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3.0 HAZARD ANALYSIS

3.1 INTRODUCTION

This chapter provides tools for assessing electrical hazards (Step 2 of ISM), and provides
the recommended controls for mitigating those hazards (Step 3 of ISM). The risk of a
worker to an exposed electrical hazard is determined by (a) the classification of the electrical
hazard due to its potential for injury, (b) the state of the electrical equipment, and (c) the
distance of the worker from the exposed electrical hazard. Section 3.2 presents various
types of electrical injury, Section 3.3 presents the 4 Modes of Work on electrical equipment,
and Section 3.4 presents the boundaries associated with the distance of the worker from the
exposed electrical hazard. Section 3.5 presents methods of shock and arc flash analyses
for ac facility power and dc R&D power. Section 3.6 presents the types of controls used to
protect the worker from exposed electrical hazards. Finally, Section 3.7 classifies electrical
hazards as determined by the possible injury, and provides the recommended controls for
mitigation of the hazard for the various Modes of Work on Electrical Equipment. This
classification in Section 3.7 is not to be confused with the hazard risk categories for personal
protective equipment defined in NFPA 70E.

3.11 Purpose

The purpose of this chapter is to provide qualified workers and others guidance for the
“‘Analyze the Hazard” step of DOE’s Integrated Safety Management (ISM), and to give
recommendations for the controls to be implemented in the “Develop the Controls” step of
ISM.

3.1.2 Scope

An assessment of the electrical hazards shall be performed for all work that requires
employees to work on or near exposed electrical conductors or circuit parts. The
assessment should be done by a qualified worker to determine the required safety-related
work practices.

When an electrical hazard exists, the exposed circuit parts shall be placed into an
electrically safe work condition unless it is infeasible to do so.

There are requirements for de-energization and verification for some classes of electrical
hazards. If the work must be done with a hazardous circuit energized, safety-related work
practices and procedures must be followed to eliminate or control the electrical hazards.

Hazard assessments must consider equipment failure modes, possible accidents, docu-
mentation inadequacies, procedural failure, and human error.

This chapter does not provide an exhaustive list of sources of electrical energy and their

associated hazards and controls but provides the framework for categorizing those hazards
to provide for enhanced worker safety.
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3.2 ELECTRICAL HAZARDS

There are numerous injury mechanisms from exposure of a worker to electrical energy. This
section briefly presents the various types of injury.

3.2.1 Electrical Shock

Electricity is one of the most commonly encountered hazards in any facility. Under normal
conditions, safety features (engineering controls) built into electrical equipment protect
workers from shock. Shock is the flow of electrical current through any portion of the
worker’s body from an external source. Accidents can occur in which contact with electricity
results in serious injury or death.

Most electrical systems establish a voltage reference point by connecting a portion of the
system to an earth ground. Because these systems use conductors that have electrical
potential (voltage) with respect to ground, a shock hazard exists for workers who are in
contact with the earth and exposed to the conductors. If a person comes in contact with a
energized (ungrounded) conductor while also in contact with a grounded object, an alternate
path to ground is formed in which current passes through his or her body.

The effects of electric current on the human body depend on many variables, including the
following:

* amount of current

» waveform of the current (e.g., DC, 60 Hz AC, RF, impulse)

* current's pathway through the body (determined by contact location and internal
body chemistry)

* duration of shock

The amount of current passing through the body depends on:

* voltage driving the current through the body

» circuit characteristics (impedance, stored electrical energy)

* frequency of the current

* contact resistance and internal resistance of the body

* environmental conditions affecting the body’s contact resistance

The heart and brain are the parts of the body most vulnerable to electric shock. Fatal ventri-
cular fibrillation (disruption of the heart’s rhythmic pumping action) can be initiated by a
current flow of as little as 40 milliamperes. Without immediate emergency resuscitation,
electrical shock can cause fatality from direct paralysis of the respiratory system, disruption
of rhythmic pumping action, or immediate heart stoppage. Severe injuries, such as deep
internal burns, can occur, even if the current does not pass through vital organs or the
central nervous system. Specific values for hazardous voltages and for hazardous current
flow through the body are not completely reliable because of physiological differences
between people.

There are four principal electrical waveforms of interest that cause various responses to
electrical shock;

AC power frequencies

DC

radio frequencies (RF)

impulse shock (such as from a capacitor circuit)

el
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The most dangerous are AC power frequencies, 50 or 60 Hz. Exposure to current at these
frequencies causes ventricular fibrillation at the lowest thresholds and causes severe
contraction of the muscles with a possible no-let-go response.

Exposure to DC electric currents can also cause a muscle response at first contact and
when releasing, as well as heart fatigue and failure at high enough current levels. Radio
frequencies (3 kHz to 100 MHz) have decreasing neurological effects with increasing
frequency, but energy deposited results in tissue burning.

The resistance of the body is much less if the skin is punctured by a shock above the skin
breakdown threshold (400 to 500 V). This allows higher current flow through the body,
resulting in more damage. The amount and duration of current flow will determine the
severity of the reflex action, the amount of damage to the heart, and neurological and other
tissue.

Reflex action occurs when electric current causes a violent contraction of the muscles.
Such contraction can result in violent recoil, resulting in falling from heights, recoiling into a
nearby hazard, or violent muscle contractions resulting in broken bones, torn ligaments, or
dislocated joints. Reflex action is enhanced by high voltage shock as the energy can be
delivered more quickly from higher instantaneous currents.

A no-let-go response occurs when continuous shock current keeps the muscles violently
contracting such that the victim is clutching the conductor without any ability to release. Be-
cause of the effects of the waveform on the body’s response, the thresholds for acceptable
shock vary depending on the form of the electricity. Acceptable means that below these
thresholds there is no injury, and above these thresholds there could be injury. The
thresholds are listed in Table 3-1 and are found imbedded in the Hazard Classification
Charts in Section 3-6. Add explanatory note on classes

Table 3-1. Thresholds for defining shock hazards.

Source Includes Thresholds Hazard Classes
AC 50 and 60 Hz, sub- | 250V and =25 mA 1.2,1.3,1.4,1.52.2b, 2.2c,
RF 1 Hz to 3 kHz 2.2d,2.3,2.4
DC all > 100 V and 240 mA 2.2c,2.2d,2.3,2.4
. 3.2b, 3.3b, 3.3c, 3.3d, 3.3e,
Capacitors | all 2100Vand=1J 3.4b, 3.4c. 3.4d
. Could be in any Class, 4.0,
Batteries all =100V 41,42 43
RF 3 kHz to 100 MHz A function of frequency 5.2a, 5.2b
NOTES:

1. It is possible for a worker to be exposed to more than one shock hazard at any given
location (e.g. multiple types of sources).

2. There may be other electrical hazards below the above shock thresholds (e.g., a thermal
burn hazard). See Table 3-3.
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3. Injuries may result from startle reactions due to contact with energized components,
even though the source energy is too low to do physical damage, such as high
voltage/low current circuits (e.g., Classes 2.1d and 3.1d).

4. Shock and burn hazards from induced and contact RF currents become negligible above
100 MHz (but radiated hazards still exist).

3.2.2 Electrical Burn

Burns suffered in electrical accidents are of three basic types: electrical burns, arc burns,
and thermal contact burns. The cause of each type of burn is different, and prevention
requires different controls.

3.2.21 Electrical Burns

In electrical burns, tissue damage (whether skin-level or internal) occurs because the body is
unable to dissipate the heat from the current flow. Typically, electrical burns are slow to heal.
Such electrical burns result from shock currents, and thus adhering to the shock current
thresholds in Table 3-1 will prevent electrical burns.

3.2.2.2 Arc Flash Burns

Arc flash burns are caused by electric arcs and are similar to heat burns from high-
temperature sources. Temperatures generated by electric arcs can melt nearby material,
vaporize metal in close vicinity, and burn flesh and ignite clothing at distances of several
meters, depending on the energy deposited into the arc. The arc can be a stable low-
voltage arc, such as in an arc welder, or a short-circuit arc at higher voltage, resulting in an
arc flash and/or arc blast. Such an expanding arc can ignite clothing and/or cause severe
burns at a distance from centimeters (cm) to meters (m). The Flash Protection Boundary is
defined to characterize the distance at which this injury mechanism is severe. Hazard
Classes that include arc flash hazards are given in Table 3-2. The current values are the
short circuit available currents, or fault currents.

Table 3-2. Thresholds for defining arc flash hazards.

Source Includes Thresholds Hazard Classes
AC 50 and 60 | Thresholds may be determined wusing |1.2,1.3,1.4,1.5
(facility) Hz formulas in IEEE Std 1584, Table E.1

Sub RF 1 Hz-3 kHz | > 250 V and > 500 A 24

DC all > 250V and > 500 A 24

Capacitors | all >100V and > 10 kJ 3.4b, 3.4d
Batteries all > 250V and > 500 A 4.3

RF NA Not Applicable (NA)

3.2.2.3 Arc Blast Hazards

A rapid delivery of electrical energy into an arc can cause additional hazards not covered by
arc flash hazards. The acoustical shock wave, or arc blast pressure wave, can burst
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eardrums at lower levels and can cause cardiac arrest at high enough levels. In addition,
high currents (> 100 kA) can cause strong magnetic forces on current carrying conductors,
which can lead to equipment destruction, or the whipping of conductors. Such arc blast
hazards are of particular concern in high-energy facility power circuits (Classes 1.3d, 1.4,
and 1.5) and large capacitor banks (Class 3.4d).

3.2.24 Thermal Contact Burns

Thermal contact burns are those that occur when skin comes into contact with the hot
surfaces of overheated electrical conductors, including conductive tools and jewelry. This
injury requires close proximity to a high-current source with a conductive object. Thermal
burns can occur from low-voltage/high-current systems that do not present shock or arc
flash hazards, and controls should be considered. The controls to prevent injury from shock
and arc flash will also protect against thermal contact burn. High-current hazard classes
with thermal burn hazards are given in Table 3-3.

Table 3-3. Thermal contact burn hazards, not included in shock and arc flash

hazards.

Source Includes Thresholds Hazard
Classes

AC, R&D 1 Hz-3 kHz <50V and 21000 W 2.2b

DC all <100V and 21000 W 2.2a,2.2b
3.2a, 3.3a,

Capacitors | all <100V and=100J 3.4a

Batteries all <100 V and 21000 W 42,43

RF NA NA

3.23 Delayed Effects

Damage to the internal tissues may not be apparent immediately after contact with electrical
current. Delayed swelling and irritation of internal tissues are possible. In addition, imper-
ceptible heart arrhythmia can progress to ventricular fibrillation. In some cases, workers
have died two to four hours after what appeared to be a mild electrical shock. Immediate
medical attention may prevent death or minimize permanent injury. All electrical
shocks shall be reported immediately.
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3.24 Battery Hazards

During maintenance or other work on batteries and battery banks, there are electrical and
physical hazards that shall be considered. In addition, when working near or on flooded
lead-acid storage batteries additional chemical and explosion hazards shall be considered.
The hazards associated with various types of batteries and battery banks include the
following:

* electric shock

* burns and shrapnel-related injuries from a short circuit

* chemical burns from electrolyte spills or from battery surface contamination
* fire or explosion due to hydrogen

* physical injury from lifting or handling the cells

» fire from overheated electrical components.

3.25 Other Hazards

Low-voltage circuits, which are not hazardous themselves, are frequently used adjacent to
hazardous circuits. A minor shock can cause a worker to rebound into the hazardous
circuit. Such an involuntary reaction may also result in bruises, bone fractures, and even
death from collisions or falls. The hazard is due to the secondary effects of the reflex action.

An arc may form when a short circuit occurs between two conductors of differing potential,
or when two conductors carrying current are separated, such as a safety switch attempting
to interrupt the current. If the current involved is high enough, the arc can cause injury,
ignite flammable materials or initiate an explosion in combustible or explosive atmospheres.
Injury to personnel can result from the arc flash, or arc blast, resulting in severe burns to
exposed skin, or ignition of clothing. Equipment or conductors overheat due to overload
may ignite flammable materials. Extremely high-energy arcs can cause an arc blast that
sends shrapnel flying in all directions.

R&D equipment is often unique. An uncommon or unique design can be difficult to analyze
for hazard identification. The hazard analysis should include shock, potential arc or thermal
sources. Acoustic shock wave, pressure shock wave and shrapnel are potential hazards.

Once the hazards have been identified, a risk mitigation plan should be developed.
Personnel working on unique R&D equipment must be specifically qualified through training
specific to the work to be done. The scope of such additional training depends on the
hazards associated with the equipment.

3.3 MODES OF WORK ON ELECTRICAL EQUIPMENT

Under normal operation of listed or approved electrical equipment the user/operator is
protected by engineering controls, including insulation, enclosures, barriers, grounds and
other methods to prevent injury. When engineering controls are not yet in place, not
approved, or removed for diagnostics, maintenance, or repair, the activity will fall into one of
the following categories:
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Mode 0 — Electrically Safe Work Condition

Mode 1 — Establishing an Electrically Safe Work Condition
Mode 3 — Energized Diagnostics and Testing

Mode 4 — Energized Work

3.31 Mode 0 — Electrically Safe Work Condition

An Electrically Safe Work Condition is a state in which the conductor (s) or circuit part (s) to
be worked on or near have been (1) disconnected and isolated from a hazardous energized
source or parts; (2) locked/tagged out (or equivalent) in accordance with established
standards; (3) tested to ensure the absence of voltage; and (4) grounded if determined
necessary. All work on hazardous electrical systems shall be done in a electrically safe
work condition unless there is a compelling reason as defined in this chapter.

3.3.2 Mode 1 - Establishing an Electrically Safe Work Condition

To achieve Mode 0, an electrically safe work condition, a worker conducts Mode 1 work. If
the Mode 1 process exposes the worker to any hazard, the activity must be covered by work
control procedures, and a hazard analysis must be performed. The work is energized
electrical work, as covered by Mode 1, until an electrically safe work condition is achieved
(Mode 0). This Mode does NOT require an Energized Electrical Work Permit (EEWP). To
establish an electrically safe work condition, a qualified person uses the following procedure:

1. Determine all sources of electrical supply to the specific equipment.

2. Check applicable drawings, diagrams, and identification tags, including equipment

specific LOTO procedures.

Turn off equipment.

Don correct PPE and establish barricades as necessary for access control.

Open the disconnecting means (e.g., plug, breaker, or disconnect device).

If it is possible, visually verify that the plug is fully removed, all blades of the

disconnecting devices are fully open, or that draw-out type circuit breakers are

withdrawn to the fully disconnected position.

If applicable, test the controls and attempt to restart the equipment.

Apply lockout/tagout devices, assure that the plug is in total control of the worker, or use

other engineering controls that are approved by the Authority Having Jurisdiction (such

as capture key control systems that have been approved).

9. If grounds have not been applied, use a correctly rated voltmeter to test each normally
energized conductor or circuit part to verify they are de-energized, Note: for high voltage
or large capacitive systems using a correctly rated voltmeter may not be a safe
procedure, skip this step for such systems and go to step 11.

10. If the possibility of induced voltages exists, apply grounds to the normally energized
conductors or circuit parts before touching them.

11. If stored electrical energy exists (e.g., capacitors), discharge or remove the stored
energy and apply grounds to the normally energized conductors.

@0k w

® N
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3.3.3 Mode 2 - Energized Diagnostics and Testing

In Mode 2 measurements, diagnostics, testing, and observation of equipment functions are
conducted with the equipment energized and with some or all of the normal protective
barriers removed and interlocks bypassed. Verification of a safe condition with a voltage
rated instrument is covered by the Mode 1 process and is not considered Mode 2.

Work is considered Mode 2 if proper voltage rated instruments are used to contact the ener-
gized conductors. If any portion of the worker’'s body passes the Restricted Approach
Boundary then appropriate shock PPE must be worn. If any portion of the worker’s body
passes the Prohibited Approach Boundary then this is considered Mode 3, Energized Work,
and the appropriate controls must be in place (see Section 2.4). If any portion of the
worker’'s body passes the Arc Flash Boundary then the appropriate arc flash PPE must be
worn.

An approved work control document may be required (see individual tables in Section 3.6).
Authorization by the worker’'s safety-responsible line manager is required. The use of
appropriate Personal Protective Equipment (PPE) may be required. Some examples of
Mode 2 operations are:

* making voltage measurements with a multimeter on energized components
* performing tests while working in close proximity to exposed energized components
» following manufacturer's instructions for diagnostics and troubleshooting of
energized circuits
« working on experimental facilities that operate in this mode.
Performing Mode 2 work does not require an EEWP.

3.34 Mode 3 — Energized Work

Mode 3 operations involve physically moving energized conductors and parts, or moving
parts that are near energized conductors (within the Prohibited Boundary), and are
conducted with the equipment fully energized and with some or all of the normal protective
barriers removed.

Mode 3 work in Hazard Classification categories above X.0 and X.1 shall be treated as an
electrical hazard that shall be permitted only when justified by a compelling reason. Tasks
performed in this mode shall be conducted under close supervision and control. Work
control with an approved EEWP is required, with exceptions as indicated in the hazard
classification tables.

Energized Work is permitted only if:

1. Additional or increased hazards would exist due to establishing an electrically safe work
condition;

2. Equipment design or operational limitations make it infeasible to perform the work in a
deenergized state; or

3. If all exposed energized conductors and parts operate at 50 V or less with respect to
ground.

An Energized Electrical Work Permit shall include, but not be limited to:
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1. A description of the circuit and equipment to be worked on and their location;

2. Justification for why the work must be performed in an energized condition;

3. A description of the safe work practices to be employed;

4. Results of the shock hazard analysis;

5. Determination of shock protection boundaries;

6. Results of the arc hazard analysis;

7. The arc flash protection boundary;

8. The necessary Personnel Protective Equipment to safely perform the assigned task;
9. Means employed to restrict the access of unqualified persons from the work area;

10. Evidence of completion of a job briefing, including a discussion of any job-specific
hazards; and

11. Energized work approval (authorizing or responsible management, safety officer, owner,
etc.)

3.4 APPROACH BOUNDARIES

The risk to a worker from an exposed electrical source of energy is determined by the
proximity of the worker to the hazard. Electrical shock is a function of voltage, as air
breakdown distances increase with higher voltages. Arc flash injury is determined by the
distance that the arc flash energy, including ionized gas and metal, can injure the worker.
Burn injury from contact with hot conductors has no boundary, as contact, or near contact is
required for injury.

There are three approach boundaries for shock protection:

1. the Limited Approach Boundary
2. the Restricted Approach Boundary
3. the Prohibited Approach Boundary.

As shown in Figure 3-1, and as defined in the 5efinitions (Appendix B), these three
boundaries are encountered as a worker approaches an exposed, energized electrical
conductor.
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Equipment

enclosure
Open side : - 4
of enclosure
Exposed
’ energized
9% conductor
' or circuit
Limited Restricted | Prohibited .» part
space space space >

Prohibited Approach Boundary (shock)

Restnicted Approach Boundary (shock)

Limited Apprcach Boundary (shock)

Fig. 3-1. Approach boundaries for an exposed, energized conductor.

The arc flash boundary is the distance from an exposed, energized conductor that could
result in a second degree burn to the worker, should an arc occur at that conductor. In
general, the arc flash boundary is determined by the available fault current and the time to
clear the fault, which determines the energy deposited into the arc. The arc flash boundary
may be inside or outside the approach boundaries. Figure 3-2 shows an arc flash boundary
that is outside of the Limited Approach Boundary, as is typical with many facility circuits, and
Fig. 3-3 shows an arc flash boundary that is inside the Prohibited Approach Boundary, as is
common with many high voltage, low energy R&D circuits.
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Equipment

Open side enclosure
of enclosure = 4 .
ARC FLASH BOUNDARY
Exposed
" energized
< conductor
or circuit
Limited Restricted | Prohibited part
space space space

Prohibited Approach Boundary (shock)

Restnicted Appreach Boundary (shock)

Limited Apprcach Boundary (shock)

Fig. 3-2. Arc flash boundary outside of the limited approach boundary.
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Equipment ARC FLASH

enclosure > BOUNDARY
Open side — 4
of enclosure 1
Exposed
‘ energized
4 conductor
or circuit
Limited Restricted | Prohibited ’» part

space space space

Prohibited Approach Boundary (shock)

Restnicted Approach Boundary (shock)

Limited Approach Boundary (shock)

Fig. 3-3. Arc flash boundary inside of the prohibited approach boundary.

Shock and arc flash boundary analysis shall be done by a qualified person. For facilities, the
principal reference for shock and arc flash boundary analysis is NFPA 70E, which covers
facility shock and arc flash hazards. In addition, IEEE 1584, Guide for Performing Arc Flash
Hazard Calculations, provides tools for calculating the arc flash boundary. Specialized
system knowledge and methods may be necessary to calculate the shock and arc flash
boundaries for R&D equipment, such as DC or capacitor systems, as methods are not
available in existing codes and standards.

3.5 ELECTRICAL HAZARD ANALYSIS
3.5.1 Approach Boundary Analysis for 50/60 Hz AC

Approach boundary analysis (including the determination of the Limited, Restricted, and
Prohibited Shock Boundaries) is based on the voltage of the exposed conductor relative to
ground. Approach boundary tables are found in NFPA 70E for 60 Hz AC. Table 3-4 is taken
from NFPA 70E, Table 130.2(C).
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Table 3-4. Approach boundaries to energized electrical conductors or circuit parts
for shock protection, 50/60 Hz AC.

(1)

(2)

(3)

(4)

()

Nominal System Limited Approach Boundary Restricted Prohibited
Voltage Range, Approach Approach
Phase to Phase Exposed Exposed Fixed Boundary Boundary
Movable Circuit Part?

Conductor’
<50 Not specified Not specified Not specified Not specified
50 - 300 V 3.05 m (100" 1.07 m (3'6”) Avoid contact Avoid contact
301 -750V 3.05 m (10°0”) 1.07 m (3'6”) 304 mm (1°0”) 25 mm (0°'1”)
751V = 15 kV 3.05 m (10°0") 1.53 m (5'0”) 660 mm (2'2") 178 mm (0'7”)
15.1 — 36 kV 3.05 m (10°0") 1.83 m (6°0”) 787 mm (2'7") 254 mm (0'10")
36.1 — 46 kV 3.05 m (10°0”) 2.44 m (80" 838 mm (2'9”) 432 mm (1'5”)
46.1-725kV | 3.05m (10°0”) 2.44 m (80" 1.0 m (3'3") 660 mm (2'2")
72.6-121kV® | 3.25m (10'8") 2.44 m (80" 1.02 m (3'4") 838 mm (2'9”)
138 — 145 kV 3.36 m (11°0") 3.05 m (10°0) 1.15 m (3'10”) 1.02 m (3'4")
161 — 169 kV 3.56 m (11'8") 3.56 m (11'8") 1.29 m (4’3" 1.14 m (3'9")
230 — 242 kV 3.97 m (13°0") 3.97 m (13°0") 1.71 m (5'8") 1.57 m (5'2")
345 — 362 kV 4.68 m (15'4”) 4.68 m (15'4”) 2.77 m (92" 2.79 m (8'8")
500 - 550 kV 5.8 m (19°0”) 5.8 m (19°0”) 3.61m (11’107 3.54 m (11'4”)
765 — 800 kV 7.24 m (23'9") 7.24 m (23'9") 4.84 m (15117 4.7 m (15'5")
NOTES:

' Exposed Movable Conductor means that the bare conductor can move (e.g., an overhead
transmission line conductor). This is unlikely indoors.

2 Exposed Fixed Circuit Part means that the bare conductor or other circuit part is stationary
and will not move. This is the most common Limited Approach Boundary value used.

% It is unlikely that a worker will work near exposed conductors over 100 kV.
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3.5.2 Approach Boundary Analysis for DC

Approach Boundary values for DC are not found in NFPA 70E, but can be inferred because
the principles of air breakdown distance are similar. Differences in the physics of air gap
break-down from 60 Hz AC to DC are small compared to the conservative values chosen for
the boundaries. To determine a similar value for DC, the AC phase to phase voltage was
converted to peak of a phase to ground. This would give a value that is 0.82 x value of the
phase to phase voltage used in NFPA 70E. The higher voltage values from NFPA 70E were
used and are more conservative. Table 3-5 gives approach boundaries to energized
electrical conductors or circuit parts for DC, which are applicable to DC circuits, batteries,

and capacitors. Notes help to explain the content and use of the table.

Table 3-5. Approach boundaries to energized electrical conductors or circuit parts
for shock protection, DC.

(1) (2) (3) (4) (5)

Nominal Voltage Limited Approach Boundary Restricted Prohibited

Conductor to , Approach Approach

Ground Exposed Mov?ble Exposgd legd Boundary Boundary
Conductor Circuit Part

<100V Not specified Not specified Not specified Not specified
100 — 300 V 3.05m (10°0”) 1.07 m (3'6”) Avoid contact Avoid contact
301 V—-1kV 3.05m (10°0”) 1.07 m (3'6”) 304 mm (1°0”) 25 mm (0’'1”)
1kV -5kV 3.05 m (10°0”) 1.53 m (50”) 450 mm (1°7”) 100 mm (0°4”)
5kV -15kV 3.05m (10°0”) 1.53 m (5'0”) 660 mm (2'2") 178 mm (0’7”)
15 kV — 45 kV 3.05 m (10°0”) 2.5m (8'0") 0.8 m (29" 0.44 m (1'5”)
45 kV — 75 kV 3.05 m (10°0”) 2.5m (8'0") 1m (3'2") 0.65 m (217)
75kV — 150 kV® | 3.4 m (10'8”) 3m (10°0”) 1.2 m (4°0”) 1m (32"7)
150 kV — 250 kV°® | 4 m (11°8”) 4 m(11'8") 1.6 m (53”) 1.5m (50”)
250 kV — 500 kV° | 6 m (20°0”) 6 m (20°0”) 3.5m (11°6”) 3.3 m (10°10”)
500 kV — 800 kV° | 8 m (26°0”) 8 m (26°0”) 5m (16’5”) 5m (16’5”)

NOTES:

' Exposed Movable Conductor means that the bare conductor can move (e.g., an overhead
transmission line conductor). This is unlikely indoors.
2 Exposed Fixed Circuit Part means that the bare conductor or other circuit part is stationary
and will not move. This is the most common Limited Approach Boundary value used.

% It is unlikely that a worker will work near exposed conductors over 100 kV.
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3.5.3

Flash Hazard Analysis for Facility Power Systems

For Classes 1.2a, 1.2b, 1.2c, 1.3a, 1.3b, 1.3c and 1.4 (facility power systems) determine the

Flash
A.

B.

3.5.4

Protection Boundary as follows:

Preferred method: Calculate the Flash Protection Boundary using an appropriate
method described in IEEE Std 1584a; include the clearing time considerations in
§9.10.4. IEEE Std 1584a arc flash calculations related to facility power systems

Alternate method: Use 48 inches as the Flash Protection Boundary provided that the
product of fault current and overcurrent protective device clearing time does not
exceed 100 kA cycles (1,667 ampere seconds).

NOTE 1: §is a symbol for referring to a specific code section.

NOTE 2: An arc flash hazard need not be considered where all of the following
conditions exist: (1) the circuit is rated 240 volts or less, (2) the circuit is supplied by
one transformer, and (3) the transformer supplying the circuit is rated less than 125
kVA. Refer to §130.3, Exception 1, NFPA 70E, 2009.

NOTE 3: At locations immediately downstream of service entrance main circuit
breakers and main circuit breakers in panel boards served by dry-type transformers,
it is possible that the arc fault current will be in the circuit breaker long-time trip band
instead of the instantaneous trip region. (This is because the arc fault current is
significantly less than the bolted fault current in low-voltage systems.) Such a
condition will result in a great increase in the Flash Protection Boundary because of
the long time delay before the circuit breaker trips (e.g., 30 seconds (s) instead of
0.015s). Referto §9.14 in IEEE Std 1584a.

Flash Hazard Analysis for R&D Systems (supplement R&D)

Engineering supervision should be used to determine the DC arc flash boundary.

For R&D, capacitor, and battery systems, consider that an arc flash hazard potentially
exists and perform a flash hazard analysis in accordance with either NFPA 70E or IEEE
1584a where any of the following conditions can exist on exposed parts:

A.

NOTE: If the available energy is less than that listed below, an arc flash hazard
analysis does not need to be performed.

alternating current (AC) systems up to 3 kHz: Available short-circuit energy exceeds:

1) 0.85 megavolt-ampere-seconds (MVA-seconds), 0.85 Megajoules (MJ) for an
arc in open air

2) 0.53 MVA-seconds (0.53 MJ) for an arc in a cubic box.
NOTE 1: Systems such as this are placed in Hazard Class 2.4.
NOTE 2: 0.85 MVA-seconds will deposit approximately 5 J/cm2 (1.2 cal/cm2)

on skin located 457.2 mm (18 in) from a 60Hz AC arc, assuming that the arc
current equals the bolted-fault current. NFPA 70E uses a power factor of 0.5 in
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calculating the arc power.
NOTE 3: There is approximately 1.6 times the deposited energy from an arc in
a cubic box than from an arc in open air due to reflecting and focusing effects
of the box.
NOTE 4: Time of exposure is usually determined by the clearing time of the
upstream overcurrent protection at the arc current. The arc current may be
substantially less than the bolted fault current; hence, the clearing time may be
substantially longer than that for the prospective bolted fault current.
B. direct current (DC) systems: available short-circuit energy exceeds:

1) 0.425 megawatt-seconds (MJ) for an arc in open air

2) 0.266 MJ for an arc in a cubic box.
NOTE 1: 0.425 MJ for a DC arc is extrapolated from the equations in NFPA
70E for a 60 Hz arc and assumes that the DC arc current equals the DC
bolted-fault current.

NOTE 2: Analysis must be performed to determine the short circuit energy
deposited in an arc. Such systems fall into hazard Classes 2.3 and 2.4.

C. Capacitor systems: stored energy exceeds: add Table ref
1) 131 kilojoules for an arc in open air
2) 80 kilojoules for an arc in a cubic box.

NOTE 1: 131 kJ is based on converting 100% of capacitor stored energy into
radiant heat to deposit 5 J/cm? 18 in from the arc.

NOTE 2: Large capacitor banks operating at high voltages (e.g., 1600 uF at 10
kV) would be required to approach these energy levels. Noise, pressure wave,

and shrapnel hazards from an uncontrolled discharge will be the governing
hazards with capacitors having stored energy less than the above values.

NOTE 3: A worker should never approach a charged capacitor or capacitor
bank in excess of 10 kdJ. The energy must be removed remotely before
personnel access. Such systems fall into hazard Classes 3.4a, 3.4b, and 3.4d.
D. Battery systems: available short-circuit energy of battery string exceeds:
1) 0.425 MJ for an arc in open air
2) 0.266 MJ for an arc in a cubic box.
NOTE 1: 0.425 MJ for a DC arc is extrapolated from the equations in NFPA

70E for a 60 Hz arc and assumes that the DC arc current equals the DC
bolted-fault current.
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NOTE 2: Battery short-circuit current is determined by internal resistance and
is often given in the battery manufacturer’s product data. There are also rules
of thumb used in the industry to compute short-circuit current: IEEE 946 uses
10 times the 1-min discharge current to 1.75 V per cell for a lead-acid cell.

NOTE 3: Time of exposure is usually determined by the clearing time of the
upstream overcurrent protection at the arc current; with batteries there may be
no upstream overcurrent protective device.

NOTE 4: Battery system arc flash hazards are present in relatively small UPS
systems: A 480 V, 20 kW, 20 min UPS will have a 480 V battery bank
consisting of about 240 50-A-hr cells capable of a short-circuit current of about
1500 A, the resulting arc power would be about 0.7 MW and the arc would
persist for perhaps several seconds as the battery discharges.

NOTE 5: Hazards from contact with hot surfaces, molten metal, and corrosive
chemicals will exist for battery short-circuit events even where energy levels
are much lower than required to present an arc flash hazard.

NOTE 6: The ‘short-circuit energy’ of a battery is in Joules. That is the energy
produced in each second. This is not the same as the total energy stored in a
battery. For example, the ‘short-circuit energy’ of a car battery is about 10 kJ,
but the battery stores a total of about 1 MJ.

3.6 ADMINISTRATIVE CONTROLS FOR ELECTRICAL WORK

Administrative controls to mitigate electrical hazards can be divided into four basic
categories:

1. worker rules:
* working alone rule
* two-person rule
» safety watch rule
2. qualification and training
3. work control (including EEWP)
4. personal protective equipment (PPE).

Each will be discussed briefly.
3.6.1 Working Alone, Two-Person, and Safety Watch Practices

Many sites use two-person and safety watch rules to provide a second person in case of
emergency, or to provide a “second set of eyes”.

Each electrical safety task should be analyzed to determine if risk of injury to a worker, while
working alone, warrants a second person to be present. If the risk of injury from accidental
contact with an electrical conductor is minimal, then a person may work alone.

If contact with an electrical conductor could result in ventricular fibrillation, serious burn, a

no-let-go response, or other injury, the two-person practice should be followed. The second
person should be a worker qualified to work on energized circuits, and should understand
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the work activities and the hazards present. The second person should know what to do in
case of an electrical accident involving the other worker.

A safety watch is a more stringent hazard control measure than the two-person practice and
should be implemented when there are grave consequences from a failure to follow safe
work procedures. The safety watch should be a worker qualified to work on energized
circuits who accepts responsibility for monitoring qualified worker(s) performing high-hazard
electrical work.

Recommended working alone, two-person, and safety watch practices are provided for each
of the four Modes of Work on electrical equipment for each of the 54 Electrical Hazard
Classes.

3.6.2 Qualification and Training

Electrical safety training can be divided into three primary categories: (a) general classroom
training, (b) specific classroom training, and (c) On-the-Job training (OJT).

General electrical safety classroom training can be broken into three basic types: (1) general
awareness training, (2) non-Energized electrical worker, and (3) Energized electrical worker.
Recommended general training requirements are given for each of the three Modes of Work
on energized electrical equipment (Mode 1, 2, and 3) for each of the 54 Electrical Hazard
Classes.

Specific classroom training can include courses such as Pulsed Power Safety, RF and
Microwave Safety, Computer Safety, Battery and Battery Bank Safety, etc., and depends on
the electrical hazard present. For certain electrical hazards specific classes are
recommended. As appropriate, portions of the training may be provided using alternative
methods such as self-study or computer-based training.

On-the-Job Training (OJT) may be important for certain classes of electrical hazards, or
more specifically, for certain tasks with electrical hazards. Examples of relevant OJT
include: how to use a personal safety ground (ground hook) to discharge a capacitor, how to
use certain PPE, how to use a multimeter to diagnose a circuit while energized, etc.

3.6.3 Work Control

All hazardous electrical work shall follow documented work control procedures. The
Electrical Hazard Classification control tables specify when an Energized Electrical Work
Permit (EEWP) is required.

3.6.4 Personal Protective Equipment

Shock protection PPE is required whenever any portion of the worker’s body passes the
Restricted Approach Boundary. Arc flash PPE is required whenever any portion of the
worker’'s body passes the Arc Flash Boundary. Recommended use of shock and arc flash
PPE are given for each of the four Modes of Work on electrical equipment for each of the
Electrical Hazard Classes. In many cases the shock and arc flash boundaries must be
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determined or obtained by the worker. In a few special cases additional PPE may be
required, e.g., for capacitor discharging, or for working on lead acid batteries.

3.7 HAZARD ASSESSMENT TABLES AND RECOMMENDED
CONTROLS

The hazard classification charts cover five broad areas, ranging from R&D, to capacitors, to
batteries. These charts represent most of the electrical hazards found in electrical
equipment. All charts and classes should be considered when identifying the hazards
associated with any given piece of electrical equipment. A single piece of equipment may
have multiple electrical hazard classifications, and the combination of hazards must be
addressed by appropriate safety-related work practices. In order to aid hazard identification,
each table has cross-reference notes in the upper right hand corner. For example, the R&D
table has cross-reference notes to capacitance, battery, and facility hazard tables. Workers
should have a thorough understanding of the equipment they are analyzing for hazards.
Consulting manuals and schematics and speaking with factory service representatives and
Electrical Safety Subject Matter Experts are ways to ensure that all of the hazards are fully
understood and that all the pertinent charts and classes are taken into account. Some
guidelines on use of the hazard classification charts are given. They are general, and there
may be exceptions to each one:

1) If you do not understand these guidelines and your equipment, consult an electrical
SME.

2) All equipment gets its power from the facility (Classes 1.x) or batteries (Classes 4.x).
Thus, equipment starts with one of those classes.

3) Most small appliances, hand tools, and portable laboratory equipment plugs into
Class 1.2. In general, if you can carry it, most likely it uses 120 to 240 V.

4) Larger facility and laboratory equipment may use up to 600 V (Class 1.3).

5) All electronic equipment and much other R&D equipment converts facility power into
DC. All DC power supplies have some capacitance. Thus, DC power supplies have
hazards in Classes 2.x and 3.x. Both must be evaluated.

6) All UPSs have hazards in Classes 4.x as well as 1.x, since they usually are tied into
facility power (input), and produce facility type power (output).
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The colors used in each hazard Class box are organized in increasing hazard: blue, green,
yellow, red, and maroon. Some general statements can be made about each color. There
may be exceptions. renumber

7) A blue Class (X.0) indicates no hazard, no engineering or administrative controls are
needed.

8) A green Class (X.1) indicates little to no hazards, few or no engineering or
- administrative controls are needed.

9) A yellow Class (X.2) indicates injury or death could occur by close proximity or
contact; often the hazard is shock or contact burn; engineering controls are
necessary for operation (e.g., listing or equipment approval), and administrative
controls are necessary for electrical work in this Class.

10) A red Class (X.3) indicates injury or death could occur by proximity or contact; often
- the hazard is shock, contact burn, or arc-flash burn; engineering controls are
necessary for operation (e.g., listing or equipment approval), and administrative
controls are necessary for electrical work in this Class.

- 11) A maroon Class (X.4 and X.5) is the highest level of risk; significant engineering and
administrative controls are necessary to manage the hazard in these Classes.
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Fig. 3-4. Complete electrical hazard classification system showing 5 major groups and 54 classes.
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B [/EN

Blue: (Class X.0) indicates no hazard; no engineering or administrative controls are needed
Green: (Class X.1) indicates little or no hazards; few or no engineering or administrative controls are needed

Yellow: (Class X.2) indicates injury or death due to shock or contact burn could occur by close proximity or contact.
Recognized Testing Laboratory (RTL)

listing or approval by local inspection processes are required. Administrative controls are also required.

Red: (Class X.3) indicates injury or death due to shock, contact burn, or arc flash burn could occur by proximity or contact.
Recognized Testing Laboratory (RTL)

listing or approval by local inspection processes are required. Administrative controls are also required.

Maroon: (Classes X.4 and X.5) indicates the highest level of risk. Significant Engineering and Administrative controls are
required to manage hazards.
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Note: for DC facility power refer to Classes 2.x: R&D DC

Fig. 3-5. Class 1.x: Hazard classes 1.x, for 60 Hz power.
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Table 3-6. Controls for work in hazard Classes 1.x.

Class Mode Ol Training Work Control PPE
Worker(s)
ALL Alone None None None
ALL Alone Non-Energized | None None
1.2a 0- Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
2 Alone Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
3? Two person | Energized YES, EEWP Shock Hazard Analysis and
Flash Hazard Analysis'
1.2b 0 Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
2 Alone Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
3? Two person | Energized YES, EEWP Shock Hazard Analysis and
Flash Hazard Analysis'
1.2¢ 0 Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
2 Alone Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
3? Two person | Energized YES, EEWP Shock Hazard Analysis and
Flash Hazard Analysis'
0 Alone Non-Energized | None None
and LOTO
1 Two person | Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
2 Two person | Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
3? Two person | Energized YES, EEWP Shock Hazard Analysis and
Flash Hazard Analysis'
0 Alone Non-Energized | None None
and LOTO
1 2 Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
2 2nd Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
3? Safety Energized YES, EEWP Shock Hazard Analysis and
Watch Flash Hazard Analysis'
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Qualified

Class Mode Worker(s) Training Work Control PPE
0 Alone Non-Energized | None None
and LOTO
1 2 Energized YES Shock Hazard Analysis and
Flash Hazard Analysis'
2 Safety Energized YES Shock Hazard Analysis and
Watch Flash Hazard Analysis'
3? Safety Energized YES, EEWP Shock Hazard Analysis and
Watch Flash Hazard Analysis'
0 Alone Non-Energized | None None
and LOTO
1 Safety Energized YES Shock Hazard Analysis and
Watch Flash Hazard Analysis'
2 Safety Energized YES Shock Hazard Analysis and
Watch Flash Hazard Analysis'
3? Safety Energized YES, EEWP Shock Hazard Analysis and
Watch Flash Hazard Analysis'
14 0 Alone Non-Energized | None None
and LOTO
1 Safety Energized YES Shock Hazard Analysis and
Watch Flash Hazard Analysis'
2 Safety Energized YES Shock Hazard Analysis and
Watch Flash Hazard Analysis'
3? Safety Energized YES, EEWP Shock Hazard Analysis and
Watch Flash Hazard Analysis'
0 Alone Non-Energized | YES Refer to 29CFR1910.269
1 Safety Lineman YES Refer to 29CFR1910.269
Watch
2 Safety Lineman YES Refer to 29CFR1910.269
Watch
3? Safety Lineman YES Refer to 29CFR1910.269
Watch

' Perform a shock and arc flash analysis or see NFPA 70E tables (70E, pp. 29-34).

2 This mode of work should be avoided.

Notes on use of hazard Classes and control Table 1.x:

(a) The voltage is the root mean square (rms) voltage for 60 Hz power.
(b) The current is the available fault current.
(c) The primary difference between subclasses a, b, ¢, and d in Classes 1.2 and 1.3 is the

arc-flash hazard, since the arc fault current increases to the right.

(
(
(
(
(
(

d) Class 1.4 is work on facility circuits above 600 V.

e) Class 1.5 is work on utility circuits above 600 V.

f) For R&D (AC or DC, not 60 Hz), use hazard Classes 2.x.
g) For capacitors, use hazard Classes 3.x.

h) For batteries, use hazard Classes 4.x.
i) For ac frequencies above 3 kHz (rf) use hazard Classes 5.x.
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Fig. 3-7. Hazard Classes 2.x, DC R&D and electronic.
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Table 3-7. Control Table for work in hazard Classes 2.x.

Class Mode R Training Work Control PPE
Worker(s)
ALL Alone None None None
ALL Alone Non-Energized | None None
2.2a 0 Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis
2 Two person Energized YES Shock Hazard Analysis
3? Safety Watch Energized YES, EEWP Shock Hazard Analysis
2.2b 0 Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis
2 Two person Energized YES Shock Hazard Analysis
3? Safety Watch Energized YES, EEWP Shock Hazard Analysis
2.2c 0 Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis
2 Two person Energized YES Shock Hazard Analysis
3? Safety Watch Energized YES, EEWP Shock Hazard Analysis
2.2d 0 Alone Non-Energized | None None
and LOTO
1 Alone Energized YES Shock Hazard Analysis
2 Two person Energized YES Shock Hazard Analysis
3? Safety Watch Energized YES, EEWP Shock Hazard Analysis
0 Alone Non-Energized | None None
- and LOTO
1 Two person Energized YES Shock Hazard Analysis
2} Safety Watch Energized YES Shock Hazard Analysis
3? Safety Watch Energized YES, EEWP Shock Hazard Analysis
24! 0 Alone Non-Energized | None None
and LOTO
1 Safety Watch | Energized YES Shock Hazard Analysis and
Flash Hazard Analysis
2? Safety Watch | Energized YES Shock Hazard Analysis and
Flash Hazard Analysis
3? Safety Watch | Energized YES, EEWP Shock Hazard Analysis and
Flash Hazard Analysis

' For AC, refer to Table 1.x: Facility.

2 This mode of work should be avoided.

® DO NOT move probes while energized.
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Notes on use of hazard Classes and control Table 2.x:

(a) This control Table is NOT to be used for 60 Hz power.

(b) The primary difference between Class 1.x and 2.x is the lack of available fault current in
Class 2.x to create an arc-flash hazard. If significant fault current exists, Class 2.4, the
worker must perform an arc-flash analysis, for ac or dc.

(c) AC R&D includes ac frequencies from 1 Hz to 3 kHz (sub RF AC), that is not 60 Hz
power.

d) Voltage is rms for AC, or DC voltage.

e) Power is available short-circuit power.

f) Current is available short-circuit current.

g) For 60 Hz facility power use hazard Classes 1.x.

h) For capacitors use hazard Classes 3.x.

i) For batteries use hazard Classes 4.x.

(
(
(
(
(
(i)

() For AC frequencies above 3 kHz (RF) use hazard Classes 5.x.
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Fig. 3-9. Hazard Classes 3.x, capacitors, > 400 V.
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Table 3-8. Control Table for work in hazard Classes 3.x.

Class Mode \%’:::l?g?sl) Training Work Control PPE li I:;Z%zl
ALL Alone None None None
ALL Alone Non-Energized | None None
3.1¢° ALL
3.2a 0 Alone Non-Energized | None None
1 Alone Energized YES Eye, No Hard ground
Jewelry hook
2 Two person | Energized YES Eye, No
Jewelry
3 Two person | Energized YES Eye, No
Jewelry
3.2b 0 Alone Non-Energized | None None
1 Alone Energized YES ! Hard ground
hook
2 Two person | Energized YES '
3 Two person | Energized YES, EEWP '
_ 0 Alone Non-Energized | None None
1 Two person | Energized YES Eye, No Soft ground
Jewelry hook
2 Two person | Energized YES Eye, No
Jewelry
3 Safety Energized YES, EEWP Eye, No
Watch Jewelry
; 0 Alone Non-Energized | None None
1 Two person | Energized YES Eye,' Hard ground
hook
2 Two person | Energized YES Eye,'
3! Safety Energized YES, EEWP Eye,'
Watch
; 0 Alone Non-Energized | None None
1 Safety Energized YES Eye, Soft ground
Watch Ear,'? hook
2° Safety Energized YES Eye,
Watch Ear,'?
3! Safety Energized YES, EEWP Eye,
Watch Ear,'?
_ 0 Alone Non-Energized | None None
1 Two person | Energized YES Eye,' Hard ground
hook
2 Two person | Energized YES Eye,'
3! Two person | Energized YES, EEWP Eye,'
_ 0 Alone Non-Energized | None None
1 Safety Energized YES Eye, Ear,' | Hard or Soft'
Watch ground hook
23 Safety Energized YES Eye, Ear,'
Watch
37
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Class Mode \g:::l?g?sl) Training Work Control PPE lf:e I:z:;%zl
0 Alone Non-Energized | None None
1 Safety Energized YES Eye, No Remotely
Watch Jewelry
2° Safety Energized YES Eye, No
Watch Jewelry
3! Safety Energized YES, EEWP Eye, No
Watch Jewelry
3.4b 0 Alone Non-Energized | None None
1 Safety Energized YES Eye, Remotely
Watch Ear,'?
2° Safety Energized YES Eye,
Watch Ear,'?
3! Safety Energized YES, EEWP Eye,
Watch Ear,'?
34c 0 Alone Non-Energized | None None
1 Safety Energized YES Eye, Soft ground
Watch Ear,'? hook
26 Safety Energized YES Eye,
Watch Ear,'?
37
34d 0 Alone Non-Energized | None None
1 Safety Energized YES Eye, Remotely
Watch Ear,'?
26 Safety Energized YES Eye,
Watch Ear,'?
37

! Determine by a shock hazard analysis.

? Determine by a flash hazard analysis.

® For Class 3.1c refer to explosive safety.

4 This mode of work should be avoided.

® This mode of work should be avoided or done remotely.

® Do this mode of work remotely.

" DO NOT do this mode of work.
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Notes on use of hazard Classes and control Table 3.x:

(a) Voltage is AC rms or DC maximum charge voltage on the capacitor.

Energy is maximum energy stored in the capacitor as determined by /2CV2.

PPE — eye is proper eye protection, either goggles or a face shield, for higher energies.

PPE — no jewelry for low-voltage capacitors, means no jewelry on the hands (e.g., rings,

watches) and no dangling jewelry or other objects (e.g., badge).

(e) Column ‘Energy Removal’ is the method used to discharge lower-energy capacitors, or
apply a safety ground on higher-energy capacitors. See definitions in Chapter 13 for
definitions of hard and soft ground hooks.

(f) Performing ‘Energy Removal’ remotely means using engineering methods to discharge
and verify the capacitors without worker presence (e.g., a capacitor “dump” system).

(9) Performing Mode 2 remotely means using sensors and instruments that are placed
during a Mode 0 condition, then observed from a safe location during Mode 2 work.

(h) The hazards for less than 100 V, Classes 3.2a, 3.3a, and 3.4a, are high current through
a short circuit, such as tools and jewelry.

(i) The hazards for 100 — 400 V, Classes 3.3b, 3.3c, and 3.4b, are high current through a
short circuit, and a shock hazard.

(i) The hazards for greater than 400 V, Classes 3.2b, 3.3d, 3.3e, 3.4c, and 3.4d, are high
current through a short circuit, and a shock hazard with a strong reflex action for Class
3.2d, and serious tissue injury and/or death for 3.3d and above.

(k) Classes 3.4b, 3.4c, and 3.4d have the added hazards of mechanical damage due to
high currents and strong pulse magnetic forces during a short circuit.

I) For 60 Hz facility power, use hazard Classes 1.x.

m) For R&D (not 60 Hz), use hazard Classes 2.x.

n) For Batteries use, hazard Classes 4.x.

0) For AC frequencies above 3 kHz (RF), use hazard Classes 5.x.

~— — — ~—

(b
(c
d

(
(
(
(
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to classify the shock hazard.

Fig. 3-10. Hazard Classes 4.x, batteries and battery banks.
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Electrical Safety

Table 3-9. Control Table for work in hazard Classes 4.x.

Class Mode e Training Work Control PPE
Worker(s)
ALL Alone None None None
ALL Alone Non-Energized | None No Jewelry
42 2 Two person | Non-Energized | YES Eye, No Jewelry
3? Safety Energized YES, EEWP? Eye, No Jewelry
Watch
2 Safety Energized YES Eye, No Jewelry
Watch
3? Safety Energized YES, EEWP? Eye, No Jewelry, Special
Watch Battery Tools

' Terminal voltage is less than 100 V.
2 Break up bank for work.

® An EEWP is required if the terminals are exposed, or if the terminal voltage exceeds 100 V.

Notes on use of hazard Classes and control Table 4.x:

(a) Power is the short circuit available power from the battery. This can be obtained by
multiplying the short circuit available current by the battery terminal voltage. The short
circuit available current can be obtained from the manufacturer’s specifications.

(b) There can be no Mode 0 or 1 for batteries, as they are always energized.

(c) Additional PPE is necessary for vented lead-acid batteries, depending on the work
activity (e.g., chemical PPE).

(d) Although all work on Class 4.2 (e.g., automotive batteries) is Energized Work, some of
this work (e.g., jump starting cars) is commonly done by the public. Caution should be
used, however, and appropriate training and controls in place.

(e) Class 4.1 batteries (e.g., desktop UPS batteries) may have adequate engineering
controls, such as recessed terminals, to reduce the need for controls.

(f) ‘Energized Worker’ training requires LOTO and CPR. Neither is necessary for low
voltage battery work, unless the facility power source for a large UPS must be locked out
and verified.

(g) For 60 Hz facility power, use hazard Classes 1.x.

(h) For R&D (not 60 Hz), use hazard Classes 2.x.

(i) For capacitors, use hazard Classes 3x.

(j) For ac frequencies above 3 kHz (RF), use hazard Classes 5.x.
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60 Hz see 1.x

V4
R&D see 2.x
Determine the Capacitors  —| |- see 3.x
Frequency
| Battery —{ | | F— see4.x
I I
0.003 - 0.1 MHz 0.1 - 100 MHz
Determine the Determine the
Current Current

Class 5.1a Class 5.2a Class 5.1b Class 5.2b
< 1000f mA > 1000f mA < 100 mA > 100 mA

Fig. 3-11. Hazard Classes 5.x, RF circuits 3 kHz to 100 MHz (f is in MHz).
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Table 3-10. Control Table for work in Classes 5.x.

Class Mode VQVli)arllil:((sl) Training Work Control PPE
_ ALL Alone Non-Energized & RFMW None None
5.2a 0 Alone Non-Energized & RFMW None None
1" Alone Energized & RFMW YES :
2} Alone Energized & RFMW YES :
31
5.2b 0 Alone Non-Energized & RFMW None None
1" Alone Energized & RFMW YES :
2} Alone Energized & RFMW YES :
31

' DO NOT do this mode of work.
2 No PPE is available for high current shock. Must avoid proximity.
® DO NOT move probes while energized.

* Must verify zero energy remotely.

Notes on use of Control Table 4.x:

(a) fin the Chart is frequency in MHz.

(b) Classes 5.x and control Table ONLY addresses the RF shock hazard. It does NOT
address the exposure to electromagnetic fields.

(c) The allowable shock currents are much higher than 60 Hz (e.g., 100 mA is allowed
for 100 kHz).

(d) There is no shock PPE for RF, thus Modes 1, 2, and 3 must NOT expose the worker

to a shock hazard in Class 5.2..

For 60 Hz facility power use hazard Classes 1.x.

For R&D (not 60 Hz) use hazard Classes 2.x.

For capacitors use hazard Classes 3x.

For batteries use hazard Classes 4.x.

(a
(b
(c
(d

~— — — ~—
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4.0 ELECTRICAL PREVENTIVE MAINTENANCE
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5.0 GROUNDING
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6.0 SPECIAL OCCUPANCIES
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7.0 REQUIREMENTS FOR SPECIFIC EQUIPMENT
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8.0 WORK IN EXCESS OF 600 VOLTS
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9.0 TEMPORARY WIRING
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10.0 ELECTRICAL SAFETY DURING EXCAVATION
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11.0 ENCLOSED ELECTRICAL/ELECTRONIC EQUIPMENT

11.1 PURPOSE

This section provides guidelines to
1. complement existing electrical codes and recommend industry standards,
2. improve electrical safety in the work environment for personnel within the DOE complex,

3. eliminate the ambiguity and misunderstanding in design, construction and implementation
requirements for electrical/electronic equipment,

4. assist the AHJ in providing information for acceptance of equipment within the scope of this
document, and

5. To guide the use of typical vendor supplied equipment cabinet racks (i.e., 19” cabinet rack
enclosure), and provide guidance for procurement requirements.

11.2 SCOPE

This section addresses enclosed electrical/electronic equipment electrical safety guidelines
which are not specifically addressed elsewhere in the Electrical Safety Handbook. These types
of equipment include: instrumentation and test consoles; enclosed electrical/electronic
equipment; other laboratory diagnostic electrical/electronic equipment (stationary or mobile)
mounted in or on an enclosure, rack or chassis; and special electrical/electronic equipment
facility requirements.

11.3 GROUNDING AND BONDING

Many ground system types exist within electrical equipment. All metal parts of electrical
equipment enclosures and chassis shall be bonded and grounded as per the NEC. The
methods chosen to avoid ground loops and reduce noise shall meet the requirements of the
NEC 250.6.

11.3.1 Objectionable Current over Grounding Conductors

Enclosed electrical/electronic equipment may have both power and signal conductors entering
and leaving these enclosures. Objectionable currents and noise may be the result of the design
or installation of conductors and equipment and their grounding locations. NEC 250.6
addresses these objectionable currents and noise (See Section 13.8.2.1).

NEC 250.6 must be used with care because it seems to give blanket authority to do whatever is
necessary to stop objectionable currents from flowing in the grounding system. This is not the
intent. NEC 250.6D specifically indicates that the introduction of noise or data errors in
electronic equipment shall not be considered objectionable currents, as addressed therein.
Therefore, such objectionable currents must be handled in other ways. NEC Section 250.6
principally deals with objectionable currents that can flow over grounding conductors due to
severely unbalanced loads or improper installation practices. NEC 250.96(B) provides
requirements for isolation of grounding circuits to reduce electrical noise (EMI). Because of the
complexity and number of interconnections of most grounding systems, the NEC allows
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modifications of the grounding system and connections in order to address such problems.
Those permitted:

1) Arrangement to prevent objectionable current. Grounding of electrical systems, circuit
conductors, surge arresters, and conductive noncurrent-carrying materials and equipment
shall be installed and arranged in a manner that will prevent an objectionable current over
the grounding conductors or grounding paths. Use of a single-point grounding system, as
well as meeting the other requirements of NEC Article 250, will usually overcome problems.

2) Alterations to stop objectionable current. If the use of multiple grounding connections results
in an objectionable current, one or more of the following alterations are permitted to be
made, provided that the requirements of NEC 250.4(A)(5)(B)(4), are met. Such permitted
alterations are:

1. Discontinue one or more, but not all, of the grounding connections;
2. Change the locations of the grounding connections;

3. Interrupt the continuity of the conductor or conductive path interconnecting the grounding
connections; and/or

4. Take other suitable remedial action satisfactory to the authority having jurisdiction.

3) Temporary currents not classified as objectionable currents. Temporary currents resulting
from accidental conditions, such as ground-fault currents, that occur only while the
grounding conductors are performing their intended protective functions shall not be
classified as objectionable. This does not prohibit changes in the system to correct
excessive current during a fault condition.

4) Limitations to permissible alterations. The intent of NEC 250.6 is not to permit electronic
equipment to be operated on AC systems or branch circuits that are not grounded as
required by NEC Article 250. Currents that introduce noise or data errors in electronic
equipment are not considered to be the objectionable currents addressed in this Section.

Voltage differences and thus objectionable currents may exist because impedances to ground
are not equal throughout a grounding system due to variations of the resistance of the earth,
improper connections, or other problems.

Even though voltage differences allow unwanted currents to flow in the grounding conductors,
and induced noise may travel over this path, it is not to be used as a reason to disconnect all
grounding connections to any system component. At least one grounding connection must
remain.

11.3.2 Equipment Grounding Conductor

The equipment grounding conductor of a power-supply cord or interconnecting cable shall be
sized in accordance with NEC 250.122 and the associated NEC Table 250.122. The minimum
size equipment grounding conductor is based on the total rating of the enclosed equipments in
amperes. Note that the minimum size equipment grounding conductor may be smaller than the
size for the current-carrying conductors; i.e., the grounded (neutral) and ungrounded
conductors, which are sized per NEC Article 310.15 — usually following NEC Table 310.16.

Page 50 of 139



11.3.3 Enclosure Grounding and Bonding

Enclosure grounding and bonding should comply with the following requirements: (See Figs. 11-
1 thru 11-3)

Have a common grounding or bonding bus (normally a cabinet rail).

When the enclosure contains more than one bay, bond all grounding or bonding busses
together.

All mounted chassis within rack cabinets shall have a grounding or bonding conductor
attached to the common grounding or bonding bus when the chassis is not grounded or
bonded through the power cord.

The grounding or bonding conductor shall be permanent and continuous.

Subassemblies mounted in other types of enclosures should be bonded by adequate
preparation of the mounting surfaces or by the use of a bonding conductor.

To provide protection against grounding or bonding conductor breakage, conductors
between the common grounding or bonding bus and moveable chassis should be braided
cable or stranded wire.
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RACK CABINET
Cabinet rails used for
bonding/grounding
chassis

These chassis shall be
. bonded/grounded internally
Bonding conductor — from the ground wire in cord.
Identified equipment
ground points; required -
for these chassis

NRTL listed or labeled
- power distribution unit
Note: chassis or equipment

Bonding conductor

Required drawing current from the power
bonding/grounding . distribution unit within the rack
(same gauge or larger  * A is called ‘utilization equipment.”
than AC power cable)
AC outlets
P \

[
Neutral —. 3 Phases

pe N b Q@O Protective oo\;'er
/ \ '.] ) /.

removed from

Ground \ L _[(¢ connection box_,.i
" clamp cable

Note: This drawing represents typical 1200208 volt, 3-phase Wye, 5-wire, AC power.

Fig. 11-1. Bonding and grounding in an equipment rack.
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All grounding or bonding points should be tight for good continuity, identified by green color,
permanently labeled, and properly prepared by cleaning metal surfaces to bare metal or by the
use of serrated bushings. Anodized aluminum must be cleaned to bare metal.

The resistance across the bonding point should be very low, so that heating stress effects due
to power loss across the bonding point are minimized. If a measurement is required, the
method of measurement is to be determined by the user. The user may determine a maximum
resistance, e.g., 0.1 ohm.

Bonding conducly ar
g cendueer Df Cabinet AC power slrip
s 1) rails used
H H for bonding
Identified equipment < gl H - These chassis shall
ground peints ;j : . pe[gﬁe?{gmindw
H H Bonding ; in y from the
3 H conductor “‘ : greund cord.
These chassis shal be Hom—1r— & | =
bonded/grounded internally < |~ H B ‘ = g
from the ground wire in : - 5 e.;'u?;r::n:r' i Ri=1 s M
the cord. : H : ‘ H H
‘ a E ground points H =
E = el H
? ' =| :3 .E Required ground or bending wire
Required bonding/greunding s H B g common to the ground wire of the
(same gauvge or farger than g H H H power strip and the AC power cable
AC power cable) = - E Rack #1 supplying E ; Fomng into this sacond rack
5 single-phase, AC 5 : (same gauge or.larger than the
\ E power fo Rack 42 = 5 AC power cable)

| Equp. grounding conductor - GREEN
: or GREEN with YELLOW STRIPE; bare
: (Ground)

i Grounded conductor - WHITE

: (Neutral; AC return

Typical configuration for — ™
bonding/grounding wire

geing o cabinel rail grounded conductor (white) shall
not be connected logether al the
: Compression fitling power cable leminaton
| Energized conductor - BLACK (Mot "NV type)

Metallic case of typical power s¥ip
{Hot, AC source) 5

is bonded to the grounding
conductor by a mounting screw

Incoming AC power
Aly 120-V, single-chese)

Fig. 11-2. Grounding of multiple independent racks.
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RACK CABINET
BAY #1 BAY #2 BAY #3

Required bonding/gr