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Abstract – This paper describes concrete methods for 
identifying hazards and assessing risk associated with 
capacitor stored energy. It builds on previous research to 
establish practical thresholds for the various hazards 
associated with stored capacitor energy, including shock, arc 
flash, short-circuit heating, and acoustic energy release. This 
paper also details the combination of engineered safeguards 
and safe work practices to be applied by qualified persons for 
various configurations, such as hard vs. soft grounding and 
discharge wait times. 
 

Index Terms — Capacitors, stored energy, shock 
thresholds, grounding, lockout-tagout, shorting, discharge time 

 
I.  INTRODUCTION 

 
Although capacitors are certainly not new in electrical 

circuits, their application and stored energy capacity has been 
spreading and increasing dramatically in recent years. Energy 
efficiency standards have driven the introduction of renewable 
energy sources and variable frequency control systems, while 
reliability needs have increased the application of 
uninterruptible power systems (UPS) and emergency lighting 
inverters. All of these involve rectification and inversion circuits 
with capacitors to filter out unwanted ripple current. As 
systems are scaled up to meet commercial and industrial 
applications, so too the capacitor banks have become 
significant sources of stored energy.  

Safety standards currently address stored hazardous 
energy but only in very unspecific terms. Neither OSHA [1], [2]  
nor NFPA 70E [3] offer any baseline threshold guidance as to 
what constitutes an unsafe level of stored electrical energy, 
what the hazards may be, or what specific controls should be 
implemented to safely discharge that energy. As a result, 
common practice has been to ignore stored energy hazards, 
or to just rely on built-in energy dissipation circuits and assume 
no stored energy remains. 

The purpose of this paper is to explore the existing body of 
knowledge and determine whether sufficient information exists 
in order to build a complete method for assessing the risk of 
capacitor stored energy in the workplace and developing 
appropriate controls that a qualified person can implement. 
Simply put, we must answer the following: 

1. What constitutes a stored energy hazard serious 
enough to warrant formal controls such as qualified 
persons, written hazardous energy control procedures, 
and grounding? 

2. How does a qualified person determine whether there 
is such a stored energy hazard? 

3. What specific safe work practices (controls) should the 
qualified person follow to place this equipment in an 
electrically safe work condition? 

First, we will attempt to determine a workable and practical 
safe threshold for capacitor stored energy shock hazards. 
Second, we will incorporate recent research that addresses 
the hazards associated with short-circuit, namely arc flash 
(skin burn) and barotrauma (eardrum and lung) hazards. Third, 
we will lay out a set of proposed safe work practices for 
qualified persons to follow when placing equipment with 
hazardous capacitor stored energy into an electrically safe 
work condition. Finally, we will offer some recommendations 
for improving standards and regulations. 

 
II.  SHOCK HAZARDS 

 
Almost everyone is familiar with the 50 V shock hazard 

threshold. It is a practical working threshold for triggering a 
number of controls, such as lockout/tagout and the need for 
qualified persons. In reality, the physiological response to 
shock is related, not to voltage, but to current, time, and 
pathway, as is thoroughly detailed in IEC 60479-1, Effects of 
Current on Human Beings and Livestock, Part 1, General 
Aspects [4]. Impulse discharges, such as those from a 
capacitor, are discussed in IEC 60479-2, Effects of Current on 
Human Beings and Livestock, Part 2, Special Aspects [5]. 
However, since the guidance is in terms of current and time, 
the user is left with having to make assumptions on current 
pathway, body resistance, and duration. While this may be 
useful in terms of estimating the severity of a particular shock 
after the fact, this has limited use when attempting to perform 
a risk assessment on existing equipment. By making 
reasonable assumptions on body resistance and using the 
limited stored energy of capacitors, we can set a stored energy 
threshold in Joules for capacitors, and thereby establish a 
practical yet conservative working threshold. 

The limited energy in capacitors (𝐸𝐸 = #
$
𝐶𝐶𝑉𝑉$) restricts the 

duration of the shock, even if there are no circuit breakers to 
trip. The shock current will be limited by the body resistance, 
and the duration of the shock will be characterized by the time 
constant (𝜏𝜏 = 𝑅𝑅𝐶𝐶). Therefore, the total energy will be 
dissipated quicker when the body resistance is low, and slower 
when the body resistance is high. Additionally, increasing the 
capacitance will just extend the discharge time. It is this special 
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aspect that permits us to make assumptions on duration of 
shock. 

 
Fig 1 Typical exponential discharge characteristic of a 

capacitor through a resistor. 
 
 

A. IEEE Std 80 
 
The limit on shock duration is also used in the development 

of the substation fault step and touch potential limits in IEEE 
Std 80, IEEE Guide for Safety in AC Substation Grounding [6]. 
Because the person is in parallel with the substation fault, the 
duration of the fault can be limited by overcurrent protection 
devices. This short time duration allows the step and touch 
potentials during faults to be substantially higher (up to 10 
times) than the normal 50 V exposure limit. This threshold is 
based largely on the work conducted by Charles F. Dalziel. In 
his examination of experiments performed on animals by L. 
Ferris, B. King, P. Spence, H. Williams [7], Dalziel concluded 
that the risk of ventricular fibrillation was closely related to an 
individual’s weight, the amount of shock current, and the 
duration of the shock [8]. Based on available experimental 
data, Dalziel determined that for AC shocks of 0.1-3 seconds, 
the threshold of ventricular fibrillation was strongly correlated 
to the total energy in watts-seconds, or joules, delivered to the 
body. Factoring in body weight and accounting for variable 
shock path resistance, he determined that the maximum shock 
current IB through the body could be expressed as (1). This 
IEEE body current threshold can be plotted as a straight line 
on log-log time-current curves, as shown in Fig. 2.  

 
 

𝐼𝐼* = 𝑘𝑘
,𝑡𝑡𝑠𝑠

   (1) 

 
where 
 𝐼𝐼* maximum shock current flowing through the 

body in amperes, such that ventricular 
fibrillation will not initiate in 99.5% of the 
population 

 𝑘𝑘 weight adjustment factor (0.116 at 50 kg) 
 𝑡𝑡/ shock duration in seconds 
 
 
Further, by setting a certain body weight and body 

resistance, these straight-line curves with slopes of -2 become 
constant energy curves. For example, assuming a body 

resistance of 1000 Ohms, Dalziel’s equation for a 50-kg 
person can be restated in terms of energy (since energy is 
I2Rt) as: 

 

𝐼𝐼* =
𝑘𝑘01

2𝑡𝑡/
 

 
𝐼𝐼*$𝑡𝑡/ = 𝑘𝑘01

$ 
 

𝐼𝐼*$𝑅𝑅𝑡𝑡/ = 𝑘𝑘01
$𝑅𝑅 

 
𝐸𝐸 = 0.116$ × 1000 = 13.5	𝐽𝐽 

 
This derivation allows us to see that by setting a fixed 

assumption for body resistance, the IEEE Std 80 threshold is 
essentially an energy limit.  
 

B. IEC 60479-1 
 
In 1980, after more research was performed for 

defibrillation, new details emerged about the response to 50-
60 Hz shocks. First, it was discovered that the current pathway 
had a large influence on the effects of shock, while weight was 
rejected as a factor. Current that passed close to the heart was 
much more likely to trigger ventricular fibrillation. Further, the 
pathway resistance changes, with shorter paths offering lower 
resistance, increasing the shock current for a given voltage 
exposure.  

Second, when shock duration lasted about the same time 
as a heartbeat, it was found that the threshold of fibrillation 
shifted in proportion to IxR instead of I2xR. This led 
Biegelmeier to recommend a Z-shaped threshold curve [9], 
which was adopted in a smooth curve version in the IEC 
standard. Further, for time durations less than 200 ms, (less 
than a full heart cycle), it became necessary to account for the 
possibility of a short duration shock missing the vulnerable 
period of the heart cycle. Geddes [10] showed that the heart 
muscle cells are closely modeled by an RC circuit. Heart 
muscle cells function in part by developing a bio-electric 
charge across the cell membrane. When a cell contracts in 
response to a stimulus, the charge is used up. Biological 
processes then build the charge back up in preparation for the 
next cycle. In a functional heartbeat, the heart cells are 
coordinated into a precise sequence that results in a pumping 
action. When this sequence is disturbed, the pumping action 
becomes ineffective. A powerful enough shock can cause this 
disruption. Further, Geddes showed that there is a particular 
moment in the heartbeat cycle when cells are most vulnerable 
to interference from a shock: when they are near their 70-80% 
of their recovery charge. In a heart, this is called the T-wave or 
“vulnerable period”, which happens on the tail end of a 
heartbeat. 

A comparison of the Dalziel and Biegelmeier threshold 
curves is shown in Fig 2. It is important to note that the primary 
reason for the difference is that the IEC Z-curve attempts to 
model the actual, observed physiological response of the heart 
when the shock duration lasts around one heartbeat. The fact 
that the Z-curve is more conservative in the short duration 
shocks versus the long duration shocks, as compared to the 
Dalziel curve, is merely a difference in modeling, and does not 
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reflect more or less of a hazard, but rather just the adoption of 
a consensus standard. 

 

 
Fig. 2 Simplified log-log plot of the 0.5% probability 

thresholds of ventricular fibrillation, as a function of body 
weight, from IEEE Std 80 [6] 

 
In fact, Dalziel rejected the usefulness of the Z-curve, 

specifically stating that the purpose of his work was “to 
establish a simple usable expression for the highest current 
man can likely withstand with small chance of fibrillation.” [11] 
IEEE Std 80 recognizes this as shown in Fig 2. This is crucial 
in accepting the basis of a simple energy threshold for 
capacitors. 

 
C. Application to Capacitors 

 
Note that there were some significant limitations to these 

studies, which have an impact on the overall applicability to 
impulse discharges: 

1. The shock duration time was limited, by virtue of 
experimental data, to the range of 0.1 – 3 seconds. 

2. The experiments were all conducted using AC current. 
Dalziel also examined some of the existing injury records 

data regarding impulse discharges. In a survey of research 
laboratories across the world, he collected information on 
various injuries from surge discharges from 1936 to 1952, 
summarized in Table 1. He determined that the body 
responded more favorably to impulse shocks than to AC 
shocks, and empirically estimated that the energy threshold for 
impulse shocks was approximately twice higher than for AC 
[8]. Therefore, he estimated that a 50-kg person with body 
resistance of 1000 Ohms could withstand a shock from a 
capacitor with a stored energy of 2 x 13.5 = 27 J with a 0.5% 
probability of initiating ventricular fibrillation. One should note 
however, that for high voltages, the type of injuries sustained 
at higher energies are not related to fibrillation. These include 
significant cases of short and long-term impairment, temporary 
paralysis, loss of eyesight, and Lichtenberg figures such as 
those sustained by lightning strike victims. 

The formal treatment of impulse discharges is found in IEC 
60479-2. For shock durations of longer than 10 milliseconds 
(one half cycle at 50 Hz and 3.3 µF at 1000 Ohms), it states 
simply that the DC thresholds of IEC 60479-1 should be 
followed. For shocks of shorter duration, it acknowledges that 
little is known but sets some limit curves. Curves C1, C2 and 
C3, the threshold curves for probability of ventricular fibrillation 

of 0.5%, 5% and 50% respectively, line up together between 
IEC 60479-2 and IEC 60479-1 by design. 

It is useful to plot the IEEE Std 80 equations and the IEC 
charts together on a single time-current chart, as shown in Fig. 
3. We can observe the similarity to a standard Time Current 
Curve (TCC) plot for short-circuit protection and coordination 
engineering. The concepts are identical. In order to plot the 
discharge current on the time-current charts, the shock 
duration is taken as three times the shock time constant, and 
the current is calculated as the root-mean-square (RMS) 
equivalent of the shock current. 

 
𝑇𝑇= = 3𝜏𝜏 = 3𝑅𝑅𝑅𝑅    (2) 

 
𝐼𝐼*>?@ = AB

√D
= EF

G√D
   (3) 

 
The incidents in Table 1 show how capacitors can span the 

entire range of shock duration and current. Because 
capacitors can deliver electrical shock over such a wide range 
of current and time, it is important to understand how electrical 
shocks can cause ventricular fibrillation. The energy delivered 
by the low-voltage capacitor, although spread out, is very 
much guaranteed to hit the vulnerable period. In contrast, a 
high-voltage capacitor discharge lasting microseconds has a 
very slim chance of hitting the vulnerable period.  

Another distinction between AC shocks and capacitor 
shocks is that the heart really does not react to an AC shock 
as a sinusoidal waveform, but rather as a rapid series of 
impulses applied to the cells. When considering a series of 
current bursts, it has been determined that each burst will 
weaken the cells resistance to the following burst, effectively 
lowering the threshold for fibrillation. In effect, the heart sees 
an AC shock as a rapid series of capacitor discharges that 
hammer it into fibrillation. By comparison, the heart can be 
quite forgiving to single impulse discharges, especially those 
of short duration. The injuries described by Dalziel in [8] and 
reproduced in Table 1 tend to support this observation. As long 
as the short impulse discharge misses the vulnerable period, 
there is a strong chance of surviving very high energy 
discharges without fibrillation, although some other injuries 
may occur. 

 
D. Other standards 

 
A few other standards incorporate limits for capacitor stored 

energy and can help us bracket our estimation of the related 
hazards. The highest threshold discovered by the author is 
found in UL 1012, Standard for Power Units Other than Class 
2 [12], which sets a maximum of 20 J after a 1-minute wait 
time. Above that, the equipment must be marked with a 
warning and a tool must be required for access to the hazard. 
Although this is an equipment construction safety limit, it is 
clearly directed at persons in a workplace who may be 
performing servicing or maintenance on equipment. 

On the lower end of the spectrum, the DOE Electrical Safety 
Handbook [13] sets a tiered threshold system as shown in 
Table 2. The DOE Electrical Safety Handbook thresholds are 
based on Lloyd Gordon’s overall classification of electrical 
hazards [14], which noted that there is a significant reflex 
hazard even at low capacitor stored energies. 
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Fig. 3 Combined time-current overlay with the IEC 60479 thresholds for DC (top, ≥10 ms) and Impulse (bottom, <10 ms). 
Superimposed are the iso-energy lines 27 J (IEEE Std 80, 50-kg person line), 10 J, 1 J and 0.25 J, as well as incidents from  

Table 1. All normalized and plotted with 1000 Ω body resistance for consistency. 
 

TABLE 1 
IMPULSE DISCHARGE INJURIES FROM DALZIEL 1936-1952 [8] AND GORDON 1996-2009 [14] PLOTTED ON FIG. 3 

 
# 

on 
Fig 
3 

Location 
Year 

Cap. 
(µF) 

Volts 
(kV) 

Shock 
Duration 
𝑻𝑻𝒅𝒅 = 𝟑𝟑𝟑𝟑 
(msec) 

Shock 
Current 

Irms 
(mA) 

Stored 
Energy 

(J) 

Physiological Effects 

1 England 
1936 

0.001 66 750 0.002 97 306 186 467 Lichtenberg figures behind ears and on chest. 
Suffered shock. 

2 USA 
1950 

0.005 60 0.007 5 24 494 9 No trace of discharge on body. Headache for 3 
days. 

3 Japan 
1942 

0.015 50 0.018 20 412 19 Semiconscious and dizzy for short time. 

4 Japan 
1950 

0.015 63 960 0.023 4 391 918 7 202 Lost sight one eye. Suffered pain and shock. No 
trace of discharge on body. 

5 France 
1948 

0.018 228 0.024 9 93 080 477 Lichtenberg figures. Intense muscular reactions and 
temporary paralysis of hand. 

6 Japan 
1942 

0.25 80 0.187 5 32 659 800 Partially paralyzed for 3 hours. 

7 USA 
1937 

0.2 500 0.3 204 124 25 000 Lichtenberg figures. Intense muscular reactions and 
pain. Deep burns. Paralyzed for 16 hours. 

8 Sweden 
1948 

2 25 3.6 10 206 625 Unconscious and paralyzed for short period. 

9 Japan 
1942 

2 5 3.6 2 041 25 Burn on sole of foot. 

10 Switzerland 
1944 

8.8 17.5 9.6 7 144 1 348 Unconscious. Wounds on arm and hand. 

11 Switzerland 
1950 

8.8 17.5 12.21 7 144 1 348 Two men in series, both had wounds. 

12 Sweden 
1949 

22.35 6 33.54 2 449 402 Burns on heels. 

13 Sweden 
1950 

70 2 105 816 140 Concussion due to fall. 

14 USA 
1996 

1.25 4 3.75 1 632 10 Dislocated both shoulders. 

15 USA 
2009 

260 10 780 4 082 13 000 Fatal, could not rescussitate. 
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TABLE 2 

DOE STORED ENERGY THRESHOLDS 
Voltage Range Stored Energy Shock 

Threshold 
Below 100 V No shock hazard 
100-400 V 1 J 

>400 V 0.25 J 
 
IEC 60479-2 shows that the actual sensation and pain 

thresholds for capacitor discharges are extremely low, below 
0.05 J. One can therefore expect significant pain and 
discomfort for high voltage shocks between 0.25 and 10 
Joules. Significant secondary injuries could result from reflex 
motion, such as banging the head or elbow, or falling off of a 
working platform. In one noteworthy incident at the Los 
Alamos National Laboratory in 1996, a student working on a 
microwave oven received a capacitor discharge at 4 kV, 10 J 
and suffered dislocations of both shoulders, one of which 
required reconstructive surgery. [14] While not fatal, this 
reflex hazard should not be underestimated. 

 
E. Selecting an Energy-Based Shock Hazard 

Threshold for Capacitors 
 
After examining all of the available information, we need to 

select a workable shock hazard threshold for capacitors. The 
author proposes a 10 J, 100 V threshold as a middle of the 
road approach for consideration. It should be noted that, just 
as in Fig 2, the 10 J line in Fig 3 does not conform strictly to 
the thresholds of IEC 60479 and intersects curves C1 and 
C2, bringing this above the 5% probability of fibrillation. In 
order to pass below at all points, it would be necessary to limit 
the stored energy to 1 J. A workable threshold needs to take 
into account the expected range of hazards expected to be 
encountered in the workplace by the working population. No 
threshold is inherently risk-free, and so a level of tolerable 
risk must be accepted. If the threshold is set too low, then the 
controls triggered by the threshold become unnecessarily 
burdensome where the hazard is minimal. Further, given that 
the presence of stored hazardous energy triggers the 
requirement for a qualified person implementing a written 
hazardous energy control procedure, we must be careful not 
to extend this requirement too far. For example, the starter 
capacitor on simple residential air conditioning unit 
compressor motor can easily reach 2 J of stored energy. 
Similarly, a 20-kV commercially available, high voltage power 
supply used in R&D applications also contains around 1.8 J 
of stored energy. It is not common practice to require written 
hazardous energy control procedures for servicing these 
units, nor would there be a strong safety benefit since there 
are no documented injuries related to the stored energy 
hazard. The number of designs incorporating capacitors 
expands exponentially at lower thresholds. 

Further, as Daniel Roberts shows in [15], even the 50 V 
threshold is not infallible. There are documented cases of 
electrocution for instances below 50 V, where the conditions 
were such that the shock current reached fibrillation levels. 
Yet as a society we still accept 50 V as a practicable and safe 
working threshold in the workplace, and accept the residual 
risk as tolerable. In the same fashion, a 10 J stored energy 
threshold is a relatively simple, reasonable, practicable and 
safe approach that addresses most of the risk without 

encumbering the process unnecessarily. It falls below the 
Dalziel thresholds when the body resistance is as low as 500 
Ohms, and closely matches the IEC thresholds for both short 
and long duration thresholds. It is neither overly conservative 
nor too close to the serious fibrillation hazard, and can be 
applied equally to a wide range of equipment and voltages. 
In the author’s experience, a 10 J/100 V threshold is also 
easy to teach and easy to remember, resulting in fast 
adoption, buy-in by stakeholders, and participation in 
implementation plans, all of which contribute to an effective 
incorporation into the employer’s electrical safety program 
and a clear reduction in overall risk. 

That said, the author is somewhat agnostic on the actual 
threshold value and would welcome further discussion to 
drive towards a proper consensus threshold that would then 
be documented into national standards. Until then the reader 
is encouraged to adopt a best practice threshold that suits 
their needs and keeps their employees free from harm. 

 
III.  SHORT-CIRCUIT HAZARDS 

 
In addition to shock hazards, capacitors of sufficient 

energy have the ability to impart a serious short-circuit 
hazard. Although this is somewhat related to arc flash 
hazards in utility equipment, capacitors are different enough 
to merit closer examination. This is because the available 
fault current delivered from a capacitor is very high. While an 
AC fault would be limited from the internal impedance of a 
distribution transformer, the internal impedance of 
capacitors, especially those designed for pulse power 
applications, is very low. 

In a 2016 incident at a national research laboratory, a 
researcher decided to remove a rack-mounted instrument 
from inside a cabinet. After unplugging the instrument, a 
grounded data cable fell down and struck the exposed 
energized output terminals of a 160 VDC magnet power 
supply with 200 mF of capacitance, for a total of 2.56 kJ of 
stored energy. The resulting short circuit created a flash and 
a small second degree burn on the hand (Fig. 4). 

In a 2017 incident at a different national research 
laboratory, a 10 kV, 305 µF capacitor was bench-tested to 9 
kV, for a stored energy of 12.5 kJ. The equivalent series 
inductance was rated at 100 nH maximum, for an equivalent 
series impedance of 2𝐿𝐿 𝐶𝐶⁄ = 0.018	Ω, and a peak short-
circuit discharge current of nearly 500 kA.  After the test, the 
charge was not properly dissipated, so when the engineer 
applied a shorting wire, it initiated a blast that caused 1st 
degree burns to his hands.  

These examples illustrate how capacitor stored energy can 
create a serious explosion and blast hazard. At higher 
energies, this very high fault current has the ability to inflict 
massive mechanical damage from conductor melting and 
magnetic forces. 

In addition, the shock wave created can cause barotrauma 
(overpressure injury) to persons in the area. When a 
differential pressure across the eardrums exceeds around 
20-35 kilopascals (3-5 psi), the eardrum may rupture [16]. At 
200 kilopascals (29 psi), lung damage may occur [17]. 
Hummer, Pearson, and Porschet [18] used modeling 
software for explosives to estimate safe boundaries based on 
total stored energy, where “safe” is less than a 1% probability 
of eardrum rupture (3 psid) or lung injury (10 psid). 
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Fig. 4 Minor burn injury from the short circuit discharge of a 

160 VDC magnet power supply with a 2.56 kJ capacitor 
bank 

 
The authors note that, based on cited explosives research, 

the onset of lung collapse will only exist above a stored 
energy of 112 kJ. 

 

𝑅𝑅PQR = 49.29	, V
#111

W − 5.09   (4) 
 

𝑅𝑅YZ[\ = 32.32	, V
#111

W − 155.45  (5) 
 

where 
R  safe boundary in centimeters 
E  capacitor stored energy in Joules 

 
The total available arc flash incident energy, assuming 

100% conversion, is simply derived as a spherical expansion 
model. The incident energy per unit area is then the total 
energy divided by the area of a sphere in square centimeters. 

 

𝐼𝐼𝐼𝐼]^P[	Q_R =
𝐼𝐼
𝐴𝐴 =

1
2𝐶𝐶𝑉𝑉$

4𝜋𝜋𝑟𝑟$ =
𝐶𝐶𝑉𝑉$

8𝜋𝜋𝑟𝑟$ 	𝐽𝐽/𝑐𝑐𝑐𝑐$ 
 
This expresses incident energy in J/cm2. Converting to 

NFPA 70E equivalent units of cal/cm2, we obtain: 
 

𝐼𝐼𝐼𝐼]^P[	Q_R = 𝐶𝐶𝑉𝑉2

104.4	𝑟𝑟2 = 𝐼𝐼
52.2	𝑟𝑟2 	𝑐𝑐𝑐𝑐𝑐𝑐/𝑐𝑐𝑐𝑐$   (6) 

 
The arc flash boundary in centimeters, where IE=1.2 

cal/cm2, is then: 

𝐴𝐴𝐴𝐴𝐴𝐴]^P[	Q_R = , V
D$.D

	𝑐𝑐𝑐𝑐             (7) 
 
In a box, we apply a 3x factor over the open-air incident 

energy calculation: 
 

𝐼𝐼𝐼𝐼j]k = 3 × 𝐼𝐼𝐼𝐼]^P[	Q_R   (8) 
 

𝐴𝐴𝐴𝐴𝐴𝐴j]k = √3 × 𝐴𝐴𝐴𝐴𝐴𝐴]^P[	Q_R  (9) 
 

Thus, the minimum stored energy required to obtain 1.2 
cal/cm2 at a working distance of 18 inches is roughly 44 kJ in 
a box or 131 kJ in open air. Note that this result is purely a 
geometrical calculation; the fact that we are applying this to 
a capacitor short-circuit is irrelevant, because we have 
assumed 100% conversion to thermal radiant heat. In reality, 
not all of the stored energy is converted to shock wave 
energy or thermal radiant energy. 

 
IV.  SAFE WORK PRACTICES 

 
The next step is to incorporate this knowledge into a risk 

assessment for working on capacitors. The first step in 
analyzing for a stored energy hazard is to determine whether 
an exposure exists. This will depend entirely on the scope of 
work to be performed and the construction of the equipment. 
When a qualified person is set to open enclosures, they need 
to know beforehand what the stored energy hazards may be, 
and what to do about it. Unfortunately, the type of information 
required is not something that can be evaluated simply by 
looking at the equipment right before work. This is the reason 
for requiring a written, equipment-specific hazardous energy 
control procedure (or lockout-tagout / LOTO procedure) that 
has already captured all of the required pre-job hazard 
analysis. 

 
A. Pre-Job Hazard Analysis/Risk Assessment 

 
Following the overall outline in NFPA 70E Annex F, we can 

extrapolate a simplified method to the following proposed 
process. Note that this analysis is in addition to a standard 
shock risk assessment and an arc flash risk assessment. 

1. Determine whether there is an exposure to capacitor 
stored energy hazard. An exposure would exist when 
a conductor or circuit part that could potentially remain 
energized with hazardous stored energy is not 
properly guarded, enclosed or insulated. All circuit 
parts that are electrically connected to a capacitor 
bank may present this hazard. For example, a power 
factor correction bank may be in a completely 
separate enclosure; however, should the bank 
remained charged for some reason, the switchgear to 
which it is connected may also deliver the stored 
energy hazard.  

2. Determine the stored energy in Joules. This may 
require detailed examination of drawings or 
manufacturer’s information to properly determine both 
the peak voltage that will be applied to the capacitors 
and the total system capacitance. This stored energy 
in Joules will then trigger certain controls based on 
Table 3. 

3. Determine wait time, where applicable. 
a. Determine the bleed discharge path resistance, if a 

bleed system is installed. 
b. Determine the bleed time constant. 
c. Determine the minimum discharge time to reach 

less than 50 V. For voltages less than 1000 V, it is 
sufficient to wait three times the time constant, or 
one minute, whichever is greater. Above 1000 V, 
one must calculate out the required discharge time 
per (9), or wait 5 minutes, whichever is greater. 
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𝑇𝑇l = −ln o50
𝑉𝑉𝑝𝑝

q𝜏𝜏   (9) 

 
TABLE 3 

CONTROLS VS. STORED ENERGY LEVEL 
Control 10- 

100 J 
100-

1000 J 1-10 kJ 10-100 
kJ >100 kJ 

Qualified 
Person X X X X X 

Written 
LOTO 
Procedure 

X X X X X 

Hearing 
protection 
boundary 

 X X X X 

Soft 
Grounding   X X X 

Remote 
Grounding    X X 

Arc Flash 
Boundary    X X 

Lung 
Protection 
Boundary 

    X 

 
4. Determine the required test and grounding method. 

For systems less than 1000 V and less than 10 kJ, 
with a bleed system, this can be simply performed 
using an approved voltage tester and the live dead live 
method. As long as the capacitors have discharged, 
then the equipment is safe. However, should the 
bleed system malfunction, there needs to be a 
prescribed and safe method to discharge the 
capacitors. This would include whether hard or soft 
grounding is preferred, if a specific sequence is 
necessary, and whether shorting straps would remain 
applied to account for the possibility of dielectric 
absorption. 

5. Determine the safe approach boundaries and the 
needed Personal Protective Equipment (PPE).  
a. If following NFPA 70E, select shock approach 

boundaries based on the peak voltage and the DC 
shock approach boundaries of Table 130.4(D)(b).  

b. Select appropriately rated shock protection PPE, 
such as voltage-rated gloves and insulating 
sheeting (≤ 1500 VDC) or insulated sticks (>1500 
VDC). Use the DC ratings for rubber insulated 
products (ASTM Class 0 is approved for up to 1500 
VDC). 

c. Hearing protection should be required where the 
stored energy exceeds 100 J. Where the stored 
energy exceeds 10 kJ, the hearing protection 
boundary should be calculated per (4). 

d. An arc flash hazard may exist above 40 kJ (in a box) 
or 120 kJ (in open air). Calculate the arc flash 
boundary per (3)-(6). Calculate the incident energy 
at the working distance. Select appropriate arc flash 
PPE accordingly. 

e. A lung collapse hazard may exist above 112 kJ. 
Calculate the lung protection boundary per (5). DO 
NOT ENTER THIS BOUNDARY. There is no PPE 
for lung protection. 

6. Develop a written lockout/tagout procedure. This is 
not only a regulatory requirement, because of the 

complexity and variability involved it is an absolutely 
essential working document for a qualified person. It 
must capture all of the required steps to place the 
equipment in an electrically safe work condition. 
Include information about the amount of stored energy 
available, how long to wait after deenergization before 
opening the enclosure, how to test for absence of 
voltage, and what to do if there is still stored energy 
present. 

7. Consider labeling the equipment with a hazard 
warning label, so that qualified persons are made 
aware of the potential for stored energy and the need 
for a written lockout/tagout procedure. Fig. 5 shows an 
example of labels in use at the author’s facility.  
 

 
 

Fig. 5 Example of hazard warning label used for hazardous 
capacitor stored energy 

 
B. Placing the equipment in an Electrically Safe 

Work Condition 
 
In order to place the equipment with stored hazards energy 

in an electrically safe work condition, a qualified person 
should follow the steps in NFPA 70E as well as the specific 
sequence outlined in the written LOTO procedure. These 
would then be: 

1. Review the scope of work and the written LOTO 
procedure. Determine all required safe approach 
boundaries and necessary PPE and tools for the task. 

2. Perform a job briefing with the personnel involved, and 
notify affected persons that the equipment will be 
deenergized. 

3. After properly interrupting the load current, open the 
disconnecting device(s) for each source. 

4. Wherever possible, visually verify that all blades of the 
disconnecting devices are fully open or that drawout 
type circuit breakers are withdrawn to the fully 
disconnected position. 

5. Apply lockout/tagout devices in accordance with a 
documented and established policy. 

6. Wait the prescribed time for the capacitors to fully 
discharge to <50 V. 

7. Use an adequately rated test instrument to test each 
phase conductor or circuit part to verify it is 
deenergized. Test each phase conductor or circuit 
part both phase-to-phase and phase-to-ground. 
Before and after each test, determine that the test 
instrument is operating satisfactorily through 
verification on a known voltage source. If voltage 
remains, proceed to step 8. For high energy 
capacitors, where no safe test equipment is available, 
this step may be omitted, provided that step 8 is fully 
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implemented. 
8. Using a properly rated grounding device, ground the 

phase conductors or circuit parts before touching 
them. To ensure that all charge is properly dissipated 
and that charge transfer did not occur, ensure that that 
all of the poles are shorted together and to ground. 
Follow the specific sequence prescribed in the written 
LOTO procedure. 

9. Where dielectric absorption could cause a hazardous 
voltage rebound, apply suitably rated shorting straps 
as necessary to dissipate any remaining stored 
energy. The grounding devices of step 8 must remain 
in place while the shorting straps are applied. 
 
C. Selection of an appropriate grounding system 

 
The proper selection of a grounding device is non-trivial 

and should not be left unspecified. The all-too-common 
practice of applying a bare shorting wire by hand, or the 
crossed screwdrivers method may be safe enough at low 
voltages and energies, but can be deadly at higher energies. 
The author is aware of at least one incident where a solenoid-
type, low impedance voltage tester had been used as a 
capacitor bank shorting device until one failed 
catastrophically in the hands of the user. Unfortunately, there 
currently is no design standard or guide for capacitors 
grounding devices. ASTM F 711 [19] and ASTM F 855 [20] 
are well developed standards but primarily deal with the 
application of live line tools and temporary grounds on high 
voltage utility systems. R&D laboratories have some 
experience in this, but most devices are built ad hoc. Still, it 
is useful to begin with what is available and follow our 
knowledge of the shock and short-circuit hazards to build 
suitable devices. 

Hard grounding is the practice of applying a direct short to 
ground, without inserting any additional impedance to reduce 
the discharge current. This is usually acceptable for energies 
up to 1000 Joules. The limitation is that the initial 
spark/discharge can create such a loud bang that building 
occupants may believe it is a gunshot, which is generally 
considered poor manners. Soft grounding is the practice of 
intentionally inserting impedance to limit the discharge 
current, reduce the possibility of barotrauma and preserve 
amicable relations with other building occupants and 
neighbors. Soft grounding requires a specified wait time and 
is always followed by hard grounding. Preferably, soft 
grounding should be designed to reduce the stored energy to 
less than 5 J, 50 V, and not exceed a discharge current of 
500 A, all within an acceptable amount of time. 

The discharge resistor and the grounding cable must be 
sized for the power, current, energy and voltage. One best 
practice that has seemed to work well is to calculate the 
voltage exposure, discharge current, power, and energy, and 
then double the ratings for all four. This may be overly 
conservative, but it works, especially in R&D situations where 
not everything goes as planned. 

For voltages below 1000 VAC/1500 VDC, ground devices 
may be applied manually, wearing shock protection PPE 
(voltage-rated gloves). Above 1000 VAC/1500 VDC, 
insulated sticks must be of sufficient length to keep the 
qualified person outside of the Restricted Approach 
Boundary. Insulated sticks should conform to ASTM F 711, 

as this standard is suitable for the application. 
Finally, and most importantly, it is not sufficient to have a 

one-size-fits-all probe on the grounding stick. The 
performance requirement is that the grounding device must 
be able to short all of the capacitor poles together and to 
ground simultaneously. If the case of a large capacitor is 
floating (ungrounded), then the case must also be shorted 
with everything else. The reason for this requirement is that 
simply tapping each pole individually, or just shorting the 
poles together, may end up transferring charge around and 
not fully discharging the device. 

It should be noted that some types of capacitors, especially 
aluminum electrolytic capacitors, are prone to a voltage 
rebound after initial discharge because of dielectric 
absorption. According to one manufacturer’s application 
guide [21], there can be as much as a 10% recovery of the 
charging voltage between 100 s and 1000 s at 25ºC, and this 
is more pronounced at higher temperatures. While 10% may 
not be all that hazardous at low voltages, a lethal shock 
hazard can present on high voltage capacitors that are not 
kept shorted out after initial grounding. For this reason, 
shorting wires may be required to be applied as part of 
establishing an electrically safe work condition, and left in 
place for the duration of work. The load current applied is 
normally fairly low in the event of inadvertent re-energization, 
so sizing the wire gauge for current is not as important as 
simply having a shorting wire that can physically withstand 
the rigors of frequent application and removal without 
damage. 

 
V.  CONCLUSIONS 

 
The primary objective of this paper was to determine 

whether there is sufficient information in the existing electrical 
safety body of knowledge to develop safe work practices for 
hazardous capacitor stored energy. In the author’s 
estimation, the answer is mostly yes, although with some 
reservations. The actual state of knowledge on impulse 
discharges and its effects on the body is relatively weak at 
high voltages, especially in comparison to our wealth of 
knowledge on AC-frequency shock hazards and defibrillation 
science. As a result, regulatory requirements around stored 
energy have so far remained quite vague, leaving regulatory 
gaps which are significant enough that qualified persons 
today have little practical guidance on how to perform their 
work safely or meet the requirements of safety regulations. 
Specific gaps include: 

1. There is no shock threshold for what is considered 
hazardous capacitor stored energy. 

2. There is no blast threshold for arc flash or barotrauma. 
3. There is no standard concerning the design of 

grounding devices for capacitor stored energy. 
Still, by making some reasonable assumptions not too 

different from those used to establish the 50 V threshold for 
AC sources, and incorporating recent research in blast 
energy estimations, we are able to develop a proper 
understanding of the hazards and prescribe a set of safe 
work practices. This allows us to describe how to analyze the 
hazards related to capacitor stored energy and propose a set 
of hazard thresholds which trigger the requirement for a 
qualified person following a written LOTO procedure. All of 
these concerns mean that it is not acceptable to expect a 



�    IEEE Industry Applications Magazine 9

 
9 

qualified person to just figure out how to ground a set of 
capacitors. Grounding devices must be engineered and built 
according to design, and their use specified in a written LOTO 
procedure that guides the steps for establishing an 
electrically safe work condition where hazardous stored 
energy may be present.  

These best practices are solidly anchored to existing 
research on shock and blast hazards, conform to existing 
safe work practices and principles specified in OSHA and 
NFPA 70E, and have been shown as workable and effective 
at preventing injuries in the workplace. It is hoped that this 
paper will help others who likewise seek to mitigate capacitor 
hazards as part of their electrical safety program. 
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