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ABSTRACT As the Navy moves forward with implementing electrochemical energy sources in their power
systems, a need to understand the hazards present to electric workers comes to light. Understanding the
effects these sources have on arc flash hazards drives the need to study relevant energy sources that are
deployed on naval platforms. A 1000-V valve regulated lead acid (VRLA) battery system presents the
greatest need to study as incident energy models can suggest dramatic personal protective equipment (PPE)
especially with the inclusion of scale factors. As a part of a collaborative effort between the Electric Power
Research Institute (EPRI) and the University of Texas at Arlington (UTA) arc flash studies of VRLA battery
systems at voltages as high as 936 V have been performed. Findings show that below 800 V, the battery
sourced incident energy as high as 0.26 cal/cm®. Above 800 V, incident energy surpassed 1.2 cal/cm® and
approached category 1 PPE (4 cal/cm?). A model derived from this work is used to emphasize the impact
enclosure based scale factors have on incident energy estimates. This work has also compared relevant dc
incident energy models to the measured incident energy sourced from this battery system.

INDEX TERMS Arc flash, electrochemical energy storage, incident energy, lead acid batteries, personal
protective equipment (PPE).

I. INTRODUCTION broader array of applications, including uninterruptible power

The increasing need and use of electrochemical energy stor-
age has raised environmental and safety concerns, especially
regarding fire, explosion, and arc flash for a wide range of sec-
tors. These sectors include residential, commercial/industrial,
utility, and military applications. These future energy storage
systems pursue differing technologies and battery chemistries
and with this comes varying levels of applications. Con-
sumer use of energy storage is more commonly found in
electric vehicles and backup batteries for photovoltaic arrays
with increasing demand for lithium-ion (Li-ion) technology.
The choice for Li-ion batteries is driven by a comparatively
high gravimetric energy density to other technologies. But
with this metric comes hazardous Li-ion battery fires that
detract from the widespread use of this technology. Energy
storage in industrial and military applications is used in a

supplies (UPSs), power demand management, load buffering,
and hybrid power systems that include a variety of traditional
ac and dc power sources and loads. The type of electrochem-
istry technology will depend on the application and the scale
of the system. In traditional medium and large UPS applica-
tions, the battery systems typically operate at 380 Vdc [1].
Study and application of energy storage in technologies in
the military additionally consider the safety challenges that
need to be addressed for those who will perform maintenance
on these systems. Today, motivated by higher efficiency op-
erations, there are applications being designed and installed
with battery system terminal voltages up to 1000 Vdc [2].
The space constraints and limitations for some military appli-
cations, such as US Navy ships, have resulted in heightened
interests and concerns for the safety of workers operating and
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maintaining the high-voltage and high-capacity battery energy
storage systems.

Electric workers operating around these electrochemical
energy storage systems are exposed to hazards like electric
shock, battery fires as mentioned before, and arc flash. The
latter is associated with most fatalities among electric workers
and occurs when two potentials of an electric system conduct
and ionize the air in between the two points [3]. The ionization
of air leads to a pressure wave due to the air rapidly expanding.
In addition, energy is radiated away in the form of heat and
light. The light produced by the arc is like that of arc welding
and can cause temporary or permanent blindness if exposed
to even for short periods of time. The extreme heat is released
throughout the duration of the arc and can leave workers
sustaining second-degree burns, permanent disfigurement, or
fatally succumbing to the heat. This arc will persist as long
as there is sufficient energy to continue conducting all while
the arc rapidly changes. The source driving this arc influences
the severity of the event and is exacerbated in electrochemical
energy storage systems where there are difficulties in con-
trolling the source. AC systems have inherent zero-crossing
points that prove beneficial in halting the current. Whereas
in dc systems, extinguishing an arc becomes difficult because
they employ capacitors, photovoltaic arrays, or batteries that
cannot be turned OFF. Effective means of detecting this hazard
in dc systems have been demonstrated with sound and light
measurements [4]. Arcs produce a distinct measurable sound
that can be detected with microphones placed throughout the
system. In addition, light can also be used to detect arcs at
any point in the system. These measurements can be used to
control electric breakers and, in combination with fuses, can
reduce arc flash hazards.

Workers who perform maintenance downstream from a
fuse are assured that hazard reduction measures are in place
but workers who perform maintenance “inside” or upstream
from the fuse or nearest protection device can only rely on
some element inside the dc system fusing open and their
arc flash rated personal protective equipment (PPE). Workers
must perform maintenance inside the fuse in places where the
potentials of the energy storage system are brought together
in an electrical panel or box. With direct connections to the
battery terminals, an arc flash event can form when a worker
drops their tool, like a wrench, across buswork. Often, the
wrench is pushed off from the electrical contacts eliminating
the short condition. In this scenario, an arc is formed and the
blast pressure is enough to prevent the wrench from welding
to the buswork. However, in the instance that a tool were to
weld itself to the buswork the wrench will act as the fault
point in the system kindling an arc flash event. As the wrench
heats up and melts an arc can form between the small air gap
that has opened in the wrench [5]. This arc can self-extinguish
due to convective or magnetic forces blowing the arc away,
some element of the energy system can fuse open, or the
energy storage system can no longer source the energy re-
quired to sustain the arc. Ultimately, a worker can only rely
on their PPE protecting them from the potential harm of these
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events. This PPE is selected based on estimations or calcula-
tion of the heat released from the arc, measured as incident
energy, that can significantly reduce the damage suffered by
the worker.

The body of work surrounding the study of arc flash has
been focused on 3-phase ac systems with standards like IEEE
1584 and NFPA 70E established to address arc flash hazards
for workers [6], [7]. NFPA 70E goes further to provide recom-
mendations for dc systems but uses methods that can vastly
overestimate the PPE required. Two methods are employed in
70E for dc systems: PPE category method and incident energy
analysis method. First, the PPE category method is designed
to provide electrical workers with an idea of PPE is required
within the working area and what boundary area is determined
for that electrical system. This boundary area is a region
where the minimum sustained incident energy is 1.2 cal/cm?.
This incident energy value is the minimum amount to sustain
second-degree burns for personnel not wearing the proper PPE
[71, [8]. Second, the incident energy analysis method directly
estimates the incident energy through a method using a max-
imum power calculation. For work that takes place inside
battery cabinets, the incident energy analysis method is the
only one that can be applied. Since this method assumes that
the maximum power is delivered to the arc from the source,
the incident energy values that are generated tend to be over-
estimates of incident energy values that are actually measured
[10]. This leads to electrical workers over-encumbered with
PPE.

The thrust of work for dc systems is focused on ac rectified
sources and computational magnetohydrodynamics, which
are used to develop dc incident energy models [11], [12].
These incident energy models are a starting point for devel-
oping standards to address these systems but do not model the
effects of electrochemical energy sources. This drives a need
to study relevant power systems to understand the potential
hazards from battery systems currently employed in ship-
board power systems. The Electric Power Research Institute
(EPRI) in Knoxville, Tennessee and the University of Texas
at Arlington (UTA) Pulsed Power and Energy Laboratory
have collaborated to study dc arc flash sourced from valve
regulated lead acid (VRLA) battery systems up to 960 Vdc.
Experiments performed at EPRI were conducted in voltage
ranges of 156-960 V primarily studying incident energy. At
UTA, experiments were conducted at 130 and 260 V studying
light intensity and sound pressure in addition to incident en-
ergy. This article will present the work to date covering the
measurement of dc arc flash phenomena from VRLAs and
compare the findings with incident energy models proposed
in the literature.

This article begins with the development of a battery model
in Section II to discuss the electrochemistry and methodolo-
gies used to determine internal resistance. Section III covers
the measurement devices and enclosure configurations used
at both facilities. Section IV covers the data collection of arc
flash phenomena and includes a comparison of arc power
models to a calculated average power. Finally, Section V
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Distribution
System Model

Battery Model

FIGURE 1. Simple battery model and arc flash test circuit.

compares measured incident energy with commonly used dc
incident energy estimation methods.

Il. BATTERY MODEL

After analysis of more than 1800 arc fault experiments used to
develop the 2018 revision of IEEE 1584 [6], it was observed
that arc current is dependent upon the available fault current.
Available fault current is limited in electrochemical energy
sources, like the VRLAS in this study, because of the internal
resistance of the source. Thus, the effort was directed toward
studying larger module count systems over single modules.
A simple battery model, shown in Fig. 1, is typically used in
both the maximum power [13] and ammerman model [14] for
incident energy analyses and was informed in this work from
the experimental data. The previous two incident energy anal-
ysis methods are highlighted in the discussion of arc power
methods in Section IV-C.

Of the many test procedures used to characterize the in-
ternal resistance of the battery, two were chosen. First, UTA
performed controlled near short circuit discharges to evaluate
internal resistance. These experiments were performed utiliz-
ing a low-impedance test stand that connects 60 high-power
MOSFETs in parallel with the battery. When all of the FETs are
ON, the stand can have an impedance as low as 400 u<2. Fig. 2
shows the VRLA battery undergoing a near short fault on the
test stand. The FETs were closed for two seconds to study the
fall-off in voltage in the time that personnel could move away
from the arc. Finding the internal resistance of the battery uses
the initial voltage of the battery V;, conduction voltage of the
battery V., and conduction current /.. The internal resistance
of the battery is found by taking the difference in initial and
conduction voltage divided by the conduction current. From
these initial experiments, the VRLA internal resistance was
found to be around 2.65 mS2.

For stationary lead acid batteries, the standard test method
for determining a battery’s short circuit current and dc inter-
nal resistance can be found in the IEC 60896-21 [15]. This
method calls for testing the battery under two specific loading
conditions. The two loading conditions are based on the 10-h
discharge rate of the battery, known as I1g. The first load test
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FIGURE 2. Two-second near short pulse of VRLA with voltage across the
battery terminals in blue and current in red.
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FIGURE 3. Line of best fit through various discharge currents with specific
conduction voltage.

condition is defined as a current equal to 4 x 1. The second
test load condition is defined as a current equal to 20 x Iyp.
In [16], researchers at C&D Technologies describe a method
that more accurately represents the actual short-circuit current
of lead-acid batteries. They argue that the test loads are too
low and will result in underpredictions of the short-circuit cur-
rent in lead acid batteries. They showed that a more accurate
methodology would include higher test load conditions, such
as 100 x I1p and 200 x I;.

After studying near short circuit conditions, UTA and EPRI
decided to use a second method implementing the higher test
load recommendations on the VRLA battery. The battery is
rated at 96 Ah at 13 Vdc. Results of the battery test are shown
in Fig. 3. The orange line shows the straight-line approxima-
tion when only the two lower current test points are used to
characterize the short-circuit current of the battery. The black
line shows the impact of using the two higher test loads. The
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FIGURE 4. EPRI enclosure with vertical copper electrodes.

difference is nearly 1800 A higher. The internal resistance of
the battery is the negative inverse of the slope of the black
dashed line in Fig. 3 or 2.65 m<.

1Il. MEASUREMENT SUITE

In the worst-case scenario, a maintenance worker is exposed
to the full potential of the battery energy storage working up-
stream from fault-clearing devices. This instance occurs inside
a combiner box where multiple potentials are brought together
from the battery. Electrical enclosures range widely in size,
gap distances between energized components vary greatly,
and orientations of energized components are numerous.

A. ENCLOSURES AND ELECTRODES

EPRI and UTA constructed similar but distinct electrode and
enclosure configurations. EPRI opted for a 508 mm?® (20 in®)
stainless steel enclosure with vertical electrodes. The 12.7 mm
(0.5 in) diameter copper rod electrodes were positioned ver-
tically inside the enclosure so that the tips of the electrodes
were positioned in the center. This enclosure volume aligns
with the enclosure size for low-voltage switchgear listed in
Table 8 of IEEE 1584 [6]. A photograph of this enclosure is
shown in Fig. 4. With a slightly less volume, UTA opted for a
457mm x 457 mm x 609.6 mm metal enclosure with oppos-
ing copper block electrodes as shown in Fig. 5. At a slightly
less volume, UTA opted for a457 mm x 457 mm x 609.6 mm
metal box used with vertical electrodes mounted at the back of
the box capable of gap distance adjustment. At both facilities,
the interior is painted flat black and the electrodes are replaced
for each experiment.

B. CALORIMETER BOARD

Identifying proper PPE requires understanding the incident
energy workers may face. IEEE 1584 and other standards use
copper calorimeters to measure incident energy. Using the
calorimeter design outlined in ASTM F-1959 [17], a board
made of G10 fiberglass mounts thirteen calorimeters 45.7 cm
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FIGURE 6. Calorimeter board with 13 calorimeters after numerous arc
flash experiments.

(18 in) away from the arc location shown in Fig. 6. Tempera-
ture data collection of the thermocouples attached to the back
of the calorimeters exceed the standard’s requirements and
care is taken to clean the sensors between experiments. Two
additional thermocouples were utilized during each test for
ambient temperature readings.

C. DATA ACQUISITION AND TEST MEASUREMENTS

During each arc flash experiment, the temperature readings
for each calorimeter and thermocouple were recorded at a
rate of 500 samples per second. In addition to the calorimeter
measurements, infrared cameras were positioned to measure
and record the surface of the calorimeterboard. The infrared
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FIGURE 7. VRLA battery bank used in experiments performed at EPRI.

videos served as validation and backup for the calorimeter
measurements. Fig. 6 shows a photograph of a calorimeter
board used in the experiments.

Arc voltage was measured between the positive and neg-
ative electrode terminals on the outside of the enclosure.
Battery (or arc) current measurements were recorded for each
battery string. The arc voltage and arc current were recorded
at 2M samples per second during each experiment.

IV. EXPERIMENTAL RESULTS

Experiments at both facilities focused on 12.7 mm electrode
gap distances and smaller and larger gap distances were
briefly studied. At UTA, 6.35 mm and 3.2 mm gap distances
were studied with an emphasis on understanding the impact
gap distance has on incident energy at lower voltages. At
EPRI, additional effort was focused on greater gap distances
(19 mm and 25 mm) to study with higher voltages. The batter-
ies, in Fig. 7, were kept indoors and were maintained at room
temperature between 18 and 25 °C (64.4 °F-77 °F). Different
strings of batteries were used between experiments but per-
formance across all strings was similar. Table 1 outlines the
tests performed across both facilities with over 106 VRLA
experiments performed to date.

Voltage and current measurements are captured with suffi-
cient temporal resolution so as to observe arc dynamics. An
example of this electrical data is shown in Fig. 8. This snippet
of data is from a 130 V (10S/1P) arc flash incident that lasted
11.5 ms at a gap distance of 6.35 mm.

A. INCIDENT ENERGY

Incident energy measurements in Fig. 9 are shown up to the
maximum battery configuration at a gap distance of 12.7 mm.
Single string and two string configurations show no difference
at potentials below 500 V. Above 500 V, incident energy
develops more and surpasses 1.2 cal/cm” at 858 V with an
experiment reaching 1.59 cal/cm?. At 936 V, an experiment
recorded 3.67 cal/cm? approaching a 4 cal/cm? PPE category.
This test was cut short due to a battery blowing open and
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TABLE 1. Arc Flash Testing Summary

Voltage c Battery. Numl.)er of Gap !)istances
onfigurations Experiments Studied (mm)
130 V igggg 12 -1P & 12 - 2P 3.2,6.35,12.7
156 V }iggﬁ 6-1P & 5-2P 12.7
234V {gggg 4-1P &4 -2P 12.7
260V E 12-1p 32,635,127
312V SO 4-1P&4-2P 127
390 V gggg? 4-1P&2-2P 12.7
468 V ggggg 11 -1P & 6-2P 6.35,12.7, 19,25
546 V 425/1P 4-1P 12.7
624 V 48S/1P 4-1P 12.7
702 V 54S/1P 4-1P 12.7
780 V 60S/1P 4-1P 12.7
858 V 66S/1P 2-1P 12.7
936 V 72S/1P 2-1P 12.7
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FIGURE 8. Voltage and current measurements from a 130-V arc flash
experiment shown with instantaneous power.
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battery arc flash experiments recorded at 12.7 mm gap distance.
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FIGURE 11. Arc duration versus battery system voltage across different
string counts.

breaking the circuit. Had this event continued, surely more
incident energy would have been recorded and while these
experiments replicate environments with no fuse protections,
sources themselves can act as the opening mechanism for an
arc flash event. The remaining experiments at these potentials
exhibit lower incident energy measurements than the outlier
events discussed. In Fig. 10, smaller gap distances did not
contribute significantly to incident energy at voltages below
260 V. At around 468 'V, variance in gap distance did not lead
to a noticeable increase in incident energy. The battery has a
significant drop in voltage in these arc fault scenarios which
reduces the potential across the gap.

B. ARC DURATION

A strong determinant of incident energy is the duration of the
arc fault. Figs. 11 and 12 outline the arc durations measured
from each experiment compared to the respective battery
voltage and incident energy. At potentials studied at UTA,
arc durations are significantly greater than similar voltages
studied at EPRI. Studying the average arc current, UTA’s
batteries put out less current than EPRI’s which most likely
comes down to battery condition. Experiments below 500 V
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Arc Duration vs. Incident Energy
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FIGURE 12. Incident energy versus arc duration for two and one string
arrangements with arc duration plotted on a logarithmic scale.

tend to stay below 20 ms excluding UTA’s data. Above 500 V,
arc durations increase significantly with battery system volt-
age. In Fig. 11, two string experiments demonstrated slightly
lower arc durations than single-string experiments at the same
voltage. This is strongly driven by a near doubling in arc
current through the circuit leading to the arc blowing out due
to magnetic forces. In Fig. 12, all durations less than 150 ms
recorded less than 0.5 cal/cm?.

C. ARC POWER

Using the electrical data captured, average arc power is found
by taking the average of the instantaneous arc power over
the arc duration starting just right after reaching steady state.
Since arc power is a relatively stable metric throughout the
duration, it provides a fair value of comparison. Two models
of interest are those proposed by Doan [13] and Ammerman
et al. [14]. The maximum power method proposed by Doan
and incorporated in NFPA 70E, estimates the incident energy
of a dc arc flash. This method assumes that the source resis-
tance and distribution system resistance are equal to the arc
resistance. The model proposed by Ammerman, through em-
pirical analysis, utilizes system characteristics and iteratively
solves for arc power. The maximum power method uses the
following equation incorporating circuit parameters shown in
Fig. 1.

2
Vbs

Prax = ———2——.
T 4 (Rys + Rus)

(1)

In (1), Vi is the battery system voltage, Rys is the equiv-
alent resistance of the distribution system (3 mS<2 for EPRI
and 0.1 m at UTA), and Ry is the internal resistance of the
battery. The Ammerman model uses (2) and (3) solving for
arc power. In this case, bolted fault current and battery system
voltage were used to iteratively solve for arc power

Varc = (20 + 0.534 % 12.7)13‘012 (2)
(204 0.534 % 12.7)
Rarc = Iaor-§8 (3)
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FIGURE 13. Comparison of measured arc power to commonly used dc arc
flash models.

Application of these arc power models is shown in Fig. 13.
In a single string configuration, average arc power aligned
with Ammerman model below 500 V. Above this potential,
arc power was in between the maximum power model and
Ammerman model. This behavior is likely due to the very
short duration arcs that occur below 500 V supported by the
arc duration noticeably increasing after 500 V. For a two-
string configuration, arc power follows the Ammerman model
closely for battery voltages below 330 V, above this voltage,
average arc power again is between the Ammerman model and
maximum power model.

Upon closer inspection of Fig. 13, a linear trend in arc
power is apparent at voltages above 500 V. Finding this trend
begins by using a metric called bolted fault power Pyy¢ defined
as the following:

2
Vbs

_bs 4
(Rds + Rbs) ( )

Povt = Visloor =

where Vi is the battery system voltage, Iy is the bolted fault
current, Rys and Ry are the distribution system and battery
system resistance, respectively. Using (4), an arc power ra-
tio is calculated for the methods described previously and
graphically presented in Fig. 14. Here, the maximum power
model is 25% of (4) for all voltages and the adherence to the
Ammerman model is seen for measurements at voltages below
500 V. Above 500 V, two green dashed lines define a region
where the arc power ratio for average power is between. The
distribution of these points is spread throughout the bounds
but a line through 16% ensured that half of the ratios were
above, and half were below. Then, multiplying (4) by 16%, a
line of best fit through one and two-string average arc power
is formed in Fig. 15. For the two-string experiments, this
model underestimates the arc power requiring a higher per-
centage. The use of this arc power model will be discussed in
Section V.
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V. IE MODEL COMPARISON

Incident energy models assume the power of the arc radiates
in an isotropic manner. A distance of 45.7 cm (18 in) away is
termed the working distance and is where most of the exposed
body would be when performing maintenance. Then using the
arc power from the models presented, the following equation
can be used to calculate the open-air arc incident energy:

15 (S = Fare #3908l (5)
cm? 471 D? J

where Py is the calculated arc power, fu 1S the measured arc
duration, and D is the distance from the arc to the calorime-
ter board. Implementing the arc powers discussed previously,
Fig. 16 shows the incident energy comparison for the single-
string system and Fig. 17 shows the two-string comparison.
The maximum power model underestimates incident energy
at voltages below 500 V in both string configurations and
overestimates beyond 500 V for a single-string configura-
tion. This is likely explained by the increase in arc duration
noted earlier beyond 500 V. The greatest incident energy the
maximum power model estimated was 11.21 cal/cm? against
a measured 3.67 cal/cm®. Ammerman’s model for durations
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12.7 mm. The incident energy values are plotted against (a) battery system
voltage and (b) arc duration.
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FIGURE 17. Incident energy calculations from models presented in the
text compared to measured values at two strings with a gap distance of
12.7 mm. The incident energy values are plotted against (a) battery system
voltage and (b) arc duration.

greater than 50 ms aligned with the incident energy mea-
sured. For the greatest incident measured, this model slightly
underestimated it to be 3.33 cal/cm?. The model completely
underestimates incident energy for durations less than 50 ms;
however, in this scenario, measured values pose little risk to
workers.
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The Ammerman model agrees with the measured data for
longer durations, but the incident energy model used with it
and all others propagate the energy in a perfect sphere not
taking into account an enclosure. To fit the bolted fault power
model to the measured data, a scale factor of 0.5 would be ap-
plied to achieve comparable results to the measured data. This
means that, as opposed to an arc in the open air, the enclosure
absorbs half of the energy leaving the box discounting any
potential reflection from inside the box. Further, if multipliers
were to be applied because an enclosure was used, pre-
dicted incident energy could certainly reach PPE categories
that would be overly conservative. Thus, how an enclosure
contributes to measured incident energy with any potential
reflections or absorption in the material is needed. Studies of
enclosure geometry’s effect on the incident have been applied
to 3-phase systems but lack standing in dc systems.

VI. CONCLUSION

DC arc flash experiments sourced from VRLA batteries up to
1000 V have been discussed in this article. While it can be said
for this battery system that incident energy values posed some
risk to workers below 800 V, broadly applying these results
is not the aim of this work. All sorts of battery technologies
have different capacities, internal resistance, short circuit cur-
rents, nominal voltage, and many other attributes that lead
to different arc flash risks. Models discussed throughout the
literature have been applied to this work and it was shown
that the maximum power model available in NFPA 70E vastly
overestimates the incident posed by this battery system. The
Ammerman model applied aligned best with the work pre-
sented here and shows promise for work in future battery
systems. However, the application of these models is based on
the open-air arc assumption, which does not include poten-
tial reflections or absorption from the enclosure itself. Future
work to address this concern and work towards studying other
dc electrochemical energy sources is needed.
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