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Electrical arc flash 
energy calculations 
By Z Jooma, e-Hazard.com

The methods used to calculate arc flash energies, incident upon the worker, have received a mixed bag of reaction from industry. Some purists 

refuse to acknowledge the methods used, while those who wish to do something instead of nothing have adopted these methods. This article 

discusses the only published calculation guideline and limited critique via publications and experimental data.

The Lee Model

Although the arc flash phenomenon has been known for a very 
long time (some reference material dating back 60 years), a major 
breakthrough was published by Ralph Lee in 1982 [1]. He used simple 
theoretical models and basic electrical understanding to express a 
distance from which a person could walk away with curable burns.

Lee postulated that the inductance of the arc path is similar to 
that of a conductor of the same length. It therefore stood to reason 
that the impedance of the arc had to be predominantly resistive. In 
order to explain further, Figure 1 shows an infinite source with the 
volt drop across the supply impedance (predominantly inductive) 
and a volt drop across the arc impedance (predominantly resistive). 
Zs is the system impedance, such that IS = Es/Zs

Figure 1: Simplified arc model by Lee.

For a bolted fault, no arc impedance is present and no volt drop is 
measured across the arc. This condition is shown as ES0 and IS0. As the 
arc impedance increases, the voltage Ea1 is measured, corresponding 
to ES1 and IS1. The maximum arc voltage is recorded when the supply 
voltage equals the arc voltage. Expressing Ea2 in terms of ES0 shows 
that the maxim arc voltage is realised at about 70,7% of the system 
voltage. This condition will yield the maximum arc ‘wattage’. The 
product of the current and arc voltage is 0,7072 or 0,5 the maximum 
available power. The maximum arc energy is realised at 0,5 x the 
transformer MVA.

 

Figure 2: Lee’s heat source model.

Lee assumed a model analogous to the sun as a heat generator and 
earth as a heat absorber as shown in Figure 2. He then derived vari-
ous sphere sizes and used skin burn models postulated by Dr Mary 
Alice Stoll [2] to derive the ‘ready to use’ equation shown as follows:

Equation 1: Dc = [53 x MVA x t]½ X (304,8 mm/ foot)

Dc = Distance in mm
MVA = MVA of transformer (multiply by 1,25 if < 0,75 MVA)
t = Fault clearing time in seconds

Example 1

Assume a 10 MVA transformer and 100 ms clearing time:

Dc = [53 x MVA x t]½ X (304,8 mm/1 foot)
   = [53 x 10 x 0,1] ½ X (304,8 mm/ 1 foot)
   = 7,28 ft x 304,8 mm / 1 ft
   = 2,2 m

The Doughty Neal Model

In 2000, Doughty, Neal and Floyd carried out tests on a 600 V system 
[3]. Their aim was to provide a measure of energy incident upon the 
worker, rather than merely providing safe working distances. One 
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of the more important findings from this research showed that the 
incident arc energy varied in open air as compared to an arc in a box. 
These equations are presented in equations 2 and 3.

Incident Arc Energy in Open Air

Equation 2: EMA = 5271DA
-1.9593 tA [0,0016F 2 – 0,0076F + 0,8938]

EMA = Open air incident arc energy in cal/cm2

DA = Distance from arc electrodes in inches
tA  = Clearing time in seconds
F  = Fault current in kA

Example 2

Assume distance from arc is 450 mm, clearing time is 0,2 s and a 
fault of 20 kA:

EMA = 5271DA
-1,9593 tA [0,0016F 2 – 0,0076F + 0,8938]

     = 5271 x (450/25,4)-1,9593 x 0,2 [1,3818]
    = 3,77 x 1,3818
    = 5,21 cal/cm2

Incident Arc Energy in a Box

Equation 3: EMB = 1038,7DB
-1,4738tA[0,0093F 2 – 0,3453F + 5,9675]

EMB = Cubic box incident arc energy in cal/cm2

DB = Distance from arc electrodes in inches
tA = Clearing time in seconds
F = Fault current in kA

Example 3

Assume distance from arc is 450 mm, clearing time is 0,2 s and a 
fault of 20 kA

EMB = 1038,7DB
-1,4738tA[0,0093F 2 – 0,3453F + 5,9675]

      = 1038 x (450/25,4)-1,4738 x 0,2 [2,7815]
      = 3,00 x 2,7815
      = 8,35 cal/cm2

Notice the difference, for identical operating conditions, between the 
open air arc and the arc in the box.

Although the Doughty Neal method offered more empirical data, 
the study was limited to 600 V and fixed conductor spacing. For the 
> 600 V application, the method defaulted to another Lee method, 
shown in Equation 4.

Equation 4

     

E = Incident arc energy in cal/cm2

D = Distance from arc electrodes in inches
tA = Clearing time in seconds
F = Fault current in kA
V = System phase to phase voltage in kV

Example 4

Assume distance from arc is 450 mm, clearing time is 0,2 s, a fault 
of 20 kA on a 600 V system

E = 5,87 cal/cm2

If V = 11 kV, E = 108 cal/cm2!

IEEE 1584a – 2002 calculation guideline

Following the work done by Lee, Doughty and Neal, the IEEE received 
funding and equipment to perform limited practical testing. These 
tests were performed at the high current laboratory in Kinectrics, 
Canada. The data was then processed and the first guideline was 
published. Tests were performed on the voltage range 208 V-13,8 
kV and 0,7 kA - 106 kA. Clause 9.3.1 of IEEE1584a - 2002 [4] standard 
elaborates on the test voltage and corresponding arc current.
The guideline is thus limited to the following criterion:
•	 0,208	kV	to	15	kV,	three-phase
•	 50	Hz	to	60	Hz
•	 700	A	to	106	000	A	short-circuit	current
•	 13	mm	to	152	mm	conductor	gaps
The guideline provides differing equations based on system voltages. 
These equations are not discussed in this article in order to protect 
the copyright material by the IEEE. The principles discovered via the 
empirical methods are rather discussed.
•	 Fault	clearing	time	has	a	linear	effect	on	incident	arc	energy.
•	 Energy	in	the	arc	has	an	inverse	exponential	effect	on	the	incident	

arc energy decay, or safe working boundary. The exponent is a 
function of the enclosure size (eg switchgear, panel, MCC).

•	 The	system	earthing	does	have	an	effect	on	the	incident	arc	en-
ergy. Ungrounded, resistance grounding and other impedance 
grounding tends to reduce the incident arc energy as compared 
to solidly ground systems.

•	 The	system	X/R	ratio,	electrode	material	and	frequency	has	neg-
ligible effect on the incident arc energy.

•	 The	predominant	contributor	to	energy	in	the	arc	is	fault	current.	
Voltage, electrode spacing and ground are minor contributors 
when compared.

•	 The	predominant	contributor	to	incident	arc	energy	is	the	energy	
in the arc.

 Sweeting and Stokes experiments

After receiving funding, Dr Sweeting and Dr Stokes performed similar 
experiments [5] in Australia to those performed by the IEEE in Canada. 
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No data which could assist the end user to determine incident arc 
energies materialised from this research. However, the work was 
important as it raised questions about the IEEE 1584a guideline.

Lee expressed the arc as a sphere with its diameter dependent 
on maximum power only (0,5 x Transformer MVA, as was discussed 
earlier in this article) and not duration. For example a 5 kV, 20 kA 
arc would produce a plasma sphere with diameter of 170 mm. The 
energy transfer was radiant.

 
Figure 3: Arc recorded using a CCD.

The experiments in Australia used high speed video recording and still 
images captured via a charge couple device (CCD). They discovered 
that Lee’s parameters would in fact produce an arc 3 m long and 
about 1,5 m tall as shown in Figure 3. A brilliant plasma cloud was 
formed and determined to contain about 80% of the energy ie energy 
is transferred by radiation (infrared) and convection (plasma cloud).

It was further claimed that the direction of the calorimeters used 
for the IEEE 1584a study were positioned to only record radiant en-
ergy and would have missed the majority of the convective energy 
transferred in the plasma cloud as shown in Figure 4.

 

Figure 4: The IEEE bus and calorimeter set-up.

Arc re-strikes do not follow the shortest path as assumed by Lee. 
However, in support of the IEEE 1584a, most low voltage arcs are 
usually self interrupted. Data recorded showed that single phase 415 
V arcs self extinguished within 10 ms while three phase 415 V arcs 
extinguished within 40 ms.

Conclusion

Electrical fatalities and disabling injuries are a modern day reality 
and the importance of quantifying electrical arcs is now, more than 
ever, relevant. This article discussed the evolution of methods used 
to accurately quantify energy from an electrical arc flash.

It is evident that each iteration has improved on the findings 
of its predecessor. The question still remains whether an arc flash 
calculation should be performed, even with the knowledge that there 
are limitations in the only published standard.

The company e-Hazard.com, a specialist in the field, has performed 
hundreds of root cause analyses and served as expert witnesses 
in litigation. The most horrendous accidents occur in areas where 
absolutely nothing was done. This led the company to believe that it 
is always better to do something, than nothing at all.

The latest feedback from the IEEE committee is that further re-
search is underway on the IEEE 1584a guideline. The new research is 
addressing gaps and performing even more thorough investigation. 
Preliminary findings position the existing method fairly strongly for 
the low voltage application ie the existing guidelines for low voltage 
applications are correct. Medium voltage applications are where 
substantial criticism exists and it would be interesting to receive new 
material in this area.

Development of technology in this field is restricted due to the 
finance required for hiring a high current laboratory, sponsoring of 
equipment for destructive tests, personnel for conducting tests and 
professional interpretation of results. This article just proves that we 
are far away from a final solution and should pay keen attention to 
developments in this field.  
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