 
highlighted with red in Fig (1). 

The intention is to share knowledge, create more awareness 
and define mitigation solutions to the arc flash hazards by 
combining the experiences from an engineering perspective 
as well as a practical approach. Simple techniques such as 
awareness training and work procedures can reduce or even 
eliminate the risks by removing the personnel from potentially 
dangerous situations. It is not complicated to make an analy-
sis and present the risks, but the end users need to know how 
to use the outputs in relation to incident energy and how to 
mitigate Arc Flash Hazards via handling, reducing or removing 
the risk. The important part is to take the action needed to 
implement control measures by obtaining safety of personnel 
and to ensure a reliable electrical system at the same time.

A discrepancy has been observed between fault calculations 
based on remotely located generators and a situation with 
power generation close by, with higher DC component but 
faster decay. This paper proposes a method for further con-
siderations of arc flash hazard calculations including current 
transients and direct current (DC) contribution from a theo-
retical perspective. 

The article ends with a memorandum of advice to the end 
user of electrical systems who either own or operate sys-
tems that could potentially be at risk of carrying high levels 
of incident energy.

Elimination

Substitution

Engineering Controls

Awareness

Administrative Controls

PPE
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—
Arc Flash Calculations in Practice

Basically all can perform arc flash hazard calculations, even a computer can do it 
with the right inputs. But to understand the dynamics of the parameters and the 
equations in a practical relation can be quite abstract. From a practical point of 
view this is where the engineering work begins.

An arc flash occurs when one or more electrical conductors 
are located close to each other and with an unexpected fault 
current passing through, typically in case of a short-circuit. In 
this situation, an ionization process of the air can take place 
as a result of various factors, such as high potential differ-
ences on electrically conductive devices and the gap between 
conductors which lead to a low-impedance connection that al-
lows a current named arcing current, to flow through the air 
gap between the conductors in a plasma channel.

Before starting to use any mitigating techniques to reduce 
high incident energies, a general understanding of the influ-
encing parameters must be set into relation. Different analy-
sis models have been presented previously to calculate inci-
dent energy caused by an arc flash fault event. This section 
walks through a theoretical derivation known as the Ralph 
Lee method [3], to understand the dynamics of the parame-
ters and present the empirical determined method known as 
IEEE std. 1584-2002 method [3] for further demonstration. 
From an electrical engineering perspective this can be inves-
tigated with a simple circuit in order to derive a method of 
maximum power exposure in case of an arc flash incident. 
Considered is an arc flash fault event as an electrical circuit 
containing a power supply with a fixed system voltage Usys, 
a system impedance Zsys and a variable arc impedance Zarc 
representing the impedance of the ionized air of an arc flash, 
as shown in Fig. (2).

Iarc

Zarc

Zsys

Usys

+

-

Uarc

—
Fig. 2. Engineering approach to arc flash fault event 

The hardest variable to determine in this circuit is the arc 
impedance Zarc as it depends on the distance between con-
ductors and the surrounding humidity. Using basic circuit 
theory, it can be derived that the arcing current Iarc flowing 
through the air between the conductors as function of the 
arc impedance Zarc can be expressed as shown in Eq. (1).

(1)	 Iarc (Zarc) = 	 [A] 

where

•	 	Iarc	 Arcing current [A];
•	 	Zarc	 Arc impedance [Ω];
•	 	Usys	 System voltage [V];
•	 	Zsys	 System impedance [Ω];

Having the arcing current expressed as function of the arc 
impedance, it can be substituted into a general equation cal-
culating the arc power exposure as shown in Eq. (2).

(2)	 Parc (Zarc) = (	 )2 ⋅ Zarc [W] 

where

•	 	Parc	 Arc power exposure [W];

From Eq. (2), a plot of the maximum possible power expo-
sure in the arc flash can be visualized by increasing the arc 
impedance Zarc from as visualized on the x-axis in Fig. (3). 
Plotting this function in a given time interval with an exam-
ple of a 400 V. system voltage and a system impedance 
equals 10 Ω, it is possible from Fig. (3), to realize that the 
maximum power exposure in the arc flash happens exactly 
when the relation between the system impedance Zsys and 
the arc impedance Zarc is equal as shown with a dotted 
grey line.

Zsys + Zarc
Usys

Zsys + Zarc
Usys
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Fig. 3. Maximum power method derivation

This allows the previous expression from Eq. (2) to be simpli-
fied to express the maximum arc power exposure Pmax in the 
arc flash as per Eq. (3).

(3)	 Pmax = (	 )2 ⋅ Zsys = 	 [W]

where

•	 	Pmax	 Maximum arc power exposure [W];

Transferring the electrical representation of an arc flash fault 
event into energy, the maximum power exposure of an arc 
flash in a given period assuming worst case arc duration 
conditions to account for current limiting devices, is equal 
to the total arc energy as per Eq. (4). 

(4)	 Earc = Pmax ⋅ Tarc [J]

where

•	 	Earc	 Arc energy [J];
•	 	Tarc	 Arc duration [s];

Using the total amount of arc energy to assess personal 
safety would be a very conservative approach, as all vital 
parts of a human body is at least in a working distance 
equal to the length of an arm, from live electrical equip-
ment, defined in the IEEE std. 1584-2002 [3] to be 455 mm 
(typical value). Considering the arc flash as a source of light 
in an open air environment, the light will radiate radially 
from the source as shown in Fig. (4). Just as light, the en-
ergy intensity from an arc flash will decrease with the dis-
tance to the arc flash fault location. By dividing the total 
amount of arc energy from the arc flash with the surface 
area of a sphere from Eq. (5), it is clear that the energy in-
tensity from the arc flash, called incident energy Ei will de-
crease with the working distance squared D2, as shown 
in Eq. (6).

(5)	 Asph = 4 ⋅ π ⋅ D2 [cm2]

where

•	 	Asph	 Surface area of a sphere [cm2];
•	 	D	 Working distance [cm];

(6)	 Ei =	 =	 [	 ]
where

•	 	Ei	 Incident energy [J/cm2];

D

—
Fig. 4. Arc flash light consideration

Incident energy is measured in calories per square centime-
ter (cal/cm2). The primary choice of energy unit was intro-
duced by the clothing industry. The level of protection is 
measured in cal/cm2 and is defined as the maximum incident 
energy which can be absorbed by a layer of clothing in order 
to reduce the potential injury to a maximum of a 2nd degree 
burn, defined as 1.2 cal/cm2. The conversion between the 
International system of Units (SI) unit joule and calorie is 
shown in Eq. (7).

(7)		  = 4.184

Converting to calories and subtracting all constants to one 
single constant C in front of the fraction, this leaves only 
3 influencing parameters left, as shown in Eq. (8).

(8)	 Ei = C ⋅		  [	 ]
where

•	 	C	 Constant;

Since the theoretically derived equations for calculation of 
the incident energy have been proven very conservative, 
IEEE has developed a Guide for Performing Arc-Flash Hazard 
Calculations, IEEE std. 1584-2002 [3], which is based on an 
empirically derived model. 

2 ⋅ Zsys
Usys

4 ⋅ Zsys
U2sys

Asph
Earc

4 ⋅ π ⋅ D2
Pmax ⋅ Tarc

cm2
J

1 Joule
1 calorie

D2
Pmax ⋅ Tarc

cm2
cal
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This method has limitations as it has only been validated 
within the test ranges. From the IEEE std. 1584-2002 [3] the 
empirically derived model (Clause 7.5 and 9), based on statis-
tical analyzes and curve fitting programs, is applicable for 
systems with:

•	 Voltages in the range of 208 V–15.000 V, three-phase.
•	 Frequencies of 50 Hz or 60 Hz. 
•	 Bolted fault current in the range of 700 A–106.000 A.
•	 Grounding of all types and ungrounded.
•	 Equipment enclosures of commonly available sizes.
•	 Gaps between conductors of 13 mm to152 mm.
•	 Faults involving three phases.

Note; The IEEE defined bolted fault current corresponds 
to IEC defined symmetrical root-mean-square (RMS) short- 
-circuit current.

The model is derived to predict the 3-phase arcing current in 
order to find the protective tripping time and determine the 
total arc duration. For system voltages below 1000 V. Eq. (9) 
is to be used and for system voltages above 1000 V. Eq. (10) 
is to be used.

(9)	 lg(Iarc) = K + 0.662 ⋅ lg(lbf) + 0.0966 ⋅ V + 0.000526 ⋅ 
G + 0.5588 ⋅ V ⋅ lg(lbf) – 0.00304 ⋅ G ⋅ lg(lbf) 

where

•	 	lg	 log10(x);
•	 	K	 -0.153 for open configuration 

	 -0.097 for box configuration;
•	 	V	 System voltage [kV];
•	 	Ibf	 Bolted fault current [kA];
•	 	G	 Gap between conductors [mm];

(10)	 lg(Iarc) = 0.00402 + 0.983 ⋅ lg(lbf) 

As the arcing current calculation so far has been calculated 
on a logarithmic basis, this is converted into a numeric cur-
rent value using Eq. (11). 

(11)	 Iarc = 10lg(larc) [A] 

A second arc is to be calculated too for low-voltage (LV) sys-
tems, corresponding to 85% of the arcing current to account 
for current variations.

Calculating the incident energy, a normalized calculation is 
made as per Eq. (12). It is based on an arc duration Tarc of 
0.2 s. and a working distance D equals 610 mm, with influ-
ence from the surrounding configuration and grounding 
system.

(12)	 Ig(En) = K1 + K2 + 1.081 ⋅ lg(Iarc) + 0.011 ⋅ G 

where

•	 	En	 Normalized energy (J/cm2);
•	 	K1	 -0.792 for open configuration 

	 -0.555 for box configuration;

•	 	K2	 0.000 for ungrounded and  
	 high-resistance grounded systems 
	 -0.113 for grounded systems

Although grounding systems previously have been used 
as a mitigation technique, the new empirically derived IEEE 
1584-2018 states: “Contrary to how the IEEE 1584-2002 
model interpreted the effect of system grounding, the 
new IEEE 1584 arc-flash model will not utilize the system 
grounding configuration as an input parameter. The IEEE/
NFPA Collaboration test results did not show any significant 
impact of the system grounding or bonding on the incident 
energy released by the arc.” Due to this statement system 
grounding has not been considered further.

Like the arcing current, the normalized incident energy is 
converted from a logarithmic basis to a numeric value using 
Eq. (13).

(13)	 En = 10lg(E
n) [	 ] 

Finally, the calculation of incident energy Ei is adapted to 
the correct conditions for the given fault configuration us-
ing Eq. (14).

(14)	 Ei = 4.184 ⋅ Cf ⋅ En ⋅ (	 ) ⋅ (	 )[	 ]
where

•	 	Ei	 Incident energy [cal/cm2];
•	 	Cf	 1.0 for voltages above 1 kV. 

	 1.5 for voltages at or below 1kV.;
•	 	t	 Arcing time (equals Tarc) [s];
•	 	x	 Distance exponent, from [3] Table 4;

Although there is a difference between the theoretically and 
the empirically derived method, there are two core relation-
ships that remain unchanged. Comparing Eq. (8) with Eq. (14) 
it can be concluded that the arc duration Tarc is directly pro-
portional to the amount of incident energy Ei and that 
the amount of incident energy is inversely proportional to 
the working distance to the power of respectively 2 for the 
theoretical method and the distance exponent x from IEEE 
std. 1584-2002 [3] Table 4. for the empirical model.

The IEEE std. 1584-2002 [3] has already considered a practi-
cal solution to ensure personal safety by calculating an arc 
flash boundary. Solving for the working distance D from 
Eq. (14) and substitute the incident energy Ei with an inci-
dent energy boundary EB as shown in Eq. (15), a safety dis-
tance can be determined, related to the maximum allowable 
incident energy boundary EB. This arc flash boundary DB is 
the distance of which an incident energy is exactly equal to 
the incident energy boundary EB, as illustrated in Fig. (5).

(15)	 DB = [4.184 ⋅ Cf ⋅ En ⋅ (	 ) ⋅ (	 )]   [mm]

where

•	 	DB	 Arc flash boundary [mm];
•	 	EB	 Incident energy boundary [J/cm2];

cm2
J

0.2
t

Dx
610x

cm2
J

0.2
t

EB

610x 1
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Fig. 5. Arc flash boundary distance

Recently, IEEE have presented the IEEE std. 1584-2018 [4] 
with even more and complex input parameters than the ver-
sion from 2002 including e.g. enclosure dimensions and 
electrode configurations. The guide is difficult to discuss in 
a practical perspective as the input parameters are highly 
dependent on each other, it can be difficult to decode the 
dynamics of computational relationships. The 2018 version 
is due to this only discussed further in relation to future rec-
ommendation of good design practice in this paper.

 
—
Mitigation Techniques in Practice

Mitigation techniques are available in many formats ranging from simple to complex 
solutions. As stated in the introduction, mitigation techniques demonstrated in this 
paper are based on the NFPA 70E [1] with a primary focus on the control measures: 
Substitution and Engineering controls.

—
Substitution

Generally, substitution/replacement is often only applicable 
at the design stage, and therefore it is perhaps more essential 
to investigate ways to reduce the amount of incident energy 
in the event of a fault by making some arc flash recommended 
design criteria/practices which can reduce/eliminate the like-
lihood of occurrence of an arc flash fault event. However, this 
does not mean that replacement cannot be used at a later 
stage. Instead, you may have to distinguish between damage 
on personnel and damage on electrical equipment.

Examples of reducing the damage to personnel using re
placements; If the installation can be operated from an ex-
ternal operative system or if this can be introduced subse-
quently, the remote switching system can be used to remove 
the risk of personal injury by moving all personnel outside 
the arc flash boundary as calculated per. Eq. (15). Equipment 
replacement can also be activation of protective devices 
faster acting overcurrent functions or selecting components 
that limit the available fault current such as; Ith limiter, fast 

earthing switches, arc guard protection, protection and con-
trol relays with dual settings introduced e.g. during mainte-
nance mode. In addition, arc flash rated LV switchgear and 
controlgear assemblies can be used to reduce the risk of in-
jury such as switchboards tested and certified in accordance 
with IEC 61641 [5] to withstand an arc flash fault event based 
on 690 V system voltage, 100 kA short circuit current for 
300 ms arc duration.

All types of control measures for substitution require super-
vision of the state of the equipment in order to avoid im-
proper or inadequate maintenance. Therefore, it is always 
recommended to perform electrical system services which 
include life cycle assessments, system health checks and sys-
tem studies. If an installation has a system study it should be 
validated every time a change in the system occurs, as there 
might have been changes to the installation such as new 
equipment, replacements or new operational philosophies 
that might affect the energy levels and hereby create higher 
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levels of incident energy. Equipment or functionality might 
change over time, and it might compromise the overall de-
sign criteria which then might affect personal safety. It is 
also important to validate the state of the equipment. The 
older the equipment is, the more worn out it will become. 
Therefore, it is important to test functionality and protec-
tion of the installation on a regular basis. There are incidents 
where breakers have failed to trip due to lack of mainte-
nance, and the settings used from previous studies does not 
fit the purpose anymore or have been changed without vali-
dation. A protection relay has a response time to detect a 
fault and inform the breaker to trip. The breaker also takes 
time to trip, and if then the springs in the breaker are worn 
out, the functionality has not been tested or vital parts need 
lubrication, it will affect the time to clear a fault. As described 
in this paper, the time is of highest concern, due to the pro-
portionality to the amount of incident energy. In the worst 
case, poorly maintained equipment can be described as un-
predictable and a calculation of this must therefore consider 
the outer limit value for the absolute worst-case fault event.

Both the arcing current calculations in Eq. (9) and the nor-
malized incident energy in Eq. (12) from IEEE std. 1584-2002 
[3], depends on the distance between conductors G shown 
in Fig. (6). For LV systems, differences in the gap between 
conductors may result in deviations of approximately 15% 
within the standard distances defined in the IEEE std. 1584-
2002 [3]. For systems with a voltage level exceeding 1000 V, 
the influence according to the IEEE std. 1584-2002 [3] is less 
than half, compared to LV systems. For future designs, it is 
recommended, in particular for LV systems, to increase the 
distance between conductors G to reduce the amount of in-
cident energy, and in order to eliminate the likelihood of an 
arc flash initially occurring. From an experience-based point 
of view, the culprit in the industry is not the companies build-
ing electrical distribution boards, but more the component 
manufacturers who constantly push the terminal sizes of the 
components and decrease the distance between the con-
ductors. In recent years, it is more frequently seen that LV 
busbars are insulated which provide flashover protection up 
to 1 kV. 

VERTICAL

GGGG

HORIZONTAL

 

—
Fig. 6. Gap between conductors and electrode configuration

In addition to the gap between conductors G, the new IEEE 
std. 1584-2018 [4] classifies electrode configurations, as it 
has been discovered that arc flashes typically occur at the 
end of a 3-phase busbar system. From IEEE std. 1584-2018 
[4], Table 9 provides some examples of how equipment con-
ductor arrangements could be classified based on their sim-
ilarity to the electrode configurations. Fig. (6) illustrates 
a horizontal- (left) and vertical (right) oriented busbar sys-
tem. In general, it has been found that incident energy at 
a given working distance D is increased in cases where hori-
zontally designed busbar systems are used. For future good 
design practice, a general recommendation is to use verti-
cally oriented busbar systems, both to reduce incident ener-
gies but also because experience has shown that horizontal 
busbars are more dangerous in cases of dropped tools or 
other foreign objects during work or maintenance.

Electrical cabinets across all voltage levels are required to 
be designed to withstand a short-circuit, but there is cur-
rently no detailed description of protection against arc 
flash faults. During an arc flash fault event, temperatures 
of up to 19.500 oC are achieved, causing copper to be gas-
eous and expand approximatly 65.000 times the unit of 
space. The rapid increase in pressure inside a cabinet can 
result in an explosion like event. 

From previous presented PCIC Europe paper EUR19_14 [6], 
the effect of an arc limiting switchgear based on energy dis-
charge defined as the integral of the arc power per unit of 
time, converted to pressure discharge, depending on the en-
ergy per volume as shown in Eq. (16) has been demonstrated. 
The pressure discharge is directly related to the intensity of 
incident energy theoretically decreasing to the power of 2 to 
the working distance D2. The message from this is, that it is 
important to design cabinets which can withstand an arc 
flash fault event by equalizing the pressure inside the cabinet, 
as the pressure in many cases will be the most dangerous fac-
tor for the human being working in or near the cabinet. Typi
cally systems such as; pressure relief flaps, gas ducts and 
pressure blast canals can be used to solve the problem. 
Otherwise, there is no point in the first place to make inci-
dent  energy calculations.

(16)	 Pf = 	 [	 ]
where

•	 	pf	 Pressure discharge fault event [J/m3];

Comparing an arc flash fault event in an open air environ-
ment with a square cabinet as illustarted in Fig. (7), this 
will increase the radial pointing intensity of the incident en-
ergy with a factor of in front of the faulted cabinet as shown 
in Eq. (17), due to the relation between the surface area of 
a sphere Asph with the radius of D and the surface area 
of a square Asqu with side length 2∙D.

m3
J

Volume
Energy
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D

—
Fig. 7. Arc flash intensity from a box (el. cabinet)

(17)	 Adif =	 =

where

•	 	Adif	 Difference in surface area;
•	 	Asqu	 Surface area of a square [cm2];

—
Engineering Controls
 
Engineering control measures can be different things, but 
common to all according to NFPA 70E [1], engineering con-
trols may have a substantial impact on risk. They should, 
where practicable, be considered and analyzed. Typically, en-
gineering controls can be barriers and other safeguarding 
devices. 

Through years of experience, best practice [7] engineering 
controls with theoretical and practical demonstrated effect 
is to: 

•	 Reduce the arcing current 
•	 Reduce the arc duration
•	 Increase the work distance

Or introduce work procedures, which might affect all the en-
gineering controls listed above.

In order to reduce the level of incident energy, parameters 
presented in the IEEE std. 1584-2002 [3] will set the basis for 
further demonstration. For low-voltage systems there are 
5 variable parameters:

•	 System voltage (V) 
•	 Arc duration (t)
•	 Gap between conductors (G)
•	 Bolted fault current (Ibf)
•	 Working distance (D)
•	 Distance exponent (x) 

For high voltage systems, only the system voltage is consid-
ered not to have any influence whether it is a 1kV or 15kV 
system voltage.

The arcing current and the arc duration often have a connec-
tion in relation to the protective equipment and they are in-
versely proportional. The protection coordination philoso-
phies have traditionally been based on short-circuit studies 
characterized by a minimum and maximum current accord-
ing to standards such as IEC 60909-0 [8]. For future studies, 
due to personal safety, the impact of an arc flash occurring 
should be considered during the construction of protection 
coordination. Considering the calculation of a 3-phase 
short-circuit current I3p according to IEC 60909-0 [8], using 
Eq. (18), only the system voltage Usys and the fault imped-
ance Zf has to be determined.

(18)	 I3p =

where

•	 	I3p	 3-phase short-circuit current [A];
•	 	Usys	 Nominal voltage [V];
•	 	Zf	 Fault impedance [Ω];

Representing the calculation graphically as shown in Fig. (8), 
the system impedance Zsys can be assumed constant, which 
makes it easy to determine the 3-phase bolted fault current 
Ibf, while the arc impedance Zarc is variable and makes it 
difficult to define Iarc. The total fault impedance Zf can be 
defined according to Eq. (19) as the sum of all impedances 
from the power source to the faulted location.

(19)	 ∑Zf = Zsys + Zarc

Asqu
Asph

4 ⋅ D2
4 ⋅ π ⋅ D2

√3 ⋅ ∑Zf
Usys
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Iarc

Iarc

UscIbf

Ibf

UscUn

—
Fig. 8. 3-phase short-circuit current calculation graphically according 
to IEC 60909-0 [8]

For boundary values calculating the arcing current according 
to IEEE std. 1584-2002 [3], this representation of 3-phase 
short-circuits calculations in accordance with IEC 60909-0 
[8] cannot be asserted. Calculating on a circuit with a sys-
tem voltage of 999 V in an open air configuration, the arcing 
current exceeds the 3-phase short-circuit current, when the 
3-phase short-circuit current reaches 1.9 kA. This is physi-
cally not possible and may be caused due to an approxima-
tion in the derivation of Eq. (9), which is based on logarith-
mic curve fittings.

Representing the short-circuit current with and without 
the arc impedance in a typical protection time/current 
curve with a thermal overcurrent curve and a definite set-
ting, as shown in Fig. (9), the difference in between can be 
considered as the arc impedance Zarc. As per Eq. (14) the 
arc duration is proportional to the amount of incident en-
ergy. This means typically for a given example, the incident 
energy is increasing with a factor of 10-100 times just by 
introducing the arc impedance Zarc. From best practices 
this should be a general protection recommendation in 
protection coordination- and selectivity studies to include 
the impact of the arcing current. As it is so difficult to de-
termine, one must make some general assumptions from 
a conservative point of view. In cases where it is not possi-
ble to change the protection settings due to selectivty or 
limitations of the protective device, an arc time-limitng de-
vice can be installed in both existing- and new cabinets. Arc 
time-limitng device use an optical detection system which 
together with a current measurement is connected to an 
external breaker that trips the fault current typically within 
10 ms. in the event of a short-circuit. Using an arc time-lim-
itng device, the incident energy will decrease in all cases, 
without compromising personal safety and system selec-
tivity, as visulized in the protection time/current curve 
in Fig. (9).
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Fig. 9. Protection characteristic with an Arc time-liming device

An example of various modes of operation is presented to 
show the relationship between security of supply and per-
sonal safety, as well as the importance of proper protection 
relay settings that account for the arcing current. One im-
portant thing to distinguish when considering electrical sys-
tems with multiple inputs in the event of a failure is that 
there is a difference between bus fault current and arcing 
current that flows through the protective device to limit the 
arc duration.

By considering a simple busbar system consisting of a gen-
erator connected to a distribution panel (3.3 kV.) feeding 
four MCC panels (400 V.) through each individual trans-
former with internal bus couplers (BC1, BC2, BC3) as shown 
from an ETAP [9] model in Fig. (10), for various constellations 
of bus couplers status (open/closed) one can illustrate the 
effect. The low-voltage protection relays (LV1, LV2, LV3, LV4) 
shown in Fig. (11), are assumed being identically set, with a; 
long time, short time and instantaneous protective settings 
as shown in Fig. (11). 

Traditionally, there has previously been focus on security 
of supply by parallel mode of operation, but in a perspec-
tive of personal safety this may be reconsidered due to the 
risk of an arc flash fault event. A general recommendation 
from best practices is to divide busbars into as many sec-
tions as possible in order to reduce the bus fault current, 
increase the tripping current through each LV protection 
relay and hereby lower the arc duration. In some cases, 
this is not possible due to requirements of security of 
supply. In this case, an introduction of a work procedure 
can be useful. 
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Fig. 10. ETAP [9] busbar system, parallel mode of operation, fault at BUS4 (arc flash 
calculation)

From Tab. (1), calculation of 3 different modes of operation is 
performed, with a comparison to the level of security of sup-
ply. In case of a fault at BUS4 shown in Fig. (10), the incident 
energy can simply be reduced by opening the bus coupler 
BC2, as the total fault current on the busbar will be reduced 
and the arcing current flowing through each protection relay 
will increase, resulting in reduced arc duration as shown rep-
resented with read lines for each mode of operation in Fig. (11). 
This change in mode of operation will practically reduce secu-
rity of supply but will result in a significant increase in per-
sonal safety as the amount of incident energy decrease from 
125.4 cal/cm2 to 17.5 cal/cm2 which enable the possibility to 
put on proper personal protective equipment (PPE). 

In case of maintenance on one of the MCC panels, BC1 or BC3 
can be opened, which compromises the security of supply, 
but reduces the amount of incident energy to 2.1 cal/cm2 
where it is possible to protect all personnel with basic PPE.

Mode of 
Operation

Security of 
Supply

Bus Coupler 
(BC) status 

Incident 
Energy

Parallel High BC1: Closed 
BC2: Closed
BC3: Closed

125.4 cal/
cm2

Normal Medium BC1: Closed 
BC2: Open
BC3: Closed

17.5 
cal/cm2

Maintenance Low BC1: Open 
BC2: Open
BC3: Open

2.1 
cal/cm2

—
Tab. 1. ETAP work procedure / reduce arcing current

Another parameter to adjust to reduce the incident energy 
is the working distance D, which according to Eq. (14) has 
the greatest impact hence it raises to the power of the dis-
tance exponent x. According to IEEE 1584-2002 [3] for 
low-voltage systems the distance exponent can range 
from 1,473 to 2, dependent of the type of equipment.
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Fig. 11. Low-voltage protection characteristics for LV1, LV2, LV3 and LV4

There are various approaches to increase working distance 
from live electrical equipment. Several switchgear manufac-
turers have developed remote switching devices and others 
have exchanged electrical equipment with built-in communi-
cation modules to operate the electrical system from a power 
management system. Using Eq. (15) to determine a minimum 
approach distance for a given level of PPE, energy zones can 
be introduced. Considering BUS4 from previous calculation 
example during normal operation, using Eq. (14), as shown in 
Fig. (12), the arc flash boundary DB for NFPA 70E [1] defined 
energy categories can be graphically illustrated and listed in 
Tab (2). These zones can be used to define, depending on PPE, 
the observer distance, typically used in the offshore industry.

4 3 2 1 04 3 2 1 0

–
Fig. 12. Arc flash boundary energy zones

II. Energy Zones Energy boundary 
EB [cal/cm2]

Bus Coupler 
(BC) status 

0 <1.2 -

1 >1.2 174.8

2 >8.0 67.7

3 >25.0 38.3

4 >40.0 30.3

—
Tab. 2. Arc flash boundary energy zones
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—
Further Considerations

There are inconsistencies between the current guide for performing arc flash calcula-
tions [3] [4] and the petroleum industry as the generator near nature of the offshore 
electrical system studies and designs are considered for normal mode of operation 
as generator near nature. The IEEE std. 1584-2002 [3] is based on symmetrical RMS 
3-phase short-circuit current in static conditions reached after approximatly 30 cy-
cles, which implies that current transient and DC components are not considered. 
This is a fair consideration far from generator, where steady-state conditions can 
be assumed. This cannot be assumed in cases with a generator near nature, as cur-
rent peaks of up to 5 times nominal current occur.

From years of experience in the industry, a general model 
have been developed to handle the issue. Representing the 
incident energy as energy blocks in a 2-dimensional plot 
where the arcing current is plotted as function of the arc 
duration Iarc(tn) as shown in Fig (13), a method can be de-
rived as per Eq. (20). 

Ia [A]

tn [S]

I¹

t¹ t² t³ t⁴ t⁵

I²

I³

I⁴

0

—
Fig. 13. Transient arc flash calculation method

This can only be done due to the linear correlation be-
tween the incident energy and the arc duration as shown 
in Eq. (14), whereas the superposition principle can be 
used. This allows to calculate the incident energy by divid-
ing the calculations into an appropriate number of rectan-
gular energy blocks with time interval t∆n as shown in 
Fig. (13). 

From Fig. (13) a theoretical derivation is applicable, in accor-
dance to IEEE std. 1584-2002 [3]. The expression is made to 
calculate the transient amount of incident energy Ei* taking 
into account current transients and the DC component, as 
shown in Eq. (20), by taking the integral of each individual 
energy block for a varying arcing current.

(20)	 Ei = ∑ ∫ Ei(Iarc(tn),(t∆n))

	 → t∆n = tn-1 – tn

where

•	 	Ei*	 Transient incident energy [cal/cm2];
•	 	N	 Number of energy blocks;
•	 	n	 Counter number;
•	 	t∆n	 Arc duration time interval at the nth time [s];
•	 	tn	 Arc duration time [s];
•	 	In	 Arcing current at the nth time [kA];

In direct relation to Fig. (13) this can be calculated as shown 
in Eq. (21).

(21)	 Ei =∫ Ei(I3,t1) + ∫ Ei(I4,t2–t1) + ∫ Ei(I4,t3–t2) +  

	 ∫ Ei(I2,t4–t3) + ∫ Ei(I1,t5–t4)

The conservatism in the IEEE std. 1584-2002 [3] is still un-
changed using this method. But considering current tran-
sients has shown significant reductions in incident energy 
when comparing the calculation with a worst-case estimate 
assuming peak currents (0,5 cycle) and long-time arc dura-
tion conditions.
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—
Memorandum

Arc flash has been a well-known phenomenon for many 
years, but in the recent years arc flash has become a hot 
topic in the industry. This is due to greater focus on electri-
cal safety from standards, regulations and company inter-
nal requirements. At this time many calculation softwares 
in the market can perform arc flash studies and print a sign 
to hang on the switchboards. But if the author of the study 
lacks understanding of the data input, analysis output, 

operation of the electrical system, as well as methods of 
dealing with high energy levels, it will not increase the level 
of personal safety. This paper provides guidance to the end 
user for simple electrical safety solutions so that both inter-
nal and external requirements can be met. It is important to 
understand the full picture of an electrical system to inter-
act with it and protect personnel.

—
Conclusions

This paper presents graphical visualization of the influencing 
parameters used for arc flash hazard calculations. From an 
experienced practical perspective combined with a theoreti-
cal approach, mitigation techniques have been proven very 
effective in the reduction of incident energy to ensure high 
personal safety and ensure reliable operation of electrical 
systems in case of a fault event. In addition, recommenda-
tions for future good design practices have been presented 
to keep the amount of incident energy at a manageable level 
by conventional PPE. Based on the content of this article, 
the general recommendations to the end user is:

Analyze. Get to know the level of incident energy of the elec-
trical system through a system analysis

Mitigation. Perform mitigations as presented in this paper 
where incident energy exceeds an inappropriate level 

Education. Pay attention to the consequences of an arc flash 
fault event and do awareness training of all personal work-
ing with or near the electrical system.
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—
Nomenclature

Asph	 Surface area of a sphere [cm2];

Asqu	 Surface area of a square [cm2];

Adif	 Difference in surface area;

C	 Constant;

Cf	 1.0 for voltages above 1 kV.

	 1.5 for voltages at or below 1kV;

D	 Working distance [cm];

DB	 Arc flash boundary [mm];

Earc	 Arc energy [J];

EB	 Incident energy boundary [cal/cm2];

Ei	 Incident energy [cal/cm2];

Ei*	 Transient incident energy [cal/cm2];

En	 Normalized energy [J/cm2];

G	 Gap between conductors [mm];

Iarc	 Arcing current [A];

Ibf	 Bolted fault current [kA];

In	 Arcing current at the nth current [kA];

I3p	 Three-phase short-circuit current [A]

K	 -0.153 for open configuration

	 -0.097 for box configuration;

K1	 -0.792 for open configuration

	 -0.555 for box configuration;

K2	 0.000 for ungrounded and high-resistance grounded 
systems

	 -0.113 for grounded systems;

lg	 log10(x);

n	 Counter number;

N	 Number of energy blocks;

pf	 Pressure discharge during fault event [J/m3];

Parc	 Arc power exposure [W];

Pmax	 Maximum arc power exposure [W];

t	 Arcing time (equals Tarc) [s] 

tn	 Arc duration at the nth time [s];

Tarc	 Arc duration [s];

Usys	 System voltage [V];

Un	 Nominal system voltage [V];

V	 System voltage [kV];

x	 Distance exponent, from [3] Table 4.

Zf	 Fault impedance [Ω];

Zarc	 Arc impedance [Ω];

Zsys	 System impedance [Ω];
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