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Acronyms
Pronounced

NFPA 70E
N-F-P-A 70-E

LOTO
La Toe
F0
F Zero
MCC
M-C-C

AC
A-C

PPE
P-P-E

SLEDs
Sleds

3131
3-1-3-1
AED
A-E-D

Slide numbers are not part of the narration.  Please pause briefly between each slide.
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During this course we will be reviewing the objectives of the National Fire Protection Association 70E Standard, Electrical Safety in the Workplace, commonly referred to as NFPA 70E.  We’ll look at the major hazards associated with work on electrical systems, how we mitigate those hazards at the laboratory, and we’ll discuss the different types of electrical work activities.
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We’ll outline Fermilab’s Electrical Safety Policy; and review the Fermilab Electrical Hazard Analysis process.  We’ll conclude by reviewing the steps necessary for establishing an Electrical Safe Work Condition and provide guidance on where to get additional information.

This online presentation is part one of the NFPA 70E requalification process.  After reviewing the material in this presentation, you will need to enroll in the NFPA 70E challenge exam to complete the requalification process.  The challenge exam may be taken either online or in person and is an open book exam.  You are not expected to memorize the tables necessary for the exam or your work activities.  A PDF copy of this presentation and the tables used in this presentation are available for download by clicking the paper clip icon in the lower right corner of the presentation screen. 
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The objective of NFPA 70E is to protect workers from electrical Shock, Arc-Flash, and Arc-Blast hazards.
To do this we need to understand the electrical hazards associated with the work that will be performed.

Once we understand the hazards, we can define the Personal Protective Equipment or PPE needed for electrical shock and arc-flash protection.
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There are three main hazards associated with electricity:  Electrical Shock, Arc-Flash, and Arc-Blast.
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Electrical shock occurs when a person’s body completes the current path between two energized conductors of an electrical circuit or between an energized conductor and a grounded surface or object.  The effects of an electrical shock can vary from a slight tingle to immediate cardiac arrest. You can start to feel current through your body at 1 milliamp, which is one one-thousandth of an amp.  At approximately 15 milliamps of current, you can no longer control your muscles to let go of the electrical source.  As the current approaches 100 milliamps, or one tenth of an amp, through the chest area, the normal heart rhythm can be interrupted, resulting in ventricular fibrillation which is usually fatal.  The only practical way to return the heart to a normal rhythm is with the use of an Automated External Defibrillator or AED.

Although the majority of electrocutions are the result of ventricular fibrillation, burns are the most common shock related injury. Electrical burns are among the most serious burns and require immediate medical attention. They occur when an electric current flows through tissue or bone, generating heat that causes tissue damage. The body cannot dissipate the heat generated by the electric current flowing through the body, resulting in deep tissue burns.
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The second main hazard from electricity is Arc-Flash.  An arc-flash occurs when electric current passes through air between an energized conductor and ground or between two or more energized conductors.  The severity of an arc flash is determined by the available fault current, the conductor size, and the time or duration of the arc.  Arc temperatures can reach 35,000 degrees Fahrenheit, or roughly three times the surface temperature of the sun.  
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The main concern with the arc temperature is the flash flame and the ignition or melting of clothing on the skin. Exposure to approximately 200 degrees Fahrenheit for one-tenth of a second results in a third-degree burn, the point at which the skin is destroyed and will not recover.  The incident energy threshold for the onset of a second degree burn is 1.2 calories per square centimeter for an exposure time of one second.  It does not take a very high temperature or very much incident energy to cause a severe injury.  Burns can result in discomfort, extreme pain, or death to the worker.  Arc-Flash events can truly become life changing, with burn rehabilitation taking years.  This doesn’t even touch on the impacts to the workers family due to the disability/disfigurement that can be caused by burns.
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The third hazard is from an Arc-Blast.  An arc-blast is caused by the rapid expansion of the air surrounding an electrical arc.  The pressures from an arc are developed from two sources:  the expansion of the metal conductors that are boiling and vaporizing, and the heating of the air by passage of the arc through it. Copper, the most prevalent metal conductor, expands by a factor of 67,000 times when it sublimates, changing from a solid to a vapor. This accounts for the expulsion of near-vaporized droplets of molten metal from an arc blast. These droplets can be propelled for distances of up to 10 feet.  An arc blast can best be categorized as an explosion, which can result in hearing loss, lacerations from the blast debris, and trauma from the percussive force.
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This picture shows the remains of the Fermilab F Zero Compressor Room 480 volt Motor Control Center or (MCC) after an arc flash event that occurred on October 22, 1997.  The incident occurred while two subcontract electricians were in the process of removing the bus shield in the MCC.  The shield came in contact with the energized 480 volt bus-bar, resulting in a flashover.  In just a few hundred milliseconds, both electricians received second and third degree burns to the hands and one also received burns to the face.  Although one individual was air lifted to a local burn center, luckily the injuries were not life threatening to either individual and both were able to fully recover from their injuries.
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So how do we mitigate electrical hazards?  At Fermilab, we work on equipment in the de-energized state whenever possible.  If work must be done in an energized state, we look to engineer out the hazard.  For example, we might install a redundant voltage monitor on the output of a disconnect switch,  install voltage meters on equipment, or provide current-limited test points for verification purposes.  Fuses might be used to limit the duration of an arc fault and  disconnect switches with viewing windows may be installed to allow for visual verification before performing a voltage verification.
During the performance of electrical work activities, we follow Fermilab Electrical Safe Work Practices by:

 Performing an electrical hazard analysis;

  Employing lock out tag out of hazardous energy sources;

  Using voltage insulating personal protective equipment for electrical shock protection and a combination of fire retardant clothing, safety eye wear, hard hats, leather work shoes, leather gloves, and hearing protection to protect against arc-flash and arc-blast; and

  Using ground-fault circuit interrupters to protect against shock from equipment faults.
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The two types of work that can be performed on electrical systems are diagnostic and manipulative.

Diagnostic Work, is work that is performed on or near exposed live parts within the Limited Approach Boundary.  Activities such as inspections, testing, voltage and/or current measurements, phase alignment, troubleshooting, circuit and signal tracing, and thermal imaging are examples of diagnostic work.
Lock Out Tag Out or LOTO voltage verifications are diagnostic work. 
This work is to be performed only by Qualified Persons utilizing measurement equipment rated for the voltages and currents to be encountered, and with the required personal protective equipment.
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Manipulative Work is making, tightening or breaking of energized electrical connections or the replacement, removal, or addition of electrical or mechanical components to a live circuit.  This includes activites such as replacing duplex outlets, light switches, fluorescent fixture ballasts, fuses, or circuit breakers on energized circuits.  Drilling or punching holes in a live panelboard or pulling conductors into a live panelboard are other examples of manipulative work.
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Fermilab’s Electrical Policy states that we Do Not work on energized electrical equipment unless absolutely necessary.

Diagnostic Energized Work is allowed only when the diagnostic activity is not feasible with the circuit de-energized.

Manipulative Energized Work is prohibited at Fermilab unless it can be demonstrated that de-energization introduces additional or increased hazards or is infeasible due to equipment design or operational limitations.
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We will point out that infeasible does not include inconvenient.  It may be inconvenient to wait for an accelerator shutdown to turn off power to an electrical panel, but it is not infeasible.
Any request to perform manipulative energized work must be documented on an Electrical Work Permit and Directorate approval is required before the work may commence.

Fermilab policies and the NFPA 70E apply to work on both the AC power distribution system and to utilization equipment.
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Before performing any electrical work, we need to perform an Electrical Hazard Analysis.  Whether this is done mentally or written down on an Electrical Hazard Analysis Work Permit depends on many different factors.  A written Electrical Hazard Analysis Work Permit is required for any manipulative electrical work activities,  and for work that involves outside contractors or when requested by the supervisor or an employee.  Whether the analysis is written down or not, the process is still the same:  you need to perform both a Shock Hazard Analysis and an Arc-Flash Hazard Analysis.
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The Shock Hazard Analysis defines the Limited Approach Boundary, the Restricted Approach Boundary, and the Prohibited Approach Boundary.  Each of these approach boundaries is dependant on the voltage level of the exposed electrical components.
The Limited Approach Boundary is the distance from an exposed energized electrical conductor or circuit part within which a shock hazard exists.  Only Qualified Persons and escorted unqualified persons are allowed within the Limited Approach Boundary.
The Restricted Approach Boundary is the distance from an exposed energized electrical conductor or circuit part within which there is an increased risk of shock, due to electrical arc over combined with inadvertent movement, for personnel working in close proximity to the energized electrical conductor or circuit part.  
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The Prohibited Approach Boundary is the distance from an exposed energized electrical conductor or circuit part within which work is considered the same as making contact with the electrical conductor or circuit part. 
Only Qualified Persons are allowed within the Restricted and Prohibited Approach Boundaries.
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Another way of looking at the approach boundaries is that the Limited Approach Boundary is intended to restrict the approach of unqualified persons to an energized electrical conductor or circuit part, while  the Restricted and Prohibited Approach Boundaries are intended to restrict the approach of qualified persons to an energized electrical conductor or circuit part.
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The shock protection approach boundaries can be found in the NFPA 70E Table 130.2(C) as shown here.  The table is divided into four categories.  The first is the system voltage, followed by the corresponding Limited, Restricted, and Prohibited Approach Boundaries.  The Limited Approach Boundary is divided into two sections for movable conductors and fixed circuit parts.  The exposed movable conductor section is used when working on the outside power lines attached to the power poles.  For all but a select few of us at Fermilab, we will use the section for Exposed Fixed Circuit Parts.

We see that for voltages of 50 to 300 volts, the Limited Approach Boundary to a fixed part is 3 feet 6 inches and both the Restricted and Prohibited Approach Boundaries are described as “Avoid Contact”.  In this case, only qualified persons and escorted unqualified persons are allowed within 3 feet 6 inches of the exposed energized parts. Appropriately rated insulated tools and/or equipment must be used if they might make accidental contact with the exposed live parts.  Wearing of shock protection PPE  is advised if body contact with exposed live parts is likely.  We see from the example that for voltages of 300 volts and below, the use of shock protection PPE  is left up to the discretion of the worker and the worker’s supervisor.
Moving down the table for voltages of 301 to 750 volts, we see that the Limited Approach Boundary to a fixed part is again 3 feet 6 inches.  The Restricted Approach Boundary is 1 foot and the Prohibited Approach Boundary is 1 inch.  Again in this case, only qualified persons and escorted unqualified persons are allowed within 3 feet 6 inches of the exposed energized parts.  The Restricted Approach Boundary begins at 1 foot away from the energized part.  This defines the boundary where only qualified persons are allowed.  When a qualified person needs to work inside this boundary, the worker needs to insure that no un-insulated part of the body crosses the boundary.   The worker further needs to insure that the tools and equipment used within this boundary are appropriately rated for the voltage involved.  We can see from the table that when working at voltages above 300 volts, shock-protection PPE, such as voltage insulating gloves or insulating sleeves, must be worn.
Following this same process we can define the Limited, Restricted, and Prohibited Approach Boundaries for any voltage encountered.
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As an alternative to the NFPA 130.2(C) Table, the Electrical Safety Subcommittee has developed the Fermilab Summary Table for NFPA 70E Shock Protection Boundaries and PPE for the voltages commonly found here at the laboratory.  This table includes notes when shock insulating  PPE is required.
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The most common voltage insulating PPE used at the laboratory is Class Zero Electrically Insulating Gloves that are rated for voltages up to 1,000 volts.  The table shows the other types of voltage-rated gloves that are available should you need to work at voltages in excess of 1,000 volts.  Electrically Insulating Gloves are purchased through your local Division, Section, or Center Environment, Safety and Health or ESH Department.  This is done to insure the gloves are sized correctly and placed into the required  testing program.  Fermilab’s program is to exchange gloves every April 1st and October 1st.  When using voltage-insulating gloves, be sure to inspect the gloves for cracks or damage before each use and always use them with the supplied leather protectors. 
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After the shock hazard analysis is complete, next we need to complete a Flash Hazard Analysis.  The purpose of a flash hazard analysis is to determine if a thermal hazard exists and to select protective equipment necessary to mitigate exposure to the hazard.  The analysis determines the Flash Protection Boundary, which is the distance from an exposed live part within which a person could receive a second-degree burn from an arc-flash.  For systems that are 600 volts or less, the default Flash Protection Boundary is 4 feet.  
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For voltages above 600 volts, the Flash Protection boundary can be calculated with the general equations shown:

The Flash Protection Boundary for an arc in a circuit component in feet is:
The square root of, the product of, 2.65, the bolted fault capacity available at the point involved in mega volt-amps, and the time of arc exposure in seconds. 
The Flash Protection Boundary for an arc near the output of a transformer in feet is: 
The square root of, the product of, 53, the capacity rating of the transformer in mega volt-amps, and the time of arc exposure in seconds.
For most work at Fermilab, the Flash Protection boundary will be established at 4 feet.
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Once the Flash Protection Boundary is established, the next step is to determine the incident energy exposure to the worker.  To perform the calculations correctly requires that numerous electrical parameters be known from the Single Line Electrical Drawings or SLEDs. Circuit parameters such as the available fault current, the conductor wire sizes, conductor distances, the operating voltage of the system, the trip time for fuses or circuit breakers, and whether the arc fault is in open air or in a box are all necessary inputs to the calculations.  Although Fermilab has completed SLEDs for all of its buildings, performing the calculations for the electrical panels is an ongoing effort that will continue for the foreseeable future.
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As an alternative to performing the calculations, NFPA Table 130.7(C)(9), Hazard/Risk Category Classifications can be used.  This table provides representative work activities and the associated Hazard Risk Category. As an example, we can see from the table excerpt, working in a panelboard rated 240 volts and below, that circuit breaker or fused switch operation with the covers on, is a Hazard Risk Category 0 activity.  

Work on Energized conductors and circuit parts, including voltage testing or LOTO verification is a Hazard Risk Category 1 activity.
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Let’s look at another example, where we need to perform LOTO voltage verification on a 600 volt Class Motor Control Center or MCC.  Working on energized parts, including voltage testing is a Hazard/Risk Category 2 asterisk activity.

The NFPA 70E Table provides hazard risk category identification for common electrical distribution system tasks, but does not provide any guidance for work on utilization equipment.
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In the previous examples, Footnotes 1 and 2 need to be reviewed for applicability.  Looking at Footnote 1, from the examples given for panelboards rated 240 volts and below we see that the Hazard Risk Categories listed are only valid if the available short circuit current is a maximum of 25,000 amps and with a maximum fault clearing time of 0.03 seconds or 2 line cycles.


Footnote 2 from the motor control center example lists a maximum of 65,000 amps short circuit current available and a maximum fault clearing time of 0.03 seconds or 2 cycles for the hazard risk category to be valid.
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The Fermilab Electrical Safety Subcommittee developed and approved Simplified Guidance for Electrical Work on Fermilab AC Power Distribution and Utilization Equipment that can be used as an alternative to the NFPA 70E Table.  The NFPA 70E Table is conservatively derived to cover almost all electrical installations.  The Simplified Guidance for Electrical Work on Fermilab AC Power Distribution and Utilization Equipment identifies typical equipment to be worked on, the equipment operating voltage, and the circuit ampacity, to derive the Hazard Risk Category based on calculations.  In many cases, calculations will result in a slightly lower Hazard Risk Category.   

For example, work in a utility panelboard with a rating of 120 / 208 volts fed from a circuit below 350 amps would be a Hazard/Risk Category 0 activity.
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Another example, this one from the Simplified Guidance for Electrical Work on Fermilab Utilization Equipment, indicates that voltage troubleshooting inside a 208 volt AC power supply, fed from a circuit of 350 amps and below, would be a Hazard/Risk Category 0 activity.

The Simplified Guidance Tables for Electrical Work can be used to identify the hazard risk category for most common work activities.  Consult with your line management if you have questions about the correct hazard risk category for your specific work activity.
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Once the Hazard/Risk Category for the work activity is established, the protective clothing necessary for work within the flash protection boundary can be identified.  Either NFPA 70E Table 130.7(C)(10) or the Fermilab Summary for NFPA 70E Arc-Flash Hazard/Risk Categories can be used to determine the required personal protective equipment. 
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Using NFPA 70E Table 130.7(C)(10), if we have a Hazard/Risk Category 0 activity, such as operating a 480 V disconnect switch with the covers closed, we see from the table that we would need to wear a long sleeve non-melting natural fiber shirt, long pants, safety glasses, hearing protection, and leather gloves.  
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If we use the Fermilab Summary Table, the same Category 0 activity identifies a long sleeve cotton shirt, long pants, safety glasses, hearing protection, and leather gloves.  
A “Category 2 asterisk” activity requires cotton clothing under Fire Resistant coveralls with a minimum 8 calorie per square centimeter rating, hard hat, safety glasses, flash suit hood, hearing protection, leather gloves, and leather work shoes.
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Reviewing the PPE requirements for the various work activities from the FFPA 70E 130.7(C)(10) or the Fermilab Simplified Guidance table, we can see that some form of eye protection, hearing protection, and leather gloves is always required.  

 Fire resistant protective clothing, hard hat, an arc-rated face shield or flash suit hood, and leather work shoes are required for Hazard Risk Categories 1 and above.  

 An arc-rated flash suit hood is required for Hazard Risk Categories 2 and above.
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When working at Hazard Risk Category 1 or above, fire resistant, or FR, clothing is required.  This clothing has an arc-rating associated with it.  The rating identifies the maximum thermal protection that the clothing can provide, expressed in calories per square centimeter.  There is an arc-rating associated with face shields, hoods, jackets, coats and coveralls.  It’s important to select clothing that meets or exceeds the minimum arc-rating required for the Hazard Risk Category. 
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The required arc-rating of PPE for a specific Hazard Risk Category can be found in right hand column of NFPA 70E table 130.7(C)(11)  or in the Minimum Required Arc-rating column from the Fermilab Summary table.  
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The following are some do’s and don’ts with respect to arc flash protective clothing.  

Always wear cotton or natural fiber non-melting shirts and pants for any electrical work activity.  Clothing that can melt to the skin will continue to burn the skin long after an arc-flash event is over.  

Wear PPE that satisfies the minimum arc-rating required for the hazard risk category.  Remember that layering of PPE increases protection.  Arc-ratings are additive.  Wearing two 8 calorie per square centimeter coveralls provides at least 16 calorie per square centimeter protection.  

Wear clothes that are loose rather than tight.  The air space between layers provides additional protection.  

Do not use bleach or fabric softeners on arc-rated PPE.  The bleach and fabric softener can break down the fire retardant in the protective clothing, decreasing their effectiveness.
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The first step in establishing an electrically safe work condition is to identify all sources or potential sources of electrical energy.

Next is to perform the electrical hazard analysis.  The electrical hazard analysis contains two parts, the Shock Hazard analysis where the Limited, Restricted, and Prohibited Approach Boundaries, and the necessary shock protection PPE, are identified.  
Next perform the Arc-Flash Hazard analysis that determines if a thermal hazard exists, identifies the Hazard/Risk Category, and selects the protective equipment necessary for work inside the Flash Protection Boundary.
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Next is to plan for emergencies.  Think about what you would do if an electrical shock or arc-flash were to occur:
· How would you turn off the circuit or free an employee receiving a shock?  
· How would you call the Fermilab Emergency Telephone Number 3131 to summon emergency personnel? 
· Know how to perform Cardio-Pulmonary Resuscitation or CPR and how to use an Automated External Defibrillator or AED.

· Do you know where AED’s are located in the area?

Next, take the steps needed to protect unqualified persons from the work area, such as erecting barricades.

Then, don the appropriate PPE for the work activity.

Slide 40
When possible, interrupt the load current by opening the disconnect devices and perform Lock Out Tag Out or LOTO on the equipment.

When performing LOTO, remember that verification is the most important step.  

Disconnect devices can and do fail to operate correctly.  On October 1, 2008 at the F4 Service Building, one of the outside 13,800 volt disconnect switches failed to operate correctly.  The internal linkage broke while opening the switch leaving one of the three knife blades in the closed state, failing to open the circuit.
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Perform voltage testing or LOTO verifications using a meter rated for the voltages and currents to be encountered, and with the required personal protective equipment.
Remember to test the volt meter both before - and after - you perform a voltage verification. 

A common observation from reviews of electrical work activities is that employees don’t always check their meter for correct operation after performing a LOTO voltage verification. 

Proximity sensors are not to be used for LOTO.  Proximity sensors are good for helping to identify energized components, but are not reliable enough to use for verification purposes.

Where the potential for induced voltages or stored electrical energy exists, apply safety grounds before touching circuit conductors or parts.
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This concludes the classroom portion of the refresher training for Fermilab NFPA 70E Electrical Safety in the Workplace.  If you have any questions regarding this training or electrical safety for your specific work activity, please address them to the Fermilab Electrical Safety Subcommittee, your Division/Section/Center Senior Safety Officer, your Division/Section/Center Electrical Coordinator, or your line management.  

Copies of the NFPA 70E Tables and Fermilab Summary Guidance Work Sheets, along with a copy of this presentation are available for download by clicking the paperclip icon on the lower right side of the presentation screen. 

 Remember to enroll in the challenge exam to complete the requalification process. The challenge exam is an open book exam.  Feel free to use the NFPA 70E Tables or the Fermilab Summary Guidance sheets along with this presentation to assist in answering the questions. 
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