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shock hazards for firefighters performing tactical operations on buildings with rooftop PV systems.  
Firefighter duties using traditional firefighting Personal Protection Equipment (PPE) and tools fall outside of 
the foundational parameters used to develop the body models for existing electric shock calculations 
applicable to the general public.   
 
This information gap prompted the U.S. Department of Energy to establish a research grant (funded by the 
U.S. Department of Energy SunShot Initiative under award number DOE-EE-31654), being jointly 
conducted by UL LLC and Sandia National Laboratories, to evaluate the shock hazards and associated 
electric shock limits particular to firefighters working on PV arrays.  The research has been investigating 
common firefighter PPE, tactics, exposure conditions and foreseeable abnormal conditions to identify 
defined, science-based criteria to reasonably limit hazards for firefighters performing their duties on 
buildings with PV systems.  Firefighter body impedance models are necessary to properly develop the 
evaluation criteria of the systems and equipment intended to reduce such shock hazards. 
 
Task 1 of this project demonstrated through modeling that ungrounded arrays are significantly safer for 
reasonable module isolation resistances with fault currents up to three orders of magnitude smaller than for 
a grounded array counterpart. While the size of the array does not affect the current hazard in grounded 
arrays for body resistances above 100Ω, in ungrounded arrays, increased array size yields increased 
current hazards – considering that the overall fault current level is significantly smaller than for grounded 
arrays.  In both grounded and ungrounded arrays, the current hazard has a direct correlation to array 
voltage.  Since the level of fault current in a grounded array can be significant, this work shows that the 
non-linearity of the array IV curve must be taken into account for body resistances below 600Ω and array 
voltages above 1000V for accurate fault current determination. Although module and array isolation 
resistance is not a factor that modulates fault current in a grounded array, this resistance, Riso, has a 
significant effect on current hazard to the firefighter for ungrounded arrays.   
 
Task 2 of this work measured the night time PV array shock hazard potential due to exposure of work lights 
and moon light. This task was performed by Sandia and the final subtask report was not available at the 
time this report was assembled. 
 
Task 3 of this work measured the resistance of representative firefighter PPE including gloves, turnout gear, 
knee pads, and firefighter boots with a discussion on how to estimate the total firefighter body resistance 
and how to estimate DC voltage threshold for different current pathways. The scenarios analyzed can be 
used to determine the voltage level of different electrical shock pathological effects for male and female 
firefighters. They have accounted for the various firefighter interactions with the PV array and for 
foreseeable failure modes. It is recommended that the data and measured results serve as reference to 
reduce hazards from different physiological effects of electrical exposure under foreseeable firefighter wet 
conditions including exposure to simulated sweat water wet and simulated sea water wet.  Additionally, it 
was found that the PPE resistance reduces nonlinearly relative to voltages increase. This may be explained 
by the non-ohmic contact between the electrode and the PPE materials due to the irregular shapes and 
surface configurations. 
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Task 4 assessed risk of electrical insulation loss due to incidental fire hose exposure.  Specifically, this 
section of the report demonstrated that some of the enclosures with higher IP and NEMA Type ratings were 
able to withstand the handline fire hose exposure that was intended to simulate incidental fire hose spray.  
A few of the enclosures tested were not able to withstand the exposure. Such as NEMA 3R and one type 
of NEMA 4 enclosure having a flat sandwiched gasket adhered to the cover. The enclosures with a labyrinth 
design and recessed captive gasket passed the exposures with no water ingress.   During the testing of the 
PV modules, connectors and micro-inverters, no sample exceeded a 5 mA limit during continuous high-
voltage testing while being sprayed by the fire hose.  It was observed that the electrical leakage current 
increased as direct water spay hit portions of PV modules, inverters and electrical connectors and decrease 
after the hose stream was removed. It was not determined if the before and after leakage current were 
identical.  PV electronic equipment exposure to a fire hose stream could allow water to enter an enclosure 
and it is possible that water can come in contact with live electrical parts. This ingress could increase risk 
of electric shock and reduced effectiveness of PVRS equipment and systems.  Water ingress into the 
enclosures of PV equipment could create other shock hazard current paths or could ground reference 
ungrounded PV circuits.   The IP69 and NEMA Type 4 and 4X enclosures did a much better job of keeping 
water out of the enclosures than was demonstrated by previous testing of NEMA 3R rated enclosures.  
 
Task 5 provided an overview of the codes and standards work related to reduction of hazards for firefighters 
performing work around PV arrays. Considerable industry effort has gone into the development of the UL 
1741 PVRS requirements that were published on December 22, 2017.  The new UL 1741 requirements 
establish the electrical and environmental evaluation criteria and a foundation for the evaluation of electrical 
protection equipment for PV Hazard Control equipment. Many of the members of the UL 1741 PVRS Task 
Group are members of the UL 3741 STP and they have a good understanding of the need for risk-
assessment principles that are the objective of the UL 3741 Standard. During the related codes and 
standards work, there were differing opinions related to how firefighter protection should be provided. Some 
of the parties involved support module level electronics that reduce the voltage to lower levels while others 
support isolation-based protection that may still operate at higher voltages. 
 
This information will be used to develop the requirements of the new UL Standard for Photovoltaic Hazard 
Control, UL 3741. Based upon PV industry and firefighter community input, UL has developed a framework 
for the UL 3741 Standard which will be more fully developed based upon this research. One of the tasks 
under this research project is to develop a body impedance model for firefighters that accounts for the 
electrical resistance of the personal protective equipment (PPE) which is used, as well as the foreseeable 
interactions with the PV array to determine potential electrical pathways that may be encountered.  
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Task 1:  Firefighter Safety for Grounded and Ungrounded PV Arrays 
Model Setup 
 
To determine risk of an electric shock to Firefighter personnel due to contact with live parts of a damaged 
PV system, simulated PV arrays were constructed with multiple “modules” connected to a central inverter.   
These simulations and an explanation of their results with the supporting theory are described herein. 
 
The electrical characteristics of PV modules are non-linear, ranging continuously from low-voltage, high 
current to high-voltage, low current and either condition carries the potential for energy or shock hazards 
to personnel.  To accommodate an efficient study of hazard scenarios, this work chose to simulate the 
electrical characteristics using a one-diode equivalent circuit for a PV system under a wide variety of fault 
conditions [1].  SPICE, or Simulation Program with Integrated Circuit Emphasis is commonly used for 
general circuit simulation and was originally developed at the University of California, Berkeley Electronics 
Research Laboratory in 1973 [2].  This general-purpose, open source, analog circuit simulator has several 
derivatives, such as MacSPICE, that was used in this study to analyze the behavior of PV systems in 
various array configurations and ground-fault conditions [3]. 
 
The one-diode MacSPICE model of a PV module consisted of an ideal current source (Isc) in parallel with 
a diode and shunt resistance (Rsh) and in series with a series resistance (Rs).  In order to increase the Voc 
of the module above the voltage drop of a regular diode (~0.6 V), the ideality constant of the diode was 
increased [4]. Specific parameters were selected to approximate the Sanyo Power HIT Module located at 
Sandia’s Distributed Energy Technology Laboratory (DETL).  The current source was set to supply 2.5 A 
at short circuit, the diode has an ideality factor of N=1.102 per cell, which was implemented in a 72 cell 
model as N=79.60, the shunt resistance was set to 0.5 MΩ and the series resistance was set to 10 mΩ.  
This model produces an IV curve with Isc of 2.5A, Voc of 55.8 V, and Pmp of 118 W.   The maximum power 
point has a current of Imp=2.41 A and a voltage of Vmp=49.7 V (Figure 1). 
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Figure 1:  IV curve of modules used in SPICE simulations.  Module parameters correspond to values for Sanyo HIT 
Power 200 modules located at DETL. 

 
To determine the danger to firefighter personnel from a fault, an array model was created consisting of a 
combination of simulated PV modules connected in variable series and parallel connections that could be 
altered as desired (Figure 2).  Each module was connected to a bypass diode (Isat=4.7·10-12 A, N=1).  The 
module model also contained a leakage pathway to ground which can be varied as needed.  To simulate 
the available fault current a firefighter could be exposed to during PV system operation, a ground pathway, 
represented by the firefighter resistance was placed between the ungrounded current carrying conductor 
and ground (see Figure 2).  As this places the firefighter resistance between the nominally ungrounded 
current carrying conductor and ground, it represents the highest voltage gradient in the array and, therefore, 
the maximum current flow through the firefighter. 
 
Theoretical Current Hazard 
 
It is assumed for the sake of this model that the inverter is isolated from the array and, consequently, AC / 
DC current flow through the inverter is not considered.  This means that the current hazard for a firefighter 
is a function of the array isolation resistance and the firefighter resistance alone and the potential for a 
ground reference or lower resistance path to ground in an inverter is not considered limiting the current 
hazard.  It is worth noting, however, that non-isolated inverters evaluated to UL 1741 will limit ground fault 
current to a maximum of 300mA for 0.3 seconds and also require an inverter to isolate itself and its AC 
ground reference from the PV array input within a specific timeframe for sudden changes in ground fault 
current, so the assumption of an isolated array is a reasonable one for a UL 1741 compliant non-isolated 
inverter.  Many transformer-isolated inverters with grounded arrays, on the other hand, will cease operation 
and the array will still be referenced to ground through the ground fault detection without the use of 
automatically operated isolation switches, so full isolation between the array and the AC line may not be 
the case under all circumstances.  With this in mind, it is critical that firefighters open facility AC disconnects 
as well as actuate all PV shutdown equipment before they perform work. It is also the case that the 
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modelling presented herein may be more representative of an non-isolated inverter that references the PV 
array to ground via its connection to the ground referenced AC circuit during operation and transformer-
isolated inverters with intentionally grounded PV array may require a different modeling approach. 
 
An ungrounded array is disconnected from the AC ground reference at the inverter (both isolation switches 
in Figure 2 are open).  This means that the only reference to ground is along the module leakage pathway 
(Rleak). These individual leakage pathways interact to form a bulk system isolation to ground, Riso, as shown 
in Figure 3.  This isolation, Riso, is a function of the number of modules in series (S) and parallel (P), with 
each module contributing a parallel leakage pathway to ground.  These multiple leakage pathways combine 
to form an array isolation for the ungrounded array that is approximately equal to Equation  (1). 
 

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑖𝑖𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ≈ 𝑅𝑅𝑚𝑚𝑖𝑖𝑢𝑢𝑢𝑢𝑚𝑚𝑢𝑢 =

1
(𝑆𝑆 − 1)𝑃𝑃
𝑅𝑅𝑚𝑚𝑢𝑢𝑙𝑙𝑙𝑙

+ 2𝑃𝑃
2𝑅𝑅𝑚𝑚𝑢𝑢𝑙𝑙𝑙𝑙

=
𝑅𝑅𝑚𝑚𝑢𝑢𝑙𝑙𝑙𝑙
𝑆𝑆 ∙ 𝑃𝑃  (1) 

 
 

 
Figure 2: Circuit diagram for PV array used in SPICE simulation. 

 
For an ungrounded array with the inverter disconnected from the AC ground reference and its path of 
current flow, the fault current path through the firefighter (RFF) is in series with Riso (Figure 3).  Therefore, a 
large Riso restricts the amount of current flow through the firefighter (IFF). 
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Figure 3:  Current flow through a firefighter in an ungrounded array.  The current flow is in series with the array isolation, 
Riso. 

 
Since Riso and RFF are in series, the effective resistance of the pathway is equal to Equation (2). 

 (2) 

 
A grounded array, is referenced to ground both along the module leakage pathway (Rleak) as well as through 
the ground fault protection device (GFPD) in Figure 2.  In this case, the value of Riso is a combination of the 
parallel pathways to ground due to Rleak as well as RFF, as shown in Equation  (3). 

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖
𝑢𝑢𝑢𝑢𝑖𝑖𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ≈

1
1

𝑅𝑅𝑚𝑚𝑖𝑖𝑢𝑢𝑢𝑢𝑚𝑚𝑢𝑢
+ 1
𝑅𝑅𝐹𝐹𝐹𝐹

=
1

𝑆𝑆 ∙ 𝑃𝑃
𝑅𝑅𝑚𝑚𝑢𝑢𝑙𝑙𝑙𝑙

+ 1
𝑅𝑅𝐹𝐹𝐹𝐹

 (3) 

 
 
Since the module leakage pathway (equivalent resistance) is typically multiple orders of magnitude greater 
than RFF, the isolation of the grounded array (Riso) is approximately equal to RFF, as shown in Equation (6). 
 

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖
𝑢𝑢𝑢𝑢𝑖𝑖𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ≈

1
1

𝑅𝑅𝑚𝑚𝑖𝑖𝑢𝑢𝑢𝑢𝑚𝑚𝑢𝑢
+ 1
𝑅𝑅𝐹𝐹𝐹𝐹

≈
1
1
𝑅𝑅𝐹𝐹𝐹𝐹

≡ 𝑅𝑅𝐹𝐹𝐹𝐹 (4) 

 
In this configuration, the firefighter body resistance, RFF, is in parallel with Rmodule.  This is compared to the 
ungrounded case, when the firefighter body resistance is in series with Rmodule (note that Rmodule as used 
here refers to not only the insulation resistance of the module, but also the resistance of the connectors 
and cabling to ground on a per-module basis. Other balance of system will likely provide additional parallel 
resistance paths but they are not shown here).  Since RFF and Rmodule offer parallel current pathways, a 
fraction of the fault current (F) flows through RFF with the remainder flowing through Rmodule.  However, as 
with Riso, typically Rmodule >> RFF and F~1.  
 

𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸 ≈ 2 ∙ 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑅𝑅𝐹𝐹𝐹𝐹 
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Figure 4: Current flow through a firefighter in a grounded array.  The current flow is in parallel with the module leakage, 
Rmodule. 

In this grounded case, the effective resistance of the system is equal to (5). 

𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸 ≈
1

1
𝑅𝑅𝑚𝑚𝑖𝑖𝑢𝑢𝑢𝑢𝑚𝑚𝑢𝑢

+ 1
𝑅𝑅𝐹𝐹𝐹𝐹

 

 

(5) 

 
As Rmodule >> RFF, (5) reduces to (6). 

 (6) 

 
Firefighter Danger as Function of Array Size 
 
Reff is the system effective resistance and it limits the amount of current flow from the array and hence, the 
amount of current hazard to a firefighter, as it determines the array load line (Figure 5).   
 

 
Figure 5:  Reff determines the load line and the amount of current IFF that flows. 

 
 

 

𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸 ≈ 𝑅𝑅𝐹𝐹𝐹𝐹  
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If Reff >> Rmparray and the array has a moderate fill factor, then it can be assumed that Reff intersects the 
array IV curve at array Voc.  In this case, the current hazard, IFF can be described by (7). 

 (7) 

 
This approximation is more appropriate for larger values of Reff.  As Reff approaches array Rmp, the curvature 
of the array IV curve can no longer be ignored and the intersection of Reff with the IV curve cannot be 
approximated as Voc.  Array Rmp is a function of the module Rmp and the number of modules in series and 
parallel.  Modules in series increase the array Rmp while modules in parallel decrease array Rmp.  The 
relationship between module Rmp and the number of modules in series and parallel are shown in (8). 

 (8) 

 
To investigate the effect of array size on Firefighter electric shock hazard, different array configurations of 
modules in series and parallel were simulated.   
 
To investigate firefighter electric shock hazard as an effect of array size, a grounded array of seven modules 
in series were simulated in arrays of different number of strings in parallel ranging from 0.826 kW (single 
string) to 82.6 kW (100 strings).  The results shown in Figure 6 show current hazard to the firefighter as a 
function of firefighter resistance.  For any resistance significantly above 100 Ω, the size of the array has no 
effect on the amount of current hazard to the firefighter.  The reason for this is shown in Figure 7.  The black 
triangles indicate calculated points using (7).  The calculated results match well for arrays larger than 1 
string or for body resistances larger than 100 Ω.  This is due the fact the at these conditions, Reff >> Rmparray 
still holds true.  As the number of strings in parallel increases, the value of Rmparray decreases and the 
approximation (7) is valid even for low values (~ 100 Ω) of firefighter body resistance. 
 
The results for a grounded array are shown here as they are a worst-case scenario (Reffgrounded << 
Reffungrounded).  An ungrounded array would have significantly lower current hazard since Reff would be 
significantly larger due to Rleak being in series, and (7) holds for a wider variety of conditions. 

𝐼𝐼𝐹𝐹𝐹𝐹 ≈
𝑉𝑉𝑖𝑖𝑜𝑜
𝑅𝑅𝑢𝑢𝐸𝐸𝐸𝐸

 

𝑅𝑅𝑚𝑚𝑚𝑚
𝑙𝑙𝑢𝑢𝑢𝑢𝑙𝑙𝑎𝑎 =

𝑆𝑆
𝑃𝑃 ∙ 𝑅𝑅𝑚𝑚𝑚𝑚

𝑚𝑚𝑖𝑖𝑢𝑢𝑢𝑢𝑚𝑚𝑢𝑢
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Figure 6:  Current hazard to firefighter for a grounded array as a function of array size and firefighter resistance.  

 
 

 
Figure 7:  If Reff >> Rmparray, then the array size has no effect on the current hazard to a firefighter. 

 
To investigate firefighter hazard as a function of array voltage, a grounded array of a single string was 
simulated with a number of modules in series with array Voc values ranging from 55.8 V (single module) to 
1506.6 V (27 modules in series). The results shown in Figure 8 show current hazard to the firefighter as a 
function of firefighter resistance. In general, the current hazard to a firefighter is linearly related to the Voc 
of the array.  The black triangles indicate calculated points using (7).  The calculated results match well for 
larger firefighter body resistances and smaller array Voc values.  For small body resistances (~ 600 Ω) and 
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large array Voc values, the approximation in (7) tends to overestimate the current hazard.  The reason for 
this is shown in Figure 9. As modules are added in series, the value of Rmparray increases.  For small values 
of body resistance and large array Voc, the value of Reff begins to approach Rmparray and the curvature of the 
array IV curve cannot be ignored.  In this case, the intersection of Reff with the IV curve does not occur at 
Voc, but at some V < Voc and will reduce the current hazard. 

 
Figure 8: Current hazard to firefighter for a grounded array as a function of array Voc and firefighter resistance. 

 
Figure 9: If Reff >> Rmparray, then current hazard to the firefighter would be expected to vary linearly with array Voc. 

 
Grounded vs. Ungrounded Arrays 
 
The simulation results in the previous section were for grounded arrays.  Since the module leakage pathway 
is in parallel, not in series, with the firefighter body resistance, grounded arrays have much higher electric 
shock current hazards than ungrounded arrays. 
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Figure 10 shows the current hazard to a firefighter with 600 Ω body resistance for ungrounded vs. grounded 
arrays as a function of array Voc.  The ungrounded array decreases the current hazard to the firefighter by 
three orders of magnitude for high Voc arrays (from 2,340 to 3.12 mA).  The module leakage value (Rmodule) 
for the ungrounded array was chosen to be 7 MΩ per module and this is considered reasonably 
conservative on the basis that modules undergoing durability testing according to the IEC 61215 series of 
standards must maintain an electrical isolation resistance of 40 MΩ/m2, or approximately 20 MΩ per typical 
2 m2 module post-stress testing.  At 7 MΩ per module, Riso ranges from 7 MΩ for a single module to 250 
kΩ for an array with a Voc of 1506.6 V. 
 

 
Figure 10:  Current hazard to a firefighter with 600 Ω body resistance for ungrounded vs. grounded arrays as a function 
of array Voc. 

 
While the size of grounded arrays do not have an effect on current hazard, this is not true for ungrounded 
arrays.  This is due to that fact that Riso is in series with body resistance in ungrounded arrays while Riso is 
in parallel with body resistance for grounded arrays.  As array size increases, Riso will decrease as more 
module leakage pathways to ground are added.  While this decrease in Riso is negligible in grounded arrays 
(since Riso is still >> RFF), it cannot be ignored in ungrounded arrays.  Figure 11 shows the current hazard 
to a firefighter for different sized arrays as a function of body resistance.  As array size increases, current 
hazard increases linearly for a given body resistance. 
 



 Hazard Analysis of Firefighter Interactions with Photovoltaic Arrays 
 

 

  

page 16 
 

 
Figure 11: Current hazard to firefighter for an ungrounded array as a function of array size and firefighter resistance. 

 
Imperfect arrays 
In the equations presented previously, it is assumed that the arrays are in good working order including a 
consistent distribution of isolation resistance and resulting leakage current across the array.  However, 
other fault pathways besides through the firefighter or via module leakage could be present.  The presence 
of these other fault pathways would decrease the value of Riso.   
 
In a grounded array, changes in Riso have little to no effect on the current hazard to a firefighter.  This is 
due to the fact that RFF and Riso are in parallel (Figure 12).  While a decrease in Riso would increase the total 
current draw from the array (I), the array is still approximately at Voc.  This means that the current hazard 
to the firefighter is determined by Voc/RFF, regardless of the value of Riso.  In this case, the current hazard 
to the firefighter is completely determined by the firefighter resistance (see Figure 13, which simulates the 
firefighter current for grounded and ungrounded cases as a function of individual module isolation for an 
array with 50 strings of 10 modules in series and an assumed firefighter resistance of 5000 Ω). 
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Figure 12: Since Rmodule and RFF are in parallel and the array voltage is at Voc, change in module isolation (Rmodule) will 
not affect Firefighter current hazard 

 
However, in an ungrounded array, a decrease in Riso would directly increase the current hazard to the 
firefighter, since RFF and Riso are in series (Figure 13).    This is due to the fact that Rmodule >> RFF and, 
therefore, IFF≈Voc/Rmodule.  A decrease in Rmodule has the direct effect of increasing IFF (although the firefighter 
current in the ungrounded case will always be less than or equal to the current in the grounded case).  This 
direct relationship is retained until the value of Rmodule begins to approach RFF.  If Rmodule decreases even 
further, then the ungrounded model approaches the grounded model (since RFF >> Rmodule, the current 
hazard is completely determined by RFF).  
 

 
Figure 13:  Current hazard as a function of individual module isolation for grounded and ungrounded arrays 

 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10

Cu
rr

en
t H

az
ar

d 
(A

)

Individual Module Isolation, Rleak (Ω)

Current Hazard as a Function of Individual Module Isolation for an 
Ungrounded Array

Ungrounded
Array

S = 10
P = 50
Voc = 60 V

IFF = Voc /Rff

IFF = Voc
/RModule



 Hazard Analysis of Firefighter Interactions with Photovoltaic Arrays 
 

 

  

page 18 
 

 
For normally operating arrays, a number of current PV standards are in effect that prescribe minimum 
allowable Riso values [5-8].  The minimum Riso set points for a number of different standards are shown in 
Table 1.   
 
Table 1: Riso standards for PV arrays. 

Standard AC-Isolation 
DC-

Ground 
Riso 

UL 1741  CRD 26-Apr-2010 [8] for Smax 

≤30 kVA 
No 

(Transformerless) 
Floating 

kVA kΩ 

≤5 
The larger resistance of 100 kΩ or 

1 kΩ * Vmax 

>5 
The larger resistance of 

100 kΩ or 5 kΩ * Vmax/Smax 

UL 1741  CRD 29-May-2012 [9] Yes (Transformer) Floating 
kVA Ω 
≤30 500 +(Voc/300 mA) 
>30 500 +[Voc/(10 mA*Smax)] 

IEC 62109-2, Ed. 1 [7] 
No 

(Transformerless) 
Floating 

[Vmax/30 mA] Ω 

Yes (Transformer) Floating [Vmax/30 mA] Ω 
Vmax is the manufacturer rated maximum PV input voltage, Smax is the maximum rated inverter output apparent power in kVA, 

Voc is the open circuit voltage of the PV array, and kVA values are the rated continuous output power of the Equipment Under 

Test.  RMS is root mean square. 

 

 
Looking at IEC62109-2, the minimum allowable Riso value for an array is related to the rated PV input 
voltage and is not dependent on array sizing.  Utilizing the equation in Table 1 for Vmax = 600, 1000, and 
1500 V, the minimum allowable Riso corresponds to 20, 33.3, and 50 kΩ, respectively.   This would yield 
current hazards to the firefighter as shown in Figure 14.  Compared to Figure 11, the IEC Riso limits increase 
the current hazard for small arrays, but significantly reduce the hazard for large arrays. 
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Figure 14: Current hazard to firefighters for arrays with different Voc values and IEC62109-2 minimum Riso values. 

 
While the array isolation is modeled here as a purely resistance-based in real arrays, there exist a significant 
capacitive component which is related to the size of the module area.  This capacitance can be significant 
in arrays and poses an additional hazard to the firefighter.  If we consider an array at Voc with a capacitor 
tied to ground (Figure 15), the capacitor will source a current Icapacitor in order to keep the array voltage at 
Voc.  

 
Figure 15:  Array capacitance will keep array voltage at Voc when contacted by firefighter personnel and will source 
current Icapacitor 

 
While the current sourced from the array will remain negligible, current (Icapacitor) will flow from the capacitor 
through the firefighter in order to maintain the array voltage at Voc.  This current will, of course, decay as 
the array capacitance discharges.  If we consider an infinite capacitance, the current from the capacitor will 
take on a value determined by Equation (9). 
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(9) 

  
The level of level of current hazard in equation (9) due to an infinite capacitance is the approximation made 
in Equation (7) and used as the basis for the theoretical hazard levels.  This was done order to include an 
extra safety factor to theoretical calculation.  The theoretical calculations here already take into account the 
current hazard from an infinitely large array capacitance. 
 
Inverter Technologies 
The IEC 62109-2 & UL 1741 CRD addressed non-isolated inverter technologies provide mechanisms which 
can reduce fire hazards but this methodology could be used to reduce electric shock as well.  IEC 62109-
2 does include some 30ma RCD limits that might reduce electric shock.  This technology could be expanded 
with other limits and shock safety isolation evaluation criteria to expand this to reduce the risk of electric 
shock.  
 
Findings 
This work has examined current hazards to firefighters from a PV array using a mixture of SPICE 
simulations and theory and presuming worst-case contact with live parts.  On a grounded array, the contact 
is assumed to be at the highest voltage portion of the source circuit (on the ungrounded conductor).  For 
an ungrounded array, the contact will be to a conductor on either the positive or negative end of the source 
circuit. 
 
The analysis shows that ungrounded arrays are significantly safer than ungrounded arrays for reasonable 
module isolation resistance with fault currents up to three orders of magnitude smaller than for a grounded 
array counterpart. While the size of the array does not affect the current hazard in grounded arrays for body 
resistances above 100Ω, in ungrounded arrays, increased array size yields increased current hazards – 
again bearing in mind that the overall fault current level is significantly smaller than for grounded arrays.  In 
both grounded and ungrounded arrays, the current hazard has a direct correlation to array voltage.  Since 
the level of fault current in a grounded array can be significant, this work shows that the non-linearity of the 
array IV curve must be taken into account for body resistances below 600Ω and array voltages above 
1000V for accurate fault current determination. Although module and array isolation resistance is not a 
factor that modulates fault current in a grounded array, this resistance, Riso, has a significant effect on 
current hazard to the firefighter for ungrounded arrays.   
 
Conclusion 
Ungrounded arrays pose less of a risk of electric shock than similar sized grounded arrays. 
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Potential Future Work 

• The isolation resistance of functional fielded arrays should be measured and characterized by 
module type, age of system, climate, and system size.  This work has presumed module isolation 
resistances consistent with IEC module type testing and array standards, but actual field data are 
required to determine fault current risk. 

• This work presumed contact with worst-case live part voltages.  Risk analysis, on the other hand, 
requires an understanding of the probability of contact with live parts at many locations within the 
array (not necessarily at worst-case potential).  This requires a Monte-Carlo-style analysis for 
grounded and ungrounded arrays of several sizes and operating voltage potentials to establish a 
probability for contacting a worst-case potential and the magnitude of the potential as a function of 
array voltage, size and grounding style. 

• Electropathology analysis requires that the current path through the human body be included along 
with the magnitude of the current to determine risk of adverse consequences to a fire fighter.  To 
accomplish this goal, two factors require development: 

o A Fault-Tree Analysis technique to determine the probability of several fire-fighter contact 
scenarios including the probability of contact to a particular voltage magnitude using the 
Monte-Carlo technique previously described. 

o Given the Fault-Tree contact scenarios, body resistance measurements are necessary to 
allow determination of the fault current levels through a fire fighter.  This effort has begun 
in Task 3 of this project, but may require further refinement as more information becomes 
known. 
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Task 3: Report on Firefighter Body Impedance Model Under Various Field 
Conditions 
 
 Introduction 
 
There is significant agreement and support from the Photovoltaic (PV) industry, firefighters and other 
interested parties to develop a new standard to reduce electric shock hazards for firefighters that perform 
tactical operations on buildings with rooftop PV systems.  Firefighter duties, and the specific use of 
firefighting Personal Protection Equipment (PPE) and tools, fall outside of the foundational parameters used 
to develop the existing body models which have been used for defining electric shock calculations.  This 
information gap prompted the U.S. Department of Energy to establish a research grant (funded by the U.S. 
Department of Energy SunShot Initiative under award number DOE-EE-31654), being jointly conducted by 
UL LLC and Sandia National Laboratories, to evaluate the shock hazards and associated electric shock 
limits particular to firefighters working in and around PV arrays.  The research has been investigating 
common firefighter PPE, work practices, working conditions and foreseeable abnormal conditions to identify 
defined, science-based criteria to reasonably limit hazards for firefighters performing their duties on 
buildings with PV systems.  Firefighter body impedance models are necessary to properly develop the 
evaluation criteria of the systems and equipment intended to reduce such shock hazards.  This information 
will be used to develop the new UL Standard for Photovoltaic Hazard Control, UL3741. Based upon PV 
industry and firefighter community input, UL has developed a framework for the UL3741 Standard based 
upon this research. One of the tasks under this research project is to develop a body impedance model for 
firefighters that accounts the resistance of personal protective equipment (PPE) as well as the foreseeable 
interactions with the PV array.  The total firefighter resistance can be modeled by an in-series circuit of the 
PPE and the pure human body resistance (established body resistance values from existing published UL 
and IEC standards). Using Ohm’s law, the voltage threshold for protecting against different electrical shock 
physiological effects can be estimated by the product of multiplying the total firefighter resistance and the 
electric shock current threshold.  The firefighter body resistance values identified by this report can be used 
in the UL3741 Standard to determine appropriate compliance criteria for the various configurations of PV 
Hazard Control systems and equipment.  
 
In 2011, UL conducted research addressing concerns of potential electrical hazards for firefighters working 
in proximity to photovoltaic installations (Backstrom & Dini, 2011). As part of that work, experiments 
included a limited investigation of the electrical properties of firefighter’s gloves and boots, key Personal 
Protective Equipment (PPE). That study utilized four DC voltages: 50, 300, 600 and 1000 volts and a500 
Ω resistor representing the human body that was connected in series with individual pieces of PPE (glove 
or boot) in the measurement circuit.  The report presented the measured current through the 500 Ω body 
resistor which is a commonly used value to represent a severe case low body resistance that is often most 
representative of a child. For voltages of 50 V and 300 V, the combined resistance values can be calculated 
using Ohm’s Law since the exact current value is provided in the report; but for 600 V and 1000 V, the exact 
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current values were not provided so the resistance of the previously studied PPE cannot be evaluated. A 
key finding reported in the work was that the resistance of certain PPE increased as the voltage increases 
which is the opposite of the research results provided in this report 1. While this earlier research is 
informative, some variables were not controlled including the amount of water absorbed by the PPE that 
has since been found to be a significant factor impacting the resistance of the PPE. Another uncontrolled 
variable in the original report was the contact area between the live part, PPE and human body. This 
research work is intended to refine and expand on the earlier research report. 
 
The scope of this research task was to develop a firefighter’s body impedance model tailored for scenarios, 
which included the resistance of PPE. In this report, the DC (direct current) threshold for electrical shock 
was reviewed from UL and IEC standards. The experimental setup required to measure the particular PPE 
resistance is also discussed in detail, and measurement results are presented. The voltage threshold can 
be evaluated from the current threshold and firefighter body resistance (including PPE resistance) using 
Ohm’s Law. At the end, scenarios are given on how to evaluate the voltage threshold of electrical shock 
using the measured PPE resistance and the current threshold for a particular current pathway. The 
methodology and scenarios may be used for UL3741 Standard development. 
 
Literature Review 
 
In this section, electrical shock thresholds for direct current (DC) exposure are reviewed. Current threshold 
is the primary metric for electrical shock severity in the standards. Voltage threshold is provided in many 
Safety standards including ANSI/UL 1310, Standard for Safety of Class 2 Power Units and ANSI/NFPA 70, 
the National Electrical Code (NEC®) Chapter 11(B) for Class II power and circuits. The conditions for these 
thresholds are based on current flow from the bare hands to feet, and do not consider the inclusion of PPE 
or other intermediary clothing. A previous UL research report (Backstrom & Dini, 2011) was published and 
it included a limited evaluation of the insulation properties of firefighter boots and gloves, which is also 
reviewed here. 
 
Direct Current (DC) Threshold with Respect to Electrical Shock Hazard 
 
As concluded by Dalziel (Dalziel, 1943), it is the current, not the voltage, that triggers the physiological 
effects of electrical shock on the human body. The voltage difference across relevant paths through the 
body is the driving source for the current and therefore, in situations where direct contact with live parts is 
likely, the voltage (in the electrical circuit and relative to earth) has to be limited to limit the potential for 
hazardous flow of current. The amount of current passing through the human body can be evaluated with 
the applied voltage and the human body impedance. Below, the DC current thresholds resulting in different 

 
1 The results from this research show the resistance at higher voltages decreases for sweat water wet PPE or stays the same for 

sea water wet PPE, which contradicts the previous test results in the Firefighter Safety and Photovoltaic Installations Research 

Project. Northbrook: UL LLC by Backstrom Bob, & Dini Dave. (2011). 

 . 
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physiological effects are reviewed, as well as the Class II voltage thresholds that are regularly specified in 
codes and standards as a safe condition for unprotected access to energized parts.  All thresholds given 
below are based on a “worst-case scenario” and to protect at least 95% of the population, including men, 
women, and children. For these general considerations, the worst-case condition is incidental surface 
contact (IEC 60479-1, 2017), involving a large contact area2 to the electrical source, such as contact with 
wet hands and a left hand to two bare feet.  This will create a current pathway through the body that would 
include the heart. It is also important to note that these thresholds have been scaled to maximize protection 
of children, not adults. According to (Dalziel, 1943), the threshold for men is double that of the value for 
children, and for women the threshold is two thirds of the men’s threshold, based on conducted experiments 
for 134 men, 28 women and 2 children. The threshold for the dry condition is double that of the wet condition. 
 
Current Threshold  
 
Table 1 summarizes the current threshold for children found in UL 1310, ANSI/UL 101, Standard for Safety 
for Leakage Current for Appliances, and IEC TS 60479-1. As identified in these standards, the perception 
threshold for DC current is 2 mA for children. The threshold of inability of let-go (or immobilization) for DC 
current is 30 mA. For threshold of ventricular fibrillation level, the IEC standard (IEC 60479-1, 2017) 
specifies a relationship between AC and DC. The DC threshold level for ventricular fibrillation is 3.75 times 
that of the AC threshold as shown in the formula for “k” below. The requirement for a residual-current device 
(RCD) limit for AC current is 30 mA, and a DC limit can be calculated from the 30 mA AC limit as shown 
below.  The calculated DC limit is 113 mA. 
These values account for a steady state current exposure and shorter exposures have higher current limits 
according to IEC 60479, 
 

 
 
This DC current threshold table will be combined with the measured resistance value of the firefighter to 
estimate the DC voltage threshold later using Ohm’s Law. 
  

 
2 The large contact area is defined in (IEC 60479-1, 2017) as 100 mm by 100 mm. 
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Table 2 Current thresholds for DC according to standards 

Physiological 
Effects (DC) 

Men Women Children 

Perception (Wet) 4 mA 2.5 mA 2 mA 
Inability to Let Go 

(Wet) 
60 mA 40 mA 30 mA 

Inability to Let Go 
(Dry) 

120 mA 80 mA 60 mA 

Ventricular 
Fibrillation (Wet) 

226 mA 150 mA 113 mA 

* The limits for children has been historically used to establish the electrical shock threshold for safety 
standards. Understand there are no children firefighters, they are listed for reference. 
* Perception and inability of let-go is derived from research work of Dalziel; Ventricular fibrillation is derived based on 
the IEC 60479-1. 
* Ventricular Fibrillation (Wet) limits were calculated from the DC values in accordance with IEC 60479-1. 
 
 
Voltage Threshold 
 
The physiological effects of electrical shock are correlated to the current magnitude passing through the 
body.  With the understanding of human body resistance and engineering experience, voltage thresholds 
were therefore developed and used by UL and IEC standards. Below are voltage limits listed in UL 1310 
and the National Electrical Code (NEC). UL 1310 has long established 42.4 volts AC peak and 60 volts DC 
as the Class II limits for dry contact with energized parts, which correlate to the values found in the 2017 
NEC, Article 725 for Class II circuits. These thresholds were selected to protect against immobilization 
(inability to let-go), assuming dry conditions. For wet contact conditions, the voltages for Class II circuits 
are limited to half that of the dry condition, as specified in UL 1310 and Table 11 (B) of the NEC. Table 2 
lists the voltage requirements for AC and DC for dry and wet conditions. 
Table 3 UL 1310 voltage thresholds for AC and DC power for dry and wet conditions  

 AC RMS (Peak)  DC  
Dry 30 (42.4) Volts 60 Volts 
Wet 15 Volts 30 Volts 

 
It is noted the values listed in Table 2 were developed to be used by safety standard to protect children and 
adults that were not using any form of PPE. It is anticipated that other voltage limits may be developed and 
implemented in the UL 3741 Standard based upon this research accounting for the firefighters being adults 
(not children), wearing specific minimum levels of PPE and interacting with PV array equipment in a more 
defined manner in tactical operations. 
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Previous UL Research: Firefighter Electrical Safety 
 
In 2011, UL conducted research addressing concerns of potential electrical hazards for firefighters working 
in proximity to photovoltaic installations (Backstrom & Dini, 2011). As part of this work, experiments included 
investigating the electrical properties of firefighter PPE such as gloves and boots.  
 
This work utilized four DC voltages: 50, 300, 600 and 1000 Volts. A 500 Ω resistor representing the human 
body was connected in series in the measurement circuit. The report presented the measured current 
through the body resistor and the total effective firefighter resistance was not provided.  Working from the 
results in that report for voltages of 50 V and 300 V, the total effective resistance values can be calculated 
since the measured current values were provided in the report.  This was not the case for 600 V and 1000 
V, since the report indicates that the resulting current exceeded 250 mA. As such the resistance of the PPE 
cannot be determined from the published data above 300V. 
 
Figure 1 shows the setup diagram used by (Backstrom & Dini, 2011). A 500 Ω resistor was used to 
represent the human body resistance of the firefighter, corresponding to a resistance value that is exceeded 
by 95% of the population including children. The resistance is considered to be a “worst case” condition 
which includes large contact area, salt water exposure and a hand to two feet current pathway. 
 

 
Figure 16 Diagram of measurement setup for DC current (Backstrom & Dini, 2011) 

 
Using the setup given in Figure 1, the body current is measured through either the glove or the boot. The 
intent here was to obtain the impedance through the PPE to evaluate its protection from electrical exposure.  
 
Three different gloves with three different test conditions were measured; the results from this work are 

shown in Table 4. Note that only the measured current was provided in this report. The resistance of the 

PPE samples can be calculated from the reported voltage, current, as well as considering the 500-Ω 
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resistance that represented body impedance in this test. It was shown that dry gloves (whether they were 

soiled or not) provide adequate protection against electrical shock hazards including ventricular fibrillation. 

However, it was recognized that in practical applications firefighter activities often lead to gloves becoming 

wet from external water and human perspiration referred to as sweat.   

 

The conclusion from Table 3 and associated graph is that there are three conditions of interest and they 

are in decreasing order of shock hazard: 1) soiled PPE that is wet on the outside and inside, 2) non-soiled 

PPE that are wet on the inside and outside, and 3) non-soiled PPE that are wet on the outside and dry on 

the inside.  All other conditions in this study indicated no significant signal or trend and can be considered 

unimportant for this work. Based upon these results this present research used gloves thoroughly wet with 

a defined amount of water. 

 
Table 4 Results of experiments with gloves (Backstrom & Dini, 2011) 

 

  
 
 
Table 4 Calculated PPE Glove resistance based on current measured in (Backstrom & Dini, 2011) 

        Calculated PPE Resistance (kΩ) 
Glove 

Sample Soiled Wet Outside Wet Inside 
50 
(V) 300 (V) 600 (DC) 1000 (DC) 

2 No Yes Yes 0.82 2.870787 NA NA 
3 No Yes Yes 0.66 NA NA NA 
1 Yes Yes Yes 0.04 NA NA NA 
2 Yes Yes Yes 0.28 NA NA NA 
3 Yes Yes Yes 0.14 NA NA NA 
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Table 5 shows the calculated boot resistance for certain measurements given in (Backstrom & Dini, 2011). 
Three different types of boots are measured with four different conditions including new, “age1”, “age2”, 
and having a hole in bottom. For the condition defined as “age1”, 50% of the material thickness was 
removed at the thinnest toe area; for the condition defined as “age2”, 100% was removed. Note that all 
boots were immersed in saltwater so there was no dry boot test condition.  It is seen that the resistance for 
boot 1 under condition “age1” fell as the voltage increased. For boot 3 under new condition shown in Table 
5, the resistance remained the same as the voltage increased. For “age1” boot numbers 2 and 3, the 
resistance also fell as the voltage roses from 50 to 300 Volts as expected. Similarly, the resistance value 
was not available at higher voltages due to meter limitations. 
 
As a summary, this Backstrom & Dini, 2011) research work is useful but has several limitations. First, PPE 
resistance was only measured at 50 volts and 300 volts, so the resistance value is not available at voltages 
within the range. The 2011 research appears to have not controlled two variables that were found to be of 
importance in this research project.  The amount of water absorbed by the glove was not controlled and the 
contact area between the glove and electrode were found to have significant impact on the resistance of 
the gloves. 
 
Conclusion- the previous work on gloves indicates three conditions of interest  
 
Table 5 Calculated PPE Boots resistance based on (Backstrom & Dini, 2011) 

      Calculated PPE Resistance (kΩ) 
Boot New Aged 1 50 (V) 300 (V) 600 (DC) 1000 (DC) 

3 X   7.83 6.17 5.88 6.17 
1   X 49.50 42.36 32.83 28.07 
2   X 3.35 2.28 >250 >250 
3   X 3.35 2.53 >250 >250 

 
Experimental Work 
 
The total body resistance for the firefighter wearing PPE is considered to be a circuit model combining the 
pure human body and the PPE resistance. The specific connection between the human body and the PPE 
is determined by the particular electrical current path way.  
 
In this research work, the resistance of multiple different firefighter PPE which might contact electrically live 
parts were measured under various conditions: dry, simulated “sweat” soaked, and simulated seawater 
soaked. The tests with seawater were performed to estimate the shock hazard risk if a firefighter was forced 
to use seawater to fight a fire or if they were fighting a fire in an area flooded with sea water. 
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PPE and Test Equipment  
 
Firefighters are expected to wear proper PPE in carrying out their duties.  The PPE most commonly used 
include gloves, turnout gear with integral knee pads, and boots for physical protection.  The possible 
physical contact points with electrically live parts were considered to include the hand, foot and knee and 
as such the research focused on assessing these points including the PPE that would be in the electrical 
current path. For the purposes of this study, exposed skin was not considered as a contact mode because 
of the expectation that PPE will be employed; however, the approaches can be modified if reasonable to 
reflect the absence of a particular piece of PPE. 
 
Two different pairs of gloves were selected as shown in Figure 2: Sample pair 1 were used for firefighting 
operations and Sample pair 2 were new and had been never used. Both the left and right hand were 
measured for each type of glove. For knee pad measurements, two different types of commonly used 
firefighter turnout gear were measured. A sample of each is shown in Figure 3 and both were of similar 
size. 
 

  
Sample 1 Sample 2 

Figure 17 Photos of three different glove samples 
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Sample 1 
Sample 2 

 
Figure 18 Photos of two different turnout gear samples 

 
Two pairs of boots were selected as shown in Figure 3. Sample 1 is new and made of leather. It is same 
model as was used as the No. 3 boots tested by the work of (Backstrom & Dini, 2011). This model of boot 
was selected to be retested since its resistance was found to be the lowest from the past work. Sample 2 
is a pair of worn used rubber boots in poor condition (i.e., removed from service due to wear).  
 
The following test equipment was used for these tests.  
 

Manufacture Model Experiment Condition 
Del Electronics RHVS1-6000R DC Resistance for voltage over 80 Volts 

(<10 kΩ). 
Wet 

Keithley  6517B Low and High DC Resistance (>100 MΩ) Dry 
BK Precision 9183B DC Resistance for voltage below 80 Volts 

(<10 kΩ) 
Wet 

 
For comparison a Fluke Model 8012A Digital Multimeter was used for reading the voltage and current. 
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  Sample 1     Sample 2 

Figure 19 Photos of Selected boots 

 
Test Setup 
 
Gloves 
 
The diagram of the experimental setup measuring the resistance of the gloves is shown in Figure 5. Each 
glove was placed on an aluminum plate which was connected to the negative terminal of the power supply. 
The contact area between the glove and aluminum plate was maintained not over the cuff line of the glove 
as shown (edge of the palm). The contact area for Sample 1 was roughly measured as 8 inches by 4.5 
inches (b x a) from the tip of the longest finger to the cuff line, and Sample 2 was roughly 9 inches by 5 
inches, where b represents the longer side of the area and a is the shorter side as shown in Figure 6.  
 
The positive power supply terminal was connected to a copper wire inserted into the glove filled with nickel 
plated metal shot which was used to simulate a human hand and to create an electrical contact from the 
power supply to the entire inside area of the glove. The amount of the metal shot was controlled by weight. 
For glove Sample 1, the weight of shot was maintained as 3400 grams. For glove Sample 2, (larger than 
sample 1) the weight of shot was maintained at 5100 grams. 
 
Figure 6 shows the test circuit for the glove tests. The wire was used as an electrode and was inserted into 
the glove up to the web between the 2nd and 3rd fingers (at the top of the palm area / bottom of the finger) 
as shown.  Glove Sample 2 was physically larger than Sample 1 and resulted in two aspects that may have 
contributed to the lower contact resistance for Sample 2 as compared to Sample 1. The larger glove had a 
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larger contact surface area with the aluminum plate and 1 inch longer wire contact with the metal shot than 
the smaller glove.  
 
Two half-kilogram bags were applied on top of the glove to provide a constant weight for gloves and all test 
conditions. 
 

 
 

Figure 20 Experiment Setup measuring resistance of firefighter glove  
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Figure 21 Setup diagram of glove resistance measurement 

 
 

Knee Pads 
 
Figure 7 shows the setup for measuring the knee pad resistance of the turnout gear. A 3-inch diameter hard 
polyurethane ball wrapped in aluminum foil was used to simulate a human knee joint. The ball assembly 
was placed inside the turnout gear in the knee pad area to simulate contact between a firefighter knee and 
a grounded metal surface such as a PV module frame.  A flat aluminum plate was placed beneath the 
kneepad of the pants. The foil wrapped ball was connected to the positive terminal of the power supply and 
the aluminum plate was connected to the negative terminal of the power supply. A weighted bag was 
applied on the foil wrapped ball to simulate the force from the weight of the firefighter’s body. The effect of 
different weight / force levels were also studied as discussed later in this report. 
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Figure 22 Experimental setup measuring resistance of knee pad of firefighter turnout gear 

 
Boots 
 
Figure 8 shows the test configuration used to measure the boot resistance. The boot was placed in a plastic 
container the container was filled with water to a depth of 2 inches. The inside of the boot was filled to a 
depth of 1 inch as measured at the heal of the boot.  Both simulated sweat water and simulated sea water 
were tested. The sea water test simulates the fire fighter using sea water to fight the fire which can also get 
inside their boots. Filling the inside of the boot with water was intended to simulate a worst case condition. 
The sweat water outside the boot is expected to be more severe than fresh water outside the boot. This 
test condition should be representative of a real-world case where the fresh water on a roof is contaminated 
from other chemicals including but not limited to; dust, dirt, bird waste, tree sap, etc. The 2-inch depth 
outside the boots was intended to simulate standing water on a flat roof.  Clean water or pond water outside 
the boot should be considered for future experimental work. 
 
The power supply was connected to the test circuit via wires/electrodes inserted into the container water 
and boot water. The positive terminal was connected to an electrode placed in the water inside of the boots, 
and the negative terminal was connected to an electrode placed in the container water outside the boots 
as shown in Figure 8. 
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Figure 23  Diagram of experimental setup for measuring the boot resistance 

 
Dry and Wet Measurement Conditions 
 
This research included measurements under dry, simulated sweat wet and simulated sea water wet 
conditions. For the simulated sweat condition, the PPE were soaked with salt water with the salinity based 
on research done by (Schwartz & et al, 1955): the concentration of sodium in the sweat is in the range 
between 6 to 85 mEq. per L, equivalent to 13.8 mg/dl to 195.5 mg/dl. The maximum concentration of sodium 
will lead to lowest resistance and “worst case” electrical safety hazard.  The test was run with a salinity of 
80 mEq per L of water which approximates the 95th percentile of the maximum sodium concentration of 85 
mEq.. This equates to 1.85 g sodium per liter of water. Human sweat also contains potassium and other 
salts, but these concentrations are much lower compared to the sodium concentration (Schwartz & et al, 
1955); therefore, the effects due to potassium were ignored in this research.  
 
In addition to the sweat water wet condition, seawater wet condition was also tested. Based on research 
(ScienceDaily, 2017), the concentration of sodium chloride (salt) in seawater is approximately 35 g/L. Figure 
9 shows the detailed composition in the sea water. 
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Figure 24 Composition of Sea Water (From Wikipedia.org) 

 
To minimize variables, the amount of the water absorbed by the glove was measured and controlled by 
percentage gain from the dry condition. Initially, one glove is chosen and soaked throughout. It was then 
hand squeezed to the condition which was believed as “wet but not dripping”. After comparing the weight 
of the wet glove to the dry weight, the percentage weight gain was calculated to be an increase of 2.32%. 
For the other test iterations, the other gloves were soaked with the test solution to the same weight increase 
of 2.23% +/-0.05%. 3. Table 6 lists the weight of the dry glove and the weight gain with simulated “sweat” 
water and seawater solutions. Note the left-hand black glove (Sample 1) was used as a control, to facilitate 
determination of the percentage of the added weight from water absorption. All other gloves were controlled 
with the water gain of the same percentage. Table 6 also lists how much shot was added to each glove 
tested. 
 
Table 6 Water Weight Gain Control and Calculation 

 
Dry 

(grams) 
Weight 

Gain with 
Sweat 
Water 

(grams) 

Weight 
Gain 

Percent 

Add Shot 
(grams) 

With Sea 
Water 

(grams) 

Black Glove 
Left 

143 332 2.32% 3400 337 

Black Glove 
Right 

154 350 2.27% 3400 358 

Yellow Glove 
Left 

177 412 2.33% 5100 413 

Yellow Glove 
Right 

177 412 2.33% 5100 411 
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Results 
 
Effects of Body Weight / Force on Knee Contact 
 
The effect of body weight / force on the knee contact area was evaluated by applying 20 lb bags filled with 
metal shot on top of the foil wrapped ball / simulated knee. As shown in Table 7, the electrical resistance 
through one knee pad in turnout gear number 1 was measured under the compressive force of four different 
weights (20, 40, 60 and 80 lbs). Note that the weights used were not intended to simulate the entire weight 
of the firefighter but rather to investigate the effect of the force on the measured resistance of the PPE. The 
voltage was fixed at 1000 V DC under dry conditions because the resistance was much higher under dry 
conditions to better illustrate the effects of the weight on the knee pads. The results demonstrated that the 
applied force had a negligible effect on the resistance through the knee pad. Therefore, the force factor 
was excluded from the other tests in this report to as it reduces the variables and the number of 
experiments. 

 
Table 7  DC Resistance of knee pad of turnout gear with different weights applied under dry condition 

 
* The minor variation in the results likely due to the application of the weights and component movement. When the firefighter falls 

on their knee, the exact pressure may be higher. This may be an area for future investigation. 
 
 
Resistance of Glove 
 
Dry Condition 
 
Table 8 shows the measured resistance of glove Sample 1 under dry conditions. The resistance is in the 
megohm range and the resulting current flow were well below the threshold of perception. even without 
considering the firefighter body and knee pad resistances. The results of this test indicated that dry 
firefighter gloves provide some protection against electrical shock hazard up to 1000 Volts DC in dry 
conditions.  As can be seen by the results the calculated glove resistance decreased as voltage increased. 
The measured current was well below the reaction threshold level (lowest level of electrical shock 
physiological effects).  
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Table 8 DC Resistance of Dry Glove: Sample I (Right hand) Filled with Metal Shot 

Dry  
Measured 
Voltage 

Measured 
Current 

Calculated 
Resistance  

Test No DC Volts (V) Current (μA) Resistance (MΩ) 
1 1 0.03 35.30 
2 15 0.30 49.30 
3 30 0.61 48.80 
4 60 1.22 49.00 
5 80 1.64 48.70 
6 130 2.78 46.80 
7 240 5.45 44.00 
8 300 7.18 41.80 
9 480 12.97 37.00 

10 600 17.14 35.00 
11 1000 37.04 27.00 

 
 
Simulated Sweat Condition 
 
Table 9 and Table 10 are the measured results for Samples 1 and 2, respectively. Each table presents the 
results of left and right gloves for comparison. By controlling the water absorption weight and length of wire 
inserted into the gloves, the range of the resistance at the same voltage is comparable for the same glove 
between the left and right glove. In Table 9, the test was stopped at 300 V for Sample 1, because the 344ma 
significantly exceeded the DC thresholds for ventricular fibrillation. At this highest test current, steam started 
coming out of the glove because the entrained water was staring to boil from the heat produced by the 
electric current flow. The higher voltage test was stopped to protect the PPE from permanent damage. 
Similarly, the test voltage was limited for glove Sample 2.  The results for both sets of data on the two 
different gloves samples showed the resistance decreased as voltage increased. Overall, the Sample 2 
glove exhibited lower resistance compared to Sample 1, and it is likely due to the larger size of sample 2 
compared to sample 1.  Sample 2 is a larger glove and the contact area between the glove and grounding 
plate was larger. This shows that contact area and physical size can affect the total firefighter resistance 
model and ultimately the electrical shock physiological effects. 
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Table 9 Measured DC resistance of glove Sample I, Left and Right Gloves Saturated with Simulated Sweat 

Wet (1.85g 
NaCl/L H2O 

“Sweat”) 

Measured 
Voltage 

Measured 
Current 
(Left) 

Calculated 
Resistance 

(Left) 

Measured 
Current 
(Right) 

Calculated  
Resistance 

(Right) 

Test No DC Volts 
(V) 

Current 
(mA) 

Resistance 
(kΩ) 

Current 
(mA) 

Resistance 
(kΩ) 

1 1 0.1 10.00 0.07 14.29 
2 15 10.8 1.39 7.5 2.00 
3 30 25.6 1.17 16.9 1.78 
4 60 55.6 1.08 37 1.62 
5 80 77.3 1.03 53.9 1.48 
6 130 134.6 0.97 96 1.35 
7 240 320 0.75 245 0.98 
8 300 510 0.59 344 0.87 

 
Table 10 Measured DC resistance of glove Sample II, Left and Right Gloves Saturated with Simulated (Sweat) 

Salt-Wet 
(1.85g 

NaCl/L H2O 
Sweat) 

Measured 
Voltage 

Measured 
Current 
(Left) 

Calculated 
Resistance 

(Left) 

Measured 
Current 
(Right) 

Calculated 
Resistance 

(Right) 

Test No DC Volts 
(V) 

Current 
(mA) 

Resistance 
(kΩ) 

Current 
(mA) 

Resistance 
(kΩ) 

1 1 0.23 4.35 0.18 5.56 
2 15 10.1 1.49 8.3 1.81 
3 30 24.1 1.24 18.5 1.62 
4 60 57.2/17.15 1.05 40.2 1.49 
5 80 78.9/22.61 1.01 55.6 1.44 
6 130 137.5/~40 0.95 94.1 1.38 
7 240 445 0.54 194.8 1.23 
8 300 * * 276 1.09 

* Test not run to prevent damage to sample. 
 
With the data obtained, a regression model was built based on the average value and the minimum value 
of the results as shown in Figure 10 and Figure 11. After fitting the data with different function shapes, a 
power function was chosen as the fitted equation for the regression model. Figure 10 shows the results of 
the regression fit for the average resistance using the “sweat” data. The average value is obtained from 
each of the four different measurements from the two pairs of gloves. Figure 11 shows regression fitting of 
the minimum resistance recorded using the “sweat” condition. The CI line represents the confidence interval 
of the fitted results, and the PI line represents the prediction interval. Prediction interval indicates the 
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probability of new observation falling in between the area, and confidence interval indicates the probability 
of mean value of the predicted resistance falling in between.  

 
Figure 25 Fitted results for average resistance under “sweat” condition 

 

 
Figure 26 Fitted results for minimum resistance under sweat condition 

Table 11 presents the predicted value for average and minimum resistance of the glove. The predicted 
value is obtained from the fitted mathematical function shown in Figure 10 and Figure 11. 
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Table 11 Predicted value for average and minimum resistances for gloves under the “sweat” condition 

(Sweat) Measured Average 
Calculated  

Average 
Predicted  

Minimum 
Calculated 

Minimum 
Predicted  

Test No DC Volts (V) 
PPE 

Resistance 
(kΩ) 

PPE Resistance 
(kΩ) 

PPE 
Resistance 

(kΩ) 

PPE Resistance 
(kΩ) 

1 1 8.55 8.00 4.35 4.25 
2 15 1.67 2.71 1.39 1.65 
3 30 1.45 2.05 1.17 1.29 
4 60 1.31 1.56 1.05 1.01 
5 80 1.24 1.39 1.01 0.92 
6 130 1.16 1.14 0.95 0.77 
7 240 0.88 0.89 0.54 0.62 
8 300 0.85 0.82 - 0.58 
9 480 - 0.68 - 0.49 

10 600 - 0.62 - 0.45 
11 1000 - 0.50 - 0.38 

 
Seawater Wet Condition 
 
Table 12 and Table 13 are the measured results for Sample 1 and Sample 2 (respectively) for seawater 
wet conditions. Note that the salt concentration was 35 grams per liter of water for sea water, or nearly 30 
times that of the sweat condition. The resistance of the PPE saturated with simulated seawater therefore it 
was expected and observed to be much lower and the protection from the PPE under this condition is 
virtually nonexistent above 15 V. The resistance was low and stable above 15 V, until the test was 
terminated due to excessive current flow and boiling of the entrained water in the glove. By examining the 
resistance, the values are almost constant between 15 V and 80V.  
 
Table 12 Measured resistance of glove Sample I, Left and Right pair (Sea water) 

Salt-Wet 
(35g NaCl/L 

H2O Sea 
Water) 

Measured 
Voltage 

Measured 
Current 
(Left) 

Calculated  
Resistance 

(Left) 

Measured 
Current  
(Right) 

Calculated  
Resistance 

(Right) 

Test No DC Volts 
(V) 

Current 
Value (mA) 

PPE Resistance 
(kΩ) 

Current 
Value (mA) 

PPE 
Resistance 

(kΩ) 
1 1 0.37 2.70 0.33 3.03 
2 15 80.6 0.19 96.4 0.16 
3 30 174.4 0.17 212 0.14 
4 60 377.2 0.16 448 0.13 
5 80 517 0.15 635 0.13 
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Table 13 Measured resistance of glove Sample II, Left and Right pair (Sea water) 

Salt-Wet (35g 
NaCl/L H2O 
Sea Water) 

Measured 
Voltage 

Measured 
(Left) 

Calculated 
(Left) 

Measured 
(Right) 

Calculated 
(Right) 

Test No DC Volts 
(V) 

Current 
Value 
(mA) 

PPE Resistance 
(kΩ) 

Current 
Value (mA) 

PPE 
Resistance 

(kΩ) 
1 1 0.69 1.45 0.83 1.20 
2 15 53.2 0.28 106 0.14 
3 30 121.7 0.25 226 0.13 
4 60 268 0.22 495 0.12 
5 80 370 0.22 650 0.12 

 
Resistance of Knee Pad 
 
Under this evaluation the knee pad resistance of turnout gear was measured. The dry resistance for the 
knee pad was quite high, similar to case for the gloves. Under dry conditions, both the knee pads and 
gloves provide adequate protection against electrical shock hazards at or below 1000 Volts. The results 
are presented in Table 14. For sweat and seawater wet conditions, the resistance was measured with 
increasing voltage levels until the current levels started to boil the entrained water in the samples. For 
turnout gear 2, sea water saturated condition, the resistance is only 16 Ω (almost no protection) which is 
almost negligible comparing to 500 Ω human body resistor. Therefore, the effects of this additional 
resistance would not significantly affect the body impedance model. It is observed that the resistance under 
seawater condition implies little or no protection against the electrical energy. Under the sweat condition, 
the resistance is around 300 W for gear 1 at 80 volt and 100 Ω for gear 2. 
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Table 14 Resistance of the Knee Pad 

Dry  
Measured 
Voltage 

G1 
Calculated 
Dry G1 Sweat 

G1 Sea 
Water  G2 Sweat  

G2 Sea 
Water  

Test No 
DC Volts 
(V) 

PPE 
Resistance 
(M Ω) 

PPE 
Resistance 
(Ω) 

PPE 
Resistance 
(Ω) 

PPE 
Resistance 
(Ω) 

PPE 
Resistance 
(Ω) 

1 1 5.48 3703.70 555.56 1162.79 166.67 
2 15 4.26 432.28 107.91 148.51 16.30 
3 30 3.91 382.17 96.77 131.58 N.P. 
4 60 3.66 339.56 86.58 123.71 N.P. 
5 80 3.61 332.23 74.61 116.79 N.P. 
6 130 3.44 308.86 59.96 77.90 N.P. 
7 240 3.18 176.34 45.51 55.60 N.P. 
8 300 3.08 155.97 41.16 49.18 N.P. 
9 480 2.95 120.44 33.31 37.98 N.P. 

10 600 2.83 106.53 30.13 33.59 N.P. 
11 1000 2.58 80.44 23.94 25.36 N.P. 

* N.P. denotes no protection; 
* Suggest to use the value of the immersed resistance value based on work the IEC TC64 

MT4 group? 
* Data in green color is predicted resistance based on the measured results 

 
Resistance of Boots 
 
Table 15 and Table 16 show the results for undamaged new and used boots, respectively. New boots have 
much higher resistance and are found to provide better electrical protection. Even for the sea water 
condition, the resistance of the new boot is still over 1500 kΩ at 600 volts. The test is terminated at 600 
volts for the new boot (sample 1) and 480 volts for the used boot (sample 2) to protect them from permanent 
damage, since it was observed that the water starts to heat rapidly at such high voltages.  
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Table 15 New boot, Sample 1, undamaged 

Salt-Wet 
(1.85g 
NaCl/L 

H2O 
Sweat) 

Measured 
Voltage 

Measured 
Current 

Calculated 
Resistance   

Salt-Wet (35g 
NaCl/L H2O 
Sea Water) 

Measured 
Voltage 

Measured 
Current 

Calculated 
Resistance 

Test No DC Volts (V) 

Current 
Value 
(mA) 

PPE 
Resistance 

(kΩ)   Test No 
DC Volts 

(V) 
Current 

Value (mA) 

PPE 
Resistance 

(kΩ) 

1 1 0.01 100.00   1 1 0.01 100.00 

2 15 0.01 1500.00   2 15 0.01 1500.00 

3 30 0.01 3000.00   3 30 0.02 1500.00 

4 60 0.01 6000.00   4 60 0.02 3000.00 

5 80 0.02 4000.00   5 80 0.04 2000.00 

6 130 0.03 4333.33   6 130 0.06 2166.67 

7 240 0.04 6000.00   7 240 0.10 2400.00 

8 300 0.09 3333.33   8 300 0.14 2142.86 

9 480 0.16 3000.00   9 480 0.25 1920.00 

10 600 0.20 3000.00   10 600 0.32 1875.00 

11 1000 *  *    11 1000 *  *  

*Test not run due to excessive current flow to prevent damage to test sample. 
 

 

Table 16 Used boot, Sample 2, undamaged 

Salt-Wet 
(1.85g 
NaCl/L 

H2O 
Sweat) 

Measured Measured Calculated  

Salt-Wet 
(35g 

NaCl/L 
H2O Sea 
Water) 

Measured Measured Calculated 

Test No DC Volts (V) Current 
Value (mA) 

PPE 
Resistance 

(kΩ) 

 Test No DC Volts (V) Current 
Value (mA) 

PPE 
Resistance 

(kΩ) 
1 1 0.01 100.00  1 1 0.05 20.00 

2 15 0.05 300.00  2 15 0.70 21.43 

3 30 0.09 333.33  3 30 1.37 21.90 

4 60 0.16 375.00  4 60 2.85 21.05 

5 80 0.16 500.00  5 80 3.62 22.10 

6 130 0.24 541.67  6 130 6.57 19.79 

7 240 0.42 571.43  7 240 12.33 19.46 

8 300 0.51 588.24  8 300 14.08 21.31 

9 480 0.60 800.00  9 480 15.87 30.25 

10 600 * *  10 600 * * 

11 1000 * *  11 1000 * * 

* Test not run due to excessive current flow to prevent damage to test sample. 
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To simulate a “worst case” scenario, the boots were intentionally damaged. A strip of the sole was removed 
for each type of boot as shown in Figure 12. For the new leather boot, the metal shank was exposed after 
the damage. The used rubber boot did not have a metal shank, but a fabric layer was exposed after it was 
intentionally damaged. 
 
 

  
Figure 27 Damaged boot (Left Photo: New pair or sample 1; Right Photo: Old pair or sample 2) 

 
Table 17 and Table 18 show the measured resistance of the damaged boots. Under the simulated sweat 
wet condition, the test was run up to 300 volts, after which the water started to heat rapidly. Test with 
simulated sea water were stopped due to the excessive current flow and to prevent damage to the sample.  
Table 17 New Boot, sample 1, damaged 

Salt-Wet 
(1.85g 
NaCl/L 

H2O 
Sweat) 

Measured 
Voltage 

Measured 
Current 

Calculated 
Resistance   

Salt-
Wet 
(35g 

NaCl/L 
H2O 
Sea 

Water) 
Measured 

Voltage 
Measured 

Current 
Calculated 
Resistance 

Test No 
DC Volts 

(V) 

Current 
Value 
(mA) 

PPE 
Resistance 

(kΩ)   Test No 
DC Volts 

(V) 

Current 
Value 
(mA) 

PPE 
Resistance 

(Ω) 
1 1 0.14 7.14   1 1 3.79 263.85 
2 15 3.67 4.09   2 15 77.97 192.38 
3 30 8.50 3.53   3 30 168.86 177.66 

4 60 
19.80/0.3-

1.0 3.03   4 60 275.00 218.18 

5 80 
36.00/0.4-

1.5 2.22   5 80 
* * 

6 130 73.00 1.78   6 130 * * 
7 240 170.00 1.41   7 240 * * 
8 300 225.00/7.6 1.33   8 300 * * 
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9 480 * *   9 480 * * 
10 600 * *   10 600  *  * 

Table 18 Used boot, sample 2, damaged 

Salt-Wet 
(1.85g 
NaCl/L 

H2O 
Sweat) 

Measured Measured Calculated  

Salt-Wet 
(35g 

NaCl/L 
H2O 
Sea 

Water) 

Measured Measured Calculated 

Test No DC Volts 
(V) 

Current 
Value (mA) 

PPE 
Resistance 

(kΩ) 

 Test No DC Volts 
(V) 

Current 
Value 
(mA) 

PPE 
Resistance 

(Ω) 
1 1 0.52 1.92  1 1 2.75 363.64 
2 15 17.32 0.87  2 15 265.00 56.60 
3 30 37.91 0.79  3 30 567.00 52.91 
4 60 80.30/61.4 0.75  4 60 * * 
5 80 98.87/82.6 0.81  5 80 * * 
6 130 168.80/~130 0.77  6 130 * * 
7 240 382.00 0.63  7 240 * * 
8 300 499.00/380 0.60  8 300 * * 
9 480 * *  9 480 * * 

10 600 * *  10 600 * * 
 
 
 
Estimate of DC Voltage Thresholds 
 
This research work reviews the DC current thresholds for different physiological effects of electrical shock 
and conducts experiments measuring the resistances of different firefighter PPE including gloves, knee 
pads, and boots. This information can be combined to provide estimated DC voltage thresholds protecting 
against electrical shock physiological effects for firefighters. The voltage threshold can be estimated using 
Ohm’s Law:  
 

V = I x RT 

 
where I represents the current thresholds of electrical shock, RT represents the total firefighter resistance 
including resistance of the integrated PPE within the current path. Table 1 provides the current thresholds 
for different conditions, physiological effects, and also different genders. They are relisted here for 
convenience. The value of total firefighter resistance RT will depend on the specific current pathway. In this 
section, scenarios are provided on how to determine the voltage threshold of the electrical shock for a 
particular pathway. 
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Scenario 1: Hand to Feet Pathway 
 
The total firefighter resistance RT can be estimated by the human body resistance and the resistance of the 
PPE, based on a current pathway. The current pathway from hand to feet can be modeled as Figure 13. 
For simplification, this research models the human body using one resistance for the hand to trunk of the 
body and it is in series with two resistors representing two legs as shown. The glove is then modeled as in-
series resistor with the hand to trunk resistor, and the boot is modeled as an in-series resistor with each leg 
of the body. In this model, it is assumed that the resistance for each leg is the same and the resistance of 
the boot is also the same.  
 
 

 
Figure 28 Circuit model of firefighter for the current pathway of hand to feet 

The research refers to the human body resistance from IEC standard 60479-1, where the human body is 
simplified to be one resistor defined as human body resistance. Figure 14 shows the simplified models of 
firefighter resistance. The human body resistance (as given in IEC standard) can be modeled as the in-
series circuit of hand to trunk resistor and half of the leg resistor due to the parallel pathway on two legs. 
Similarly, the resistance of the boot is also cut by half in the total firefighter resistance model as shown in 
Figure 14. 
 

 
Figure 29 Simplified models of firefighter resistance with one resistor representing the human body  
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The total firefighter resistance then can be expressed as  
 

RT = Rg + RHF + RB/2 
 
where Rg is the resistance of one wet glove, Rb is the resistance of the pure human body, and RB is the 
resistance of the two failed boots. The resistance values of the PPE are the measured results as given in 
previous sections.   This data assumes two failed boots which is a severe case.  
 
Table 19 below gives the RHF at different voltages from (IEC 60479-1, 2017) under conditions of large 
contact area and saltwater-wet for children for a hand to hand pathway. As specified in (IEC 60479-1, 2017), 
the total body impedance for the current path hand to foot is somewhat lower than for a current path hand 
to hand (10 % to 3%). 
 
Table 19 Human Body Resistance Hand to Hand under large surface areas of contact in saltwater-wet conditions (IEC 
60479-1, 2017) 

 
 
Table 20 shows the calculated human body resistance Hand to Feet under large surface areas of contact 
in saltwater-wet conditions based as the 70% of the hand to hand value. The three voltages are listed only 
for the particular interests of the PV industry. It is noted that the body resistance changes with voltage as 
well, thus the resistance at a specific voltage should be chosen. When determining the limits for a specific 
PV system, the fire fighter body resistance should be calculated using the PV maximum system voltage of 
the PV array.  This can be addressed in UL3741. For this study, body resistance at three different voltages 
of 100, 225, and 600 are considered to estimate the threshold DC voltages.  
 
To estimate the voltage threshold, only one body resistance needs to be chosen between the three-different 
population. The 5% population includes both adult and children and used to protect most of the population. 
Considering the fact that there is no child firefighter and population of firefighter is much smaller than the 
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public population, it is reasonable to choose the higher resistance value at the 50% or a smaller population4. 
Therefore, the body resistance of hand to feet pathway under the sweat water wet condition is 858 Ω, 780 
Ω, and 569 Ω at voltages of 100 V, 225 V, and 600V respectively under the 50 % population as shown in 
Table 20. 
 
Table 20 Human Body Resistance Hand to Feet under large surface areas of contact in saltwater-wet conditions* 

Touch Voltage (V) Values for the total body impedances ZT (Ω) that are not exceeded for 

 5 % of the population 50 % of the population  95 % of the population 

100 616 858 1166 

225 539 780 1053 

600 420 569 770 
* Values are calculated as 70% of the hand to hand body resistance. 
** When determining the limits for a specific PV system, the fire fighter body resistance should be calculated using the PV 
maximum system voltage of the PV array.  This can be addressed in UL3741. 

 

For resistance of the firefighter boot, the damaged two old boots under the sweat wet condition is chosen 
in this study, since the older damaged boot has a lower resistance than a new undamaged boot. From the 
measured results shown in Table 18, resistance of the damaged old boot RB at 100 volts is 810 Ω under 
the sweat water wet condition.   
 
For the resistance of the firefighter glove, a predictive model was established based on the measured 
results as shown in Figure 11 for minimum value.  Based on the model, the resistance of one glove Rg is 
920 Ω. Therefore, the total firefighter resistance for the current pathway of hand to both feet (assuming a 
sweat wet glove and two damaged sweat wet boots) can be estimated as below based on the body 
resistance at 100 V 
 

RT = Rg + Rb + Rs = 920 + 858 + 810/2 = 2183 Ω 
 

Using Ohm’s Law and current threshold in Table 1, the voltage threshold can be calculated as shown in 
Table 21. However, it is seen that only the voltage for women for the inability of let-go physiological effects 
under wet condition (87 V) is relatively close to the assumed exposure voltage of 100 V used for body 
resistance. For all other cases, calculated threshold voltages do not match with the assumed voltage. For 
example, the calculated voltage threshold for women’s ventricular fibrillation physiological effects is 327 V 
(which does not match the assumed exposure voltage of 100 V). In this case, the body resistance should 
be re-selected at a higher voltage which is closer to 327 V in Table 19 and this will lead to a lower calculated 
voltage threshold eventually. Therefore, when determining the limits for a specific PV system, the fire fighter 
body resistance should be calculated using the PV maximum system voltage of the PV array.  This can be 
addressed during the development of the UL3741 Standard. 

 
4 Usually 5% resistance is selected to protect most of the population. Since firefighters are adults including men and women, the 

resistance should be higher than children. Therefore, 50% of the population resistance is chosen other than the 5%. 



 Hazard Analysis of Firefighter Interactions with Photovoltaic Arrays 
 

 

  

page 51 
 

 
Table 22 and Table 23 provides two extra examples of threshold voltage with selecting the body resistance 
at different voltage of 225 V and 600 V. The calculated threshold voltage of Table 22 is close to the value 
of Table 21. For the threshold voltage at 600 V in Table 23, all thresholds of ventricular fibrillation for men 
is lower than the pre-selected 600 V. 
 
Table 20 DC Voltage threshold of Electrical Shock for hand to feet pathway under the sweat water wet condition 
estimated based 100 V human body resistance of 858 Ω. (This data assumes sweat wet gloves and two sweat wet 
failed boots) 

Physiological 
Effects (DC) 

Men Women (V) Children (V) 

Perception (Wet) 9 5 4 

Inability to Let Go 
(Wet) 

131 87 65 

Inability to Let Go 
(Dry) 

262 175 131 

Ventricular 
Fibrillation (Wet) 

493 327 247 

Note: It is understood children are not firefighters but the data is shown for comparison. 

 
 
 
 
Table 21 DC Voltage threshold of Electrical Shock for hand to feet pathway under the sweat water wet condition 
estimated based 225 V human body resistance of 780 Ω. (This data assumes sweat wet gloves and two sweat wet 
failed boots) 

Physiological 
Effects (DC) 

Men Women (V) Children (V) 

Perception (Wet) 8 5 4 

Inability to Let Go 
(Wet) 

126 84 63 

Inability to Let Go 
(Dry) 

253 168 126 

Ventricular 
Fibrillation (Wet) 

476 316 238 

Note: It is understood children are not firefighters but the data is shown for comparison. 
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Table 22 DC Voltage threshold of Electrical Shock for hand to feet pathway under the sweat water wet condition 
estimated based 600 V human body resistance of 569 Ω. (This data assumes sweat wet gloves and two sweat wet 
failed boots) 

Physiological 
Effects (DC) 

Men Women (V) Children (V) 

Perception (Wet) 8 5 4 

Inability to Let Go 
(Wet) 

114 76 57 

Inability to Let Go 
(Dry) 

227 152 114 

Ventricular 
Fibrillation (Wet) 

428 284 214 

Note: It is understood children are not firefighters but the data is shown for comparison purposes. 

 
The task group developing UL3741 should consider the firefighter actions that will result in a current 
pathway from one hand to two feet.  One possible scenario that could result in this one hand to both feet 
current path is a fire fighter standing on a roof with a metal or otherwise conductive tool being used for 
sounding the roof for integrity. If the fire fighter breaks through the insulation of a live part referenced to 
ground while standing on or near a grounded surface a voltage potential could be put across and drive 
current through a firefighter’s body. 
 
Scenario 2: Hand-to-Knee Pathway 
 
Another possible current pathway for the firefighter coming into contact with PV arrays is from hand to 
knee.5 This is the scenario where the firefighter falls onto his knees and comes in contact with an energized 
part of the photovoltaic system and current flows from his hand to both knees instead of their feet. In this 
case, the total firefighter body resistance is the sum of the glove resistance, pure body resistance from 
hand to knee, and half resistance of the turnout gear through the knee pad.  
 
The body resistance of hand to knee pathway is expected to be much higher than the hand to feet pathway, 
since the knee has a smaller contact area than the feet, and since knees have more less flesh between the 
skin and bones. The standard (IEC 60479-1, 2017) provides no body resistance value for the hand to knee 
pathway. Based on the experimental test (Jiang, 2017), the body resistance measurement test results of 
three males the hand to both knees body resistance is much higher (>10x) than the IEC body resistance 

 
5 This research did not consider a fire fighter falling backwards into the middle of a PV module where parallel 
current paths can occur between the Fire fighter’s posterior, hands and feet at the same time. 
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values for hand to hand or hand to feet.  The body resistance from hand to knee measured on three male 
test subjects was roughly 22 kΩ at 10 Volts, 15 kΩ at 15 Volts and 10 kΩ at 20 Volts under the sweat water 
wet condition as shown in Figure 15. The blue line is the measured data, and the red dotted line is the 
trendline. Similar to hand to feet pathway, three body resistances at 100 V, 225 V and 600 V are chosen to 
estimate the voltage threshold. Based on trendline equation, the body resistances are estimated as 5500 
Ω, 1950 Ω and 555 Ω respectively. 
 

 
Figure 30 From Jiang 2017 report the measured pure body resistance for current pathway of hand to knee versus 
voltages, under sweat wet condition. 

 
The minimum resistance of knee pad Rk is 117 Ω under the sweat condition as given in Table 14. Therefore, 
the total resistance of total firefighter for the current pathway of hand to knee at 100 V can be estimated as  
 

RT = Rg + RHK + Rk/2 = 920 + 5500 + 58 = 6478 Ω. 
 
Table 24 shows the calculated voltage threshold under sweat conditions using RT based on voltage of 100 
Volts for the current pathway of hand to two knees. It is seen most of the threshold is above the assumed 
100 V voltage since the pure body resistance between the current pathway of hand to knee is much higher 
than the resistance of hand to feet. Table 25 and Table 26 provides calculated threshold voltages based 
on body resistances measured at 225 V and 600 V.  The human body resistance drops as the applied 
voltage increases and correspondingly the voltage thresholds for the various pathological effects reduces 
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as the applied voltage increases.  For example, the voltage threshold for women at a 100 V body impedance 
level is 972 V but drops to 230 V as the voltage used to determine body impedance increases to 600 V as 
given in Table 26. For the hand to feet pathway, the threshold voltage does not drop as quickly since the 
body resistance trend is rather flat. Also comparing to the hand to feet pathway, the voltage threshold for 
hand to knees pathway is much higher, even though the resistance of the knee pad is lower than the 
resistance of the boots. This is because the body resistance of the hand to two knees pathway is much 
higher than the hand to two feet (>10X). As will be seen later in the report the PPE knee pads offer much 
less protection than boots. 
 
These results can be used to develop the end product requirements including any applicable safety factors 
to account for foreseeable variations in real world conditions.  Typical safety factors for safety limits should 
be applied during the development of UL3741.  Of course, there will be real-world variations in the types of 
water present, the physical attributes of the firefighter, the type and condition of PPE used, and the possible 
contact modes that might occur.  To accommodate these types of potential variations, a value beneath the 
actual threshold is generally chosen to allow for an additional, reasonable safety factor that will strategically 
minimize the risk of incidents in practice. 
 
Table 23 DC Voltage threshold of electric shock for hand to two knees pathway (based on 100 V body resistance 
measurement) under sweat water wet condition for firefighter wearing PPE 

Physiological 
Effects (DC) 

Men Women (V) Children (V) 

Perception (Wet) 26 16 13 

Inability to Let Go 
(Wet) 

389 259 194 

Inability to Let Go 
(Dry) 

777 518 389 

Ventricular 
Fibrillation (Wet) 

1464 972 732 

Note: It is understood children are not firefighters but the data is shown for comparison. 
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Table 24 DC Voltage threshold of electric shock for hand to two knees pathway (based on 225 V body resistance 
measurement) under sweat water wet condition for firefighter wearing PPE 

Physiological 
Effects (DC) 

Men Women (V) Children (V) 

Perception (Wet) 12 7 6 

Inability to Let Go 
(Wet) 

176 117 88 

Inability to Let Go 
(Dry) 

351 234 176 

Ventricular 
Fibrillation (Wet) 

662 439 331 

Note: It is understood children are not firefighters but the data is shown for comparison. 

 
Table 25 DC Voltage threshold of electric shock for hand to two knees pathway (based on 600 V body resistance 
measurement) under sweat water wet condition for firefighter wearing PPE 

Physiological 
Effects (DC) 

Men Women (V) Children (V) 

Perception (Wet) 6 4 3 

Inability to Let Go 
(Wet) 

92 61 46 

Inability to Let Go 
(Dry) 

184 123 92 

Ventricular 
Fibrillation (Wet) 

346 230 173 

Note: It is understood children are not firefighters but the data is shown for comparison. 

 
Conclusion 
 
This report presents current thresholds for DC applications for adults based on reviewing previous 
literatures and standards. The total resistance of a firefighter is the human body resistance plus certain 
PPE’s resistance for a considered pathway and scenario. From the experimental results of the PPEs, it is 
found that resistance of the PPE under sea water wet condition almost provides no protections. The PPEs 
under the sweat water wet condition provides better protections comparing to the sea water wet condition. 
In regards of the human body resistance, the hand to two feet has the lowest resistance comparing to hand 
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to hand and hand to two knees. Hand to two knees has the highest resistance in all three-different current 
pathway.  
 
The body resistance of hand to two knees is higher than hand to two feet. The boot resistance is more 
consistent and stable at higher voltages than the knee pad of the turnout gear.  The report provides 
guidelines on how to estimate the DC voltage threshold for a given current pathway and certain wet 
condition.  
 
It is intended that these findings, results and approaches may serve as the mechanism for the PV industry, 
firefighting community and interested parties to develop strategies for protecting against different 
physiological effects from electrical exposure for firefighters under dry and specified wet conditions (sweat 
water wet or sea water wet). 
 
Additionally, it was determined that PPE resistance reduces nonlinearly relative to increasing voltages. This 
may be explained by the irregular contact between the electrode and the PPE materials due to the irregular 
shapes and surface configurations.  
 
The analysis of a firefighter’s interaction with an energized PV system and receiving a potentially fatal shock 
is one of comparing risks that have ill-defined probabilities of occurrence and may involve very complex 
interactions between the PV system and the fire fighter.  The typical approach for dealing with a high-level 
failure occurrence that may have several potential root cause pathways is that of fault tree analysis.  This 
technique, that came from Bell Laboratories in the early 1960’s, is a top-down approach to mapping a 
complex failure occurrence to its individual contributing factors using Boolean logic that enables one to 
assess the probability of occurrence following any number of root cause pathways.  A fault tree analysis 
with associated probability should be applied to this research to help evaluate the likelihood of a possible 
scenario resulting in injury.  This would be a useful tool during the evaluation of systems and hazard 
mitigation means and should be considered as an option during the development of the UL3741 Standard.  
 
The results show a direct correlation between increases in electric shock hazard relative to degradation of 
firefighter PPE.  This certainly emphasizes the importance of regular PPE inspection and maintenance. 
 
Future Work 
 

1. Further research boots with sweat wet inside and clean water or pond water wet outside.  
2. Continue firefighter outreach to further develop PV education, awareness and tactical practices. 
3. This report worked from the commonly accepted body model for one hand to 2 feet and when 

combined with the damaged boot data the results account for two damaged boots which may not 
be likely.  Future research should be considered to evaluate for a single damaged boot. This will 
require a different body model that was not readily available. This information may be derived from 
resistance data for individual human body parts that may be found in the IEC60479 documents. 
This information needs to be modified for adults, males and females and applied voltage. Late in 
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the project it was identified that some rubber compounds reduce electrical resistance over a 
relatively small temperature increase. It is possible that this condition may have affected the results 
obtained which indicated a resistance decrease relative to voltage increase.  It is possible the 
thermal increase resulting from increased current flow had a positive feedback effect that drove the 
resistance even lower. 
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Task 4:  Evaluate Electrical Enclosure Protection from Incidental Handline 
Fire Hose Exposure 
 
Introduction 
 
Firefighter duties using traditional firefighting tools and techniques often create conditions that fall outside 
of what most product safety standards consider in addressing normal and abnormal operating conditions.  
One area of interest is related to incidental fire hose exposure of electrical equipment.  Previous UL 
research performed under “The Firefighter Safety and Photovoltaic Installations Research Project. 
Northbrook: UL LLC by Backstrom Bob, & Dini Dave. (2011)” addressed concerns of potential electrical 
hazards for firefighters working in proximity to photovoltaic installations exposed rain tight 3R NEMA rated 
enclosures to fire hose spray.  The results demonstrated the enclosures filled with water when exposed to 
direct non-incidental fire hose spray. Such ingress of water could damage or compromise both the 
protection from shock hazards and efficacy of PVRSS. 
 
This Task 4 work is intended to evaluate electrical enclosures for protection from incidental exposure to 
firefighting liquids. Outdoor electrical equipment, including PV arrays, are rated for a variety of defined 
environmental exposures. There are common existing environmental evaluation criteria and corresponding 
tests that yield specific environmental exposure ratings for products that are found in compliance with 
multiple international and North American safety standards.  Most notable are IEC 60529, Degrees of 
Protection Provided by Enclosures (defining enclosure IP Code) and NEMA 250-2003 defines NEMA 
enclosure types, and these same designations are used in the UL Standard for Safety for Enclosures6 for 
Electrical Equipment, Environmental Considerations, UL 50E.  At this time, enclosures used in PV array 
equipment including PV modules are required by the applicable ANSI/UL Standards to be subjected to the 
rain test, which shares the same test method for the NEMA 3R rating often referred to as raintight. 
 
For the purpose of this project, Task 4, a selection of various electrical enclosures were tested.  These 
enclosures were from various manufacturers and were of different sizes and materials chosen to be of a 
representative size of current day PV balance of system equipment.  The enclosures were rated for higher 
levels of ingress protection (i.e. more robust than a typical NEMA 3R or raintight rating).  Additionally, 
several pieces of PV end-product equipment were tested including two PV modules one microinverter 
(potted type) and several common PV connectors.  
 

The prior UL research (Backstrom and Dini, 2011) indicated that common rain tight, 3R weather-rated 
enclosures quickly allow for the entrance of water from direct fire hose stream exposure. Although some of 

 
6 Explanation and correlation between the enclosure types is addressed in the NEMA 250-2003 document 
and further information can be found at https://www.nema.org/Products/Documents/nema-enclosure-
types.pdf 
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the IEC and NEMA tests include a hose test, they are focused on cleaning and are not as severe as typical 
fire hose exposures; based on this, the ingress protection of all IEC or NEMA rated enclosures with respect 
to fire hose exposure is undefined. 

 
Because PVRSS might be called upon to provide protection when incidental hose spray may occur, 
additional work was needed to better understand ingress when exposed to firefighting tactical hose spray.   
This research was intended to explore if other existing electrical equipment enclosure types / ratings are 
similarly susceptible to water ingress that may compromise the electrical safety and functionality of PV array 
equipment and rapid system shutdown equipment that could pose risks during firefighting operations.  
 
It is intended that these results will support development of enclosure requirements and be beneficial during 
the development of the new UL3741 Standard for Photovoltaic Hazard Control.  
 
As part of this project, UL requested feedback from firefighters related to fire hose spray of building surfaces 
and equipment during firefighting operations.  The feedback received indicated that while firefighters 
typically would not intentionally spray PV arrays that are not themselves on fire, it is possible that during 
firefighting of adjacent building portions involved in a fire that overspray may be incidentally imparted on a 
PV array and its equipment that are not on fire.   This incidental hose spray could negatively affect the 
functionality, operation and safety of that PV equipment.  Additionally, if an array is on fire it is accepted 
that the efficacy of the PV array isolation and protective equipment such as PVRSS may be degraded 
based upon the inherent damage. 
 
This work was intended to address handline fire hose exposure and it does not represent all fire hose 
exposures to buildings on fire.  For example, a Master Stream remote control fire hose spray exposure is 
much more severe and is less precisely controlled. Master Stream tactics are often applied when a 
significant fire is present or when fighting fires on large buildings.  The resultant water force of the Master 
Stream output is substantially higher than that of a handline and can output 2000 gallons per minute with 
more than 1000 lbs of nozzle reaction force. This level of delivery can impose not only ingress but significant 
physical damage to PV equipment in the water path including breakage of electrical enclosures or their 
mounting means.  Such force could easily exceed the design and tested limits of PV modules, PV wiring 
and PV protection equipment. 
 
It is generally agreed that a PV array that is on fire has an undefined protection from electric shock hazards 
so the effects of water ingress of such burning arrays were not considered as part of this study.  The need 
for mitigation of the hazards associated with fire in such conditions will override protection from electric 
shock and therefore this study did not evaluate for PV arrays that are on fire. 
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Experimental Work 
 
Test Configuration 
 
A test range was built for the fire hose exposures. Samples were screwed or otherwise secured to a 
simulated wall to prevent movement during the test exposure.  Two handline hose stations were located 
25ft away from the target wall.  One hose station was located such that the hose stream was directed 
perpendicular to the target.  The second hose station was located off center at a 45-degree angle from the 
target wall as shown in Figure 1.    
 

 
Figure 31- Handline Hose Station Test Range 

Fire hoses by design are intended to impart a deluge of water onto a fire and as was seen in the earlier 
research can overwhelm traditional electrical enclosures. This test was intended to evaluate if commonly 
available electrical enclosures and some commonly available PV products could withstand limited exposure 
to a handline hose and nozzle.  For this testing the Task Force Tips, model ME1-VPGI, variable spray 
pattern nozzle shown in Figure 2 was chosen because it is calibrated to maintain a constant flow of 125 
gallons per minute at predetermined pressures when used with the corresponding metering discs.  Three 
spray patters were used including straight stream, 2ft stream and a 4ft fog stream. 
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Figure 32 – Adjustable Handline Hose Nozzle 

 
One intended result of this testing was to assess the resistance of different enclosure ratings to water 
ingress during incidental handline fire hose spray. This nozzle provided a means to reproduce a specific 
water stream shape, pressure and flow to maintain consistency between exposures throughout the multiple 
tests of the various samples.  Tests on each sample were subjected to 125 Gallons/min at a pressure of 
50psi, 75psi and 100psi.  
 
PV Equipment Testing  
Several pieces of PV equipment were subjected to the same hose streams for the enclosures as indicated 
below in table 2.  As these products and components could not be quickly or easily opened to determine if 
there was water ingress, a dielectric tester was used to verify electrical isolation breakdown resulting from 
water ingress.  For testing the PV modules, one output lead of the dielectric tester was connected to the 
PV module frame and the other lead was connected to the PV module positive and negative output 
conductors connected together. For determining the isolation of the microinverter, the unit, its harness and 
PV connectors were mounted to an aluminum plate surface. One output lead of the dielectric tester was 
connected to the aluminum mounting plate and the other lead was connected to the unit circuit conductors.  
During the tests of the PV module, micro-inverter, harness and PV connectors, the dielectric test meter 
used had a continually updating display.  The meter was programmed for a 5 mA current limit dielectric 
breakdown threshold.  Loss of isolation between the circuit conductors and the mounting plate would be 
indicated by the dielectric tester if the current exceeded 5ma.  The micro-inverter and its harness were 
tested at 500 Vdc and the other components were tested at 1000 Vdc. 
 
The hose streams were directed at both the PV module top surface and back including the junction boxes 
and PV connectors. Both sides were also tested with perpendicular and 45-degree hose sprays. 
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Figure 33- PV Module A Front Straight Stream 

 

 
Figure 34- PV Module A Back 
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Figure 35- Micro-inverter and Harnesses 

 
 
 

 
Figure 36 - 4ft Stream 
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Figure 37 - 2ft Stream 

 

 
Figure 38 - Straight Stream PV Module Back 
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Figure 39 - 2 ft Stream PV Module Front 45- Degree Angle 

 
Testing with two people securing the hose is standard practice and helps to maintain spray location 
accuracy and consistency of sweep timing across the target.  This was more important at higher test 
pressures.   
 
Enclosure Testing 
 
The following photos show several of the tested enclosures.   Enclosures were mounted to the plywood 
wall using the manufacture provided mounting holes or clamps. 



 Hazard Analysis of Firefighter Interactions with Photovoltaic Arrays 
 

 

  

page 67 
 

 
Figure 40 - Type 4 Steel Enclosure Surface Mounted Self Adhesive Foam Gasket 

 
 
 

 
Figure 41 – Type 4 Plastic Enclosure Recessed Cut Gasket 
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Figure 42 - Type 4 Plastic Enclosure with Liquid / Foam Form in Place Gasket 

Test Results 
The test results are shown in the two tables below. The PV equipment test results are shown in Table 1 
and the enclosure test results are shown in table 2. 

Sampl
e Voltage Model 

Pressure, PSI 

50 75 100 

Pattern Pattern Pattern 

4' 2' Str 4' 2' Str 4' 2' Str 

1 1000vdc/5ma Harness 1/4 Combiner (unpotted) 
Pas

s Fail               

2 500vdc/5ma AC module 3 wire harness 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

3 500vdc/5ma Micro-inverter & harness 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

4 1000vdc/5ma PV Module 1 Front 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

4 1000vdc/5ma PV Module 1 Back 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

5 1000vdc/5ma PV Module 2 Front 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

5 1000vdc/5ma PV Module 2 Back 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

6 1000vdc/5ma PV Connectors A 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 

7 1000vdc/5ma PV Connectors B 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
Pas

s 
For each result cell the hose stream was directed both perpendicular to the cover and at a 45° oblique angle 
Dielectric Tester used to determine breakdown.  Set with DC test voltage and limit set at 5ma 

Table 1 – PV Array Equipment Test Results 
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Sample Mfr  Material Dimensions 
Enclosure  

Environmental Ratings  

Pressure, PSI 

50 75 100 

Pattern Pattern Pattern 

4' 2' Str 4' 2' Str 4' 2' Str 

1 A Steel 12x10x5 in. 4, 13 Pass Pass Fail             

2 B PVC 13x13x6.75 in. 4X, 13 Pass Pass Pass Pass Pass Pass Pass Pass Pass 

3 A Steel 16x16x6 in. 4, 12 Fail Fail               

4 B Fiberglass 15.25x13.25x7 in. 4X, 12 Pass Pass Pass Pass Pass Pass Pass Pass Pass 

5 C Aluminum Alloy 200x230x110 mm 
4, 4X, 12, 13,  

IP69 Pass Pass Pass Pass Pass Pass Pass Pass Pass 

6 A Steel 9x23.75x6.25 in. 4, 12 Fail Fail               

7 D Steel 6x4x3 in. 4, 13 Pass Pass Pass Pass Pass Pass Pass Pass Pass 
For each result cell the hose stream was directed both perpendicular to the cover and at a 45° oblique angle 

Table 2 – Enclosure Test Results 

 
 
 

 

 
Figure 44 - Type 4X Plastic Enclosure with Recessed Gasket No Water Ingress - Pass 

 

After each hose spray exposure, the enclosures were wiped dry with a towel to prevent outside water 
entering the enclosure during the opening process. 
 

Figure 43 Type 4X Steel Enclosure Water Ingress - Failure 
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The PV equipment exposure results were compliant and did not exceed the 5 mA limit when exposed to 
the water stream. There were no visual indications of equipment degradation resulting from the hose stream 
exposures. 
 
During the spray exposure, the PV and micro-inverter wire connectors did not exceed the 5 mA current limit 
threshold but it was observed that the constant measurement leakage current did rise and peak during the 
highest water volume and pressure portions of the exposure.  The leakage current appeared to reduce as 
the water path passed the connecter mating points.  The limitations of the equipment used for this test did 
not allow for logging of this data so it could not be specifcially quantified in these results.  The PV module 
leakage current did not appear to change when the front of the modules were expose to the hose stream. 
 
At the end of the testing the hose spray had degraged the clean plywood wall surface used to mount the 
test samples. 
 

 
Figure 45 - Clean Plywood Wall After a Day of Handline Hose Stream Testing 

 
Findings 
1. The results demonstrated that some of the enclosures with higher IP and NEMA Type ratings were 

able to withstand the handline fire hose exposure that was intended to simulate incidental fire hose 
spray.  A few of the enclosures tested were not able to withstand the exposure.  The NEMA Type 4 
and 4X enclosures are commonly available in the US. IEC 60529, IP69 rated enclosures are less 
commonly available in the US so only one was available for testing and it did not allow water ingress.  

2. Only Type 4 enclosures with the flat sandwiched gasket adhered to the cover failed the spray 
exposures and allowed water ingress at lower pressures and during the less confined 4ft and 2ft 
spray patterns. The enclosures with a labyrinth sealing design and recessed captive gasket passed 
the exposures with no water ingress.    
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3. During the testing of the PV modules, connectors and micro-inverter, no sample exceeded the 5 mA 
limit, but it was observed that the electrical leakage current increased as direct water spay hit portions 
of PV modules, inverters and electrical connectors. The electrical leakage current appeared to 
increase during the direct hose stream and decrease after the hose stream was removed. It was not 
determined if the before and after leakage current were the same. 

4. PV electronic equipment exposure to a fire hose stream could allow water to enter an enclosure and 
it is possible that water can come in contact with live electrical parts. This ingress could increase risk 
of electric shock and reduced effectiveness of PVRS equipment and systems.  Water ingress into the 
enclosures of PV equipment could create other shock hazard current paths or could ground reference 
ungrounded PV circuits.  

5. As would be expected, the NEMA Type 4 and 4X enclosures were more effective in keeping water 
out of the enclosures than was demonstrated by previous testing of NEMA 3R rated enclosures.  

 
Conclusions 
1. Previous UL research has shown that none of the tested raintight Type 3R enclosures prevented 

ingress of water when exposed to direct firehose water spray. The results of this test report indicate 
that some enclosures rated Type 4, 4X, and IP69 (higher than Type 3R) can withstand a 
representative incidental handline fire hose spray.  Safety standards committees will need to consider 
the appropriate minimum enclosure ingress protection rating for PV rapid shutdown equipment.  
While these higher rated enclosures generally demonstrated the ability to prevent ingress of water 
under the test conditions, and use of particular existing ratings and/or designs might be a practical 
solution, a new test for the specific fire hose exposure application may be the best option. 

2. Some of the enclosure failures may have been related to the indirect or deflected water off another 
surface such as the enclosure mounting surface. This supposition may be better addressed by 
representative system level testing and or hose spray from multiple directions as it may be difficult to 
determine a water exposure direction until after a piece of equipment is installed in the field. 

3. Regarding the variation in dielectric test leakage current during the hose spray, one possible 
explanation is that the high-pressure water forced past mechanical o-ring or compression seals but 
after the increased pressure was removed the seal could overcome the increased pressure and 
reseal (forcing out some of the water) such that the leakage current was reduced. Another possible 
explanation is that the increased volume of water present during the hose spray provided a larger 
conductor for the current which reduced overall circuit resistance and resulted in more current flow.  
It is possible that a combination of both factors above resulted in the observed increase in leakage 
current flow during the incidental handline water spray exposure.  

4. Introduction of fire hose spray to the burning array and associated electronics would likely have the 
same outcome of reducing isolation and increasing leakage current therefore reducing the confidence 
in the integrity of the system from a risk of electric shock to firefighters working around the PV array 
equipment. 

5. The introduction of the hose stream to the array and associated electronics that are not on fire could 
have the same net effect of reducing the efficacy of electric shock protection. 
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6. The test used in this document could form the basis for the development of a new test for the UL3741 
Standard. Modifications to the test method may include: 

a. Testing at worst case normal operating voltage 
b. Require data-logging the leakage current.  
c. Establishing leakage current limits: 

i. Before hose spray 
ii. During hose spray 
iii. After hose spray 
iv. Correlation of leakage current limits at worst case voltage to firefighter body 

resistance limits and physiological thresholds identified under Task 3 of this report. 
7. It is important that the FF community understand that the safety of a PV array that is on fire may 

create shock hazard conditions because the protective isolation and efficacy of the PVRS may be 
compromised. With this in mind, if a PV array is on fire and or if it is exposed to fire hose spray the 
PV system may pose an increased risk of a shock hazard.  

8. Based upon the results of the PV module face exposure to hose spray, it is anticipated that a fully 
assembled PV array may provide some inherent protection from incidental hose spray to components 
and equipment located under the modules. PV modules and racking may offer protection to array 
electrical components that are located behind the modules or the roof itself may protect equipment 
installed within the building envelope.  Testing of a complete assembly or system may provide 
compliant results and increased protection from hose spray water ingress.  

 
Potential Future Work 
1. Water ingress into the enclosures of PV equipment could create other shock hazard current paths or 

could create a ground reference in ungrounded PV circuits.  Additional study of the likelihood of this 
exposure scenario should be considered. 

2. While this evaluation demonstrated that some existing enclosure types may pass a more severe 
handline hose stream overspray, further evaluation should explore enclosure exposure to a Master 
Stream operated at a greater distance and at a much higher pressure and volume of water can be 
considered.  A master stream evaluation should consider water ingress as well as physical damage 
to the products including potential displacement of equipment from their mounting points. 

3. This evaluation considered direct 90-degree perpendicular exposure and 45-degree side angle 
exposure of the handline hose spray.  Some water ingress results may have been the result of 
deflected water spray.  Additional evaluation of water spray which has been deliberately subjected to 
deflection and or at different angles of the end assembly would be beneficial. 

4. This evaluation considered hose spray directed at individual equipment, but consideration should be 
given to practical evaluation techniques of an entire system where some system equipment could 
provide exposure protection to other system equipment and or components. Example - PV modules 
could deflect, block or limit hose spray to equipment, wiring and connectors mounted behind or below 
them. Conversely water could also be deflected off one piece of PV equipment and potentially enter 
other enclosures and equipment not exposed to direct spray.     
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5. It would be beneficial to compare electrical leakage current values of PV array equipment before 
during and after fire hose stream exposure to verify if lasting damage was imposed by the water 
spray.  

6. Due to limited availability, only one IP69 rated enclosure was tested.  The “9” in the IP69 rating 
indicates a high pressure and temperature water jet test.  It is undetermined if other IP69 rated 
enclosures would perform better than the Type 4 enclosures pass or fail the exposure of this test 
sequence.  Additional testing of more IP69 enclosures may yield an existing enclosure test and rating 
type suitable for this application.  

7. Consideration of firefighter tactical development and training to address these conditions should be 
considered. 
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Task 5:  Harmonize Safety Standards and Committee Work 
 
Overview 
 
This project, Task 5, originally included a combination of codes and standards-related efforts as well as 
several subtasks that were more closely related to the Task 3 work on the firefighter PV array interactions 
and the firefighter body impedance models. A change in scope for this task is, therefore, executed within 
this report to better align with the title and to avoid replication of effort amongst the various task reports.  As 
a result, the firefighter impedance model and the development of specific voltage and current limits for 
firefighter personal protective equipment (PPE) have been incorporated into the Task 3 work report. 
The following Task 5 subtasks have been completed and the corresponding results are included in Task 3 
section of the final report: 

A. Determine if the existing body model is sufficient for firefighters with and without typical personal 
protective equipment. As needed, define a new body model for this specific application (this 
Subtask item was included in the leading paragraph for Task 5).   

B. Review current personnel safety standards (identified as Subtask 5.1). 
C. Evaluate firefighter body impedance models (identified as Subtask 5.2). 

 
The remaining work items under Task 5 include the following and are presented below in this Task 5 report: 

1. Harmonize safety standards and committee work (identified as a main heading for Task 5). 
2. Recommend harmonized standards based on technical results (identified as the second 

Subtask 5.2. as there were two separate Subtask 5.2 items).  
3. Participate in committees and safety standards meetings via conference calls (identified as 

Subtask 5.3). 
 
The items 1-3 identified above related to Task 5 (excluding items A-C moved to the Task 3 section of the 
final report) have significant overlap. The above efforts for items 1-3 are primarily related to the codes and 
standards efforts which are addressed in this report.  
 
During the work on this research project, UL has either lead or had a significant presence in the 
development of the following codes and standards that are directly related to PV array firefighter protection: 

• UL 1741 PV Rapid Shutdown Equipment Requirements 
• NFPA 70 (NEC) 
• UL 3741  
• UL 62109 and IEC 62109 

 
This subtask report provides an overview of these code and standards efforts relative to the overall goal of 
this research report. Additionally, included at the end of this report is information on two standards for 
Electric Vehicles (EVs) that appears to share similarities to electric shock safety for firefighters working 
around PV arrays.  These EV standards may be beneficial in the development of the new UL 3741 Standard 
for PV Hazard Control.   
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2014 NFPA 70 (NEC)  

The NEC Article 690.12 for PV Rapid Shutdown (PVRS) was introduced in the 2014 version of the code.    
Buildings with PV were to be supplied with a PV Rapid Shutdown System intended to be used by firefighters 
to reduce hazards of working around an electrically live PV array and its wiring. The 2014, 690.12 was 
intended to establish a safe perimeter around a PV array via functions such as an output disconnect or a 
function that attenuates or limits the PV array output power to a low level and limit the voltage of circuit 
conductors leaving a PV array, to 30V or less within 10 seconds of being initiated. At that time, this article 
was written in a manner to attempt to allow for construction of PVRS systems in the field via the use of 
generic PV components and equipment, but there were no established certification requirements for the 
PVRS equipment and systems intended to perform the function of reducing the electric shock hazard for 
firefighters working around PV arrays.   

UL 1741 Requirements for PV Rapid Shutdown Equipment  

In May of 2015, UL issued an 18-page Certification Requirement Decision (CRD) document that expanded 
the requirements of the UL Standard for Safety for Inverters, Converters, Controllers and Interconnection 
System Equipment for Use with Distributed Energy Resources, UL 1741.  This CRD became the basis for 
the certification of PVRS components, equipment and systems to demonstrate compliance with the 690.12 
NEC requirements. Coincident with the publication of the CRD, UL proposed a corresponding revision 
proposal to UL 1741 via its Standards Technical Panel (STP) which started the consensus-based review, 
revision and expansion of the UL 1741 PVRS requirements and formed a special Industry Task Group to 
address this topic.   

Throughout 2016 and 2017 the PVRS Industry Task Group had regular teleconference calls (roughly every 
two weeks) to discuss, develop and revise the UL 1741 PVRS requirements and ultimately put forth 
comment and ballot documents to the larger 1741 STP.  Through considerable effort and input, the PVRS 
requirement addition passed the ballot and was published as a revision to the second edition of UL 741 on 
December 22, 2017.  

The UL 1741 requirements provide a means to evaluate, test and rate equipment and systems for these 
rapid shutdown applications.  These requirements account for the severe electrical and environmental 
installation locations within a PV array.  Many traditional components such as contactors and relays are not 
evaluated or certified for operation in high humidity environments that also include the extreme freeze-thaw 
cycling common to PV array components.  The new 1741 PVRS requirements includes thermal and 
humidity cycling commonly used for PV equipment combined with electrical operational conditions required 
of PVRS equipment.  The new requirements include systems and equipment requirements to evaluate fault 
tolerance and reliability under foreseeable component and system failures. The requirements are intended 
to be applied for the evaluation of PV Rapid Shutdown Systems and equipment of these systems that are 
rated or intended to provide the function defined in NEC 690.12. 



 Hazard Analysis of Firefighter Interactions with Photovoltaic Arrays 
 

 

  

page 76 
 

The UL 1741 PVRS equipment and systems provide firefighters with an electronic means to attenuate or 
isolate and/or de-energize a PV array and output wiring to reduce potential hazards and allow the 
firefighters to perform their work in the vicinity of PV array by limiting exposure to energized PV wiring.  

It is important to distinguish that the PV Rapid Shutdown requirements are intended to reduce hazards for 
firefighters wearing PPE performing specific tasks around PV array equipment. The new UL 1741 
requirements and tests do not evaluate PV Rapid shutdown equipment or controlled circuits as UL 1741 
defined “accessible circuits” with respect to risk of electric shock, energy hazards or fire under normal and 
fault conditions. The new UL 1741 requirements do not address the adverse effects of exposure to fire, fire 
suppression or firefighting on or in close-proximity to this equipment. Equipment evaluated using these 
requirements are only evaluated for operation within their electrical and environmental ratings.   

The requirements in the 2014 NEC 690.12 were intended to reduce shock hazards outside the PV array 
and required array controlled conductors to be limited to no more than 30V within 10 seconds. After the 
publication of 2014 NEC the 690.12, 10 second limit was amended to 30 seconds via a Tentative Interim 
Amendment (TIA).  The published UL 1741 requirements also included the maximum 30 second response 
time.    

2017 NFPA 70 (NEC)  

The 2017 NEC article 690.12 was revised and expanded to further reduce potential shock hazards for 
firefighters within the PV array.  The specific voltage and current limits for firefighter protection inside the 
array were contentious topics especially since the proposed 80V limit inside the array was not tied to specific 
electric shock hazard science.   

The 2017 NEC revision of 690.12 maintained the 2014 30V limit and included the TIA 30 second response 
time. It also introduced new requirements inside the array and included three options for compliance.  
Option (1) allowed for a listed rapid shutdown system or array that was installed per its specific instructions. 
Option (2) required controlled conductors inside the array not to exceed an 80V within a 30 second limit7. 
The Option (2) 80V limits was not based upon detailed shock hazard science, does not account for the 
many differences in PV equipment and system implementations, and relies exclusively upon a system 
implemented in the field rather than a designed and coordinated hazard control system.  Option (3) allowed 
for an array with no exposed wiring or conductive parts and the array needed to be installed at least 8 feet 
away from other exposed conductive parts or grounded metal.  Option (3) most closely supports the 
installation of building integrated PV systems.  

 
7 Note: the 80Vdc limit was an estimate intended to be a compromise between traditional electric shock 
hazard limits and what was thought to be a feasible PV implementation for module level electronic solutions. 
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2020 NFPA 70 (NEC) 

Throughout 2017, UL participated in the Solar Energy Industry Association (SEIA) Task Group efforts to 
develop NEC revision proposals for the 2020 NEC.  The SEIA NEC 2020 Task Group meetings included 
several months of web-conferences and some in-person meetings. One of the significant 2020 revision 
efforts was to revise article 690.12. During these task group discussions, UL and SANDIA provided input 
for the ongoing research related to this report.  UL also provided task group input and support related to 
existing relevant UL and IEC standards, product evaluation information, electric shock safety science, 
status of the UL 1741 PVRS requirements as well as details related to the development of the upcoming 
UL 3741 Standard that is under development.   

UL3741 - the New UL Standard for Photovoltaic Hazard Control  

During the many discussions related to 690.12 and its intended purpose, it became apparent that while 
electronics and proposed reduction in voltage levels offered option(s) to reduce firefighter shock hazards, 
other protection solutions including passive solutions could be combined and implemented throughout the 
array to help keep firefighters out of a hazardous current path.  These other hazard reduction 
implementations could make use of electronics in addition to many other array components, so UL decided 
to start development of a new standard to evaluate the combination of array equipment or system to reduce 
hazards for firefighters. 

Throughout the development of 2020, 690.12 revision proposals and UL 1741 Standards requirements, a 
general concern grew over the title “PV Rapid Shutdown”.  By allowing a 30 second response time, the 
equipment and systems could not realistically be considered “rapid” and since the requirements allowed for 
up to 30V in the actuated state, the PV arrays were not “shutdown”.  The phrase “Rapid Shutdown Array” 
is likely to result in incorrect assumptions that a PV array was truly shutdown once an actuator was tripped.   

Some viable solutions to reduce firefighter risk of electric shock were foreseen as including features and 
functions that are not well described using the rapid shutdown terminology.  A new terminology was needed 
to better describe the ultimate goal of the protection being sought.   

UL saw the need for a new standard and obtained authorization from ANSI to develop UL 3741, the 
Standard for Photovoltaic Hazard Control.  This standard is being developed specifically to evaluate PV 
systems and arrays for reduction of shock hazards and associated electric shock limits specific to 
firefighters working on buildings with PV arrays. The UL 3741 Standard is intended to make use of the 
research developed under this DOE-funded, joint SANDIA / UL project. The UL 3741 Standard will account 
for common firefighter PPE, work practices, working conditions and foreseeable abnormal conditions to 
address defined, science-based criteria to reasonably limit hazards for firefighters performing their duties 
on buildings with PV systems.  The UL 3741 Standard will also make use of the UL 1741 PV Rapid 
Shutdown electronics but will also incorporate the benefits of a coordinated array construction to prevent a 
firefighter from entering an electric current path and therefore reduce shock hazards.   
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An array built to comply with 2017 NEC 690.12 Option (3), that of no exposed wiring or conductive parts, 
may be acceptable to some code authorities.  However, installation of a UL3741 certified system would 
reduce time and potential AHJ challenges in the field. 

The UL 3741 Photovoltaic Hazard Control standard addresses more than just electronic solutions and as 
such needs participation from members across the PV industry.  UL has also developed a Standards 
Technical Panel (STP) for UL 3741, comprised of: AHJs, Firefighting experts, NEC experts, US National 
Labs, producers, supply chain members, industry experts and STP members from across the range of the 
many UL PV standards.  The science-based research combined with the UL 1741 PV rapid shutdown 
requirements, UL 62109-1 and new UL 62109-2 ground fault protection methodologies provide an excellent 
foundation for the development of UL 3741. UL has developed a framework for the UL 3741 Standard 
based upon this research and expects UL 3741 to be published on or before the fourth quarter of 2018.   

UL 3741 Photovoltaic Hazard Control (Draft Scope) 
1 Existing product safety standards and NFPA 70, the National Electrical Code (NEC) include requirements for PV 

systems that provide practical safeguarding against common hazards in normal use.  Firefighting or other first 

responder operations present a potentially severe set of conditions that are outside of those evaluated as part of a 

typical product safety certification evaluation.  This Photovoltaic Hazard Control standard evaluates for specific, 

defined abnormal conditions and fault tolerance related to anticipated firefighter operations that exceed the criteria 

of existing product safety standards.  

 

2 These requirements evaluate equipment and systems to provide a reduced level of shock hazard from PV sources 

and stored energy within the array boundary and their potential for energizing conductors exiting the array boundary.  

 

3 These requirements address inadvertent firefighter contact with array equipment, components and electrical shock 

hazards located within the PV array boundary.  Some PVHC will include most all array components and others may 

only include a single device that may be evaluated for use with other non-specific PV array equipment. These 

systems include those which are sometimes referred to as PV rapid shutdown systems.   

 

4 The protective voltage and current limits established in these requirements are dependent upon the protection 

provided by Personal Protection Equipment, PPE worn by firefighters.  

 

5 In support of NEC Section 690.12 requirements, PV arrays compliant with this standard are designed to reduce 

shock hazards by methods such as limiting physical access to energized components, reduction in voltage or limiting 

current flow in accessible circuits, and or by a combination of such methods. 

 

6 These arrays may include but are not limited to the following equipment and components: PV modules, mounting 

systems, wiring, wire harnesses, combiners, disconnects, actuators, attenuators, overcurrent protection, converters, 

arc and ground fault protection, indicators, inverters, and/or other PV system equipment functionality. 
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7 The PV array implementations can be electrical, mechanical physical or combinations thereof. These requirements 

cover photovoltaic arrays intended for installation on or integral with buildings. These requirements also cover 

components intended to provide electrical connection to and mounting facilities for photovoltaic modules. 

 

8 Equipment or components shall also comply with the basic construction and performance requirements contained 

in the applicable end-product or component standard. These requirements are intended to supplement applicable 

end-product or component standards and are not intended to serve as the sole basis for investigating the risks of 

fire, electric shock, or injury to persons. 

 

9 This standard includes functional safety requirements that address systematic/software that address systematic 

failures and random failures of solid-state electronics and/ or software/firmware that are performing functions 

essential to the safety of the system. 

 

10 This standard is based on final installation of the PV array being performed by qualified persons in accordance with 

the applicable installation instructions, installation practices and National Electrical Code, NFPA 70. 

 

11 This standard does not address equipment and systems that are on fire, have been damaged by fire, or that have 

been subjected to the direct spray of a fire hose. 

 

12 This standard includes protection limits based upon qualified adult firefighters wearing firefighting personal 

protection equipment (PPE) while performing specific work functions based upon accepted firefighting techniques 

that define and limit their interactions with the PV array.  As such this standard does not provide for levels of 

protection for the general user not meeting the above criteria 
 
A final aspect of UL 3741 of import is that the intent is to adopt a risk analysis based approach to hazard 
reduction in this standard.  Based upon the review of the existing documents, body model information and 
firefighter interactions with the PV arrays covered in Task 3 combined with the analysis of various PV array 
grounding configurations relative to a risk of electric shock, it is believed that while a single set of compliance 
criteria may be possible to define, compounding all conceivable worst-case conditions and fault conditions 
into one scenario will be unnecessarily severe and is improbable in the field.  Instead it is proposed that the 
upcoming UL 3741 Standard make use of this research data to develop requirements including a risk 
assessment protocol to analyze the specific array configurations and protection means to minimize the 
likelihood of electric shock current passing through a firefighter while performing their typical firefighting 
duties in and around a PV array.   
 
To better explain this concept, Task 3 of this report identified (for example) several conditions that could 
lead to a risk of electric shock such as: use of worn/damaged PPE, use of sea water to fight fires, use of 
PPE soaked wet inside and out, firefighters falling with a conductive tool in their hand that penetrates into 
a live PV conductor or module located electrically at the highest voltage potential relative to earth ground 
or nearby accessible conductive surfaces, interactions with faulted PV arrays with ground faults or high 
leakage current conditions, etc. 
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While all of these conditions are possible, the likelihood of them happening concurrently reduces 
dramatically for each added failure or worst-case condition.  Performing a risk assessments for the overall 
system is a logical approach to address each of the concern and or failures.  The requirements and limits 
will be best addressed through the consensus process while developing UL 3741. 
 
The UL 3741 Standards Technical Panel has been formed and task group meetings are expected to begin 
in January 2018.   
 
UL 62109-2  
 
The UL 1741 Standard Technical Panel (STP) is still in the process of adopting the second of the two 
harmonized international standards under IEC 62109 Safety of Power Converters for use in Photovoltaic 
Power Systems.  This process includes the development of US national differences so the international 
standard can be used while recognizing existing US codes and standards.  The UL 1741 STP has already 
published the general requirements under UL 62109-1 and the STP is now working on the UL 62109-2 
requirements that are specific to inverters.   
 
The most challenging US national difference being written into UL 62109-2 is related to the expansion and 
revision of the ground fault protection requirements for PV arrays.  One of the identified areas of concern 
is related to array isolation resistance and resulting leakage current.  PV modules have inherent isolation 
resistance and corresponding leakage current and these parameters are related to the module construction 
and size.  40MΩ per square meter is the minimum isolation resistance for listed PV modules that have been 
stressed by environmental chamber testing.  The distributed isolation resistance of the individual PV 
modules, wiring and systems components operating at the PV array system voltage create a leakage 
current mesh that act to reference and balance an array relative to earth ground potential.   More information 
on this concept is addressed in the Task (1) report.  
 
Normal PV array leakage current can flow through a ground fault even after the PV ground fault protection 
equipment has be actuated.  Typically, the greater the number of modules in an array the greater the 
combined leakage current.  If the available array leakage current is high enough, to source a fire hazard at 
a ground fault.  The UL 62109-2 Task Group is developing requirements to limit the available leakage 
current to prevent this fire hazard.   Limiting of array leakage current will typically limit the array size (number 
of PV modules) being protected by one ground fault protection device.  Other options to limit leakage current 
could be realized through different module designs and wiring methods.  
 
The concept to limit leakage current has general agreement within the Ground Fault Task Group for 
proposed inclusion in the UL 62109-2 Standard that is scheduled to be published in 2018.  This concept 
was also proposed to the IEC TC82 WG3/WG6 working groups at the December meeting in Madrid and 
there was no opposition so it is intended to be proposed as a revision to the new international standard 
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Safety, Functionality and Classification of Photovoltaic Earth Fault Protection (PV EFP) Equipment - IEC 
63112. 
 
This concept of limiting the ground fault-protected array size to control and limit leakage currents below a 
fire threshold may also be a means to limit electric shock hazards.  This may be accomplished if the PV 
array / string size leakage current fire protection limits are further reduced to the electric shock related 
current threshold limits.  
 
IEC 62109-2 also includes requirements related to PV array protection for shock hazard using IEC Residual 
Current Detector (RCD) requirements. When the leakage current threshold limits are exceeded the inverter 
is required to isolate the PV array from the AC grid connection and its reference to ground.   
 
The STP needs to review the IEC 62109-2 limits for electric shock protection and verify if they match the 
US limits and if they truly provide electric shock protection.  There are concerns that arrays with higher 
leakage current can cause an electric shock even after the inverter isolates the PV array from the AC utility 
grid and its ground reference.  The 1741 STP working on the UL 62109-2 national differences have not yet 
concluded if or how to apply the RCD limits with respect to providing protection from electric shock.  The 
final report from this project should be useful to the UL 62109-2 Ground Fault Task Group to help determine 
the appropriate limits and path forward for developing the UL 62109-2.  It is possible that the work under 
UL3741 will help address these concerns develop a path forward for UL 3741 and also UL 62109-2. 
 
UL2231-1 and UL2231-2 Protection for Electric Vehicle Supply Circuits 
 
During research in support of this project, similar safety issues and concerns related to the charging of 
Electric Vehicles (EVs) were identified.  Specifically, UL Standard for Safety for Personnel Protection 
Systems for Electric Vehicle (EV) Supply Circuits: General Requirements,  UL 2231-1 and Personnel 
Protection Systems for Electric Vehicle (EV) Supply Circuits: Particular Requirements for Protection 
Devices for Use in Charging Systems, UL 2231-2 include protection requirements for EVs that often include 
high voltage energy sources that can pose a risk of electric shock to users that interact with the charging 
equipment and vehicles being charged. Additionally, there are similarities in the potential hazards and 
failure modes between PV arrays and EVs specifically related to ground faults, leakage currents and electric 
shock hazards.  These two standards are harmonized between the US, Canada and Mexico. 
 
It is recommended that the UL 3741 STP review and consider UL 2231-1 and UL 2231-2 when developing 
UL 3741.  Below are related portions of the UL 2231-1 scope. 
 

UL 2231-1 Scope (applicable portions) 
 

1.1 These requirements cover devices and systems intended for use in accordance with Annex A, Ref. No. 1, to 

reduce the risk of electric shock to the user from accessible parts, in grounded or isolated circuits for charging 

electric vehicles. These circuits are external to or on board the vehicle. 
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1.2 The devices and systems covered by these requirements are compatible with the designs of charging systems 

and vehicles where use is intended and are rated accordingly. To assure compatibility, the charging system, the 

vehicle, or both, are in accordance with the features contained in 1.3 - 1.5. 

  

1.3 The type of vehicle covered by these requirements, including all accessible conductive parts on the vehicle, has 

one or more of the following: 

a)     Provision for the connection of an equipment grounding conductor during battery charging, unless the vehicle 

has a system of reinforced or double insulation or all of the circuitry on the vehicle is electrically isolated from 

the supply circuit, 

b)      Provision for the connection of ground-monitoring conductors, where required, 

c)     Reinforced insulation, or is double-insulated from the supply circuit, or 

d)     No direct connection between current-carrying conductors and the vehicle chassis. 

  

1.4 These requirements cover devices and systems where the grounding path impedance of the charging system to 

the vehicle is less than or equal to the impedance of the ungrounded conductor or conductors. 

  

1.5 These requirements cover devices and systems where a continuous current less than 70 mA RMS is available 

from any accessible part of the charging system. 

  

1.6 Devices covered by these requirements are intended to interrupt the electric circuit to the load when: 

a)     A fault current to ground exceeds some predetermined value that is less than that required to operate the 

overcurrent protective device of the supply circuit, 

b)     The grounding path becomes open-circuited or becomes an excessively high impedance, or 

c)     A path to ground is detected on an isolated (ungrounded) system. 

  

1.7 These devices and systems are intended to be applied on electrical systems or include derived systems that 

are: 

a)     Either end-grounded or centrally grounded when the operating voltage is 150 Vrms or less, 

b)     Centrally grounded when the operating voltage is greater than 150 Vrms, or 

c)     Isolated (ungrounded). 

  

1.8 Charging circuit-interrupting devices covered by these requirements are investigated for their ability to provide 

protection based on: 

a)     The type of current (60 Hz AC, DC, a combination of AC and DC, or AC at frequencies greater than 60 Hz) 

present in the circuit to be protected, and 

b)     Voltage. 

  

1.9 In Mexico and the US, these requirements do not cover ground-fault circuit-interrupters (GFCIs) intended for 

use as personnel protection in accordance with the national electrical codes on grounded 120 Vrms or 127 Vrms to 

ground, 60 Hz circuits. Such devices are covered under Annex A, Ref. No. 2.  

http://standards.ul.com/htmldocuments/1999-8729/2231-1/s2231-1_2popup.html#1
http://standards.ul.com/htmldocuments/1999-8729/2231-1/s2231-1_2.html#na2231.1.2-a
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In Canada, these requirements do not cover ground-fault circuit-interrupters (GFCIs) in accordance with the national 

electrical code on grounded 120 Vrms or 127 Vrms to ground, 60 Hz circuits. Such devices are covered under Annex 

A, Ref. No. 2.  

  

1.10 This Standard includes the Scope, Definitions, and Description of Requirements, including the required features 

of protection systems. The standards in Annex A, Ref. No. 3 contain the Performance and Construction requirements 

for protective devices that would become a part of a charging system. 

 

 
Findings 
 

1. There are differing opinions related to how firefighter protection should be provided in the present 
codes and standards. Some of the parties involved strongly support module level electronics that 
reduce the voltage to lower levels while others support isolation-based protection that may still 
operate at higher voltages.    

2. Considerable industry effort has gone into the development of the UL 1741 PVRS requirements 
that were published on December 22, 2017.  The new UL 1741 requirements establish the electrical 
and environmental evaluation criteria a foundation for the evaluation of electrical protection 
equipment for PV Hazard Control equipment.  

3. Many of the members of the UL 1741 PVRS Task Group are members of the UL 3741 STP and 
they have a good understanding of the need for risk-assessment principles that are the objective 
of the UL 3741 Standard. 

4. At the time of this report, the 2020 NEC 690.12 CMP4 Task Group plans to propose a revision to 
the larger CMP4 to revise the reference to “listed rapid shutdown array” and instead make use of 
the “PV Hazard Control” terminology and include a note that provides some explanation of the 
upcoming UL 3741 Standard.  

 
  

http://standards.ul.com/htmldocuments/1999-8729/2231-1/s2231-1_2.html#na2231.1.2-a
http://standards.ul.com/htmldocuments/1999-8729/2231-1/s2231-1_2.html#na2231.1.2-a
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Conclusions 
 

1. The UL 3741 Standard is being developed to address options for module level protection and 
isolation based protection for higher voltage solutions while being focused on reducing the hazards 
to firefighters.   

2. While the UL 1741 PVRS requirements are published for initiation, isolation and attenuation 
functions, the specific protection functions, limits and response times may need to be redefined in 
UL 3741 based upon the research in this final report for the specific firefighter parameters. 

3. The UL 2231 EV Standards may offer some guidance into the development of UL 3741 as they 
already address similar concerns of isolation resistance and leakage current relative to electric 
shock protection. 

4. The upcoming UL 62109-2 ground fault requirements may offer a path forward for UL 3741 to 
address and limit cumulative PV leakage current below firefighter electric shock thresholds.  

 
Potential Future Work 

1. The task groups developing the related codes and standard have tried to include firefighters, but 
locating individuals with firefighting, electrical and standards experience is a significant challenge.  
UL believes it is critical to have firefighters involved in the development of this standard.  The UL 
3741 STP includes 27 individuals, 4 of which are either firefighters or are members of firefighting 
associations.  UL will continue to look for STP and task group members with firefighting experience 
to participate on these standards.  

2. Firefighter Outreach 
a. There are roughly 30,000 fire department with different requirements and priorities located 

in the US that require PV-specific safety training that is currently not offered. 
b. A single communication means to relay information or new training to US firefighters is 

needed.  
i. The UL Fire Safety Research Institute (FSRI) has 10 full-time staff dedicated to 

firefighter research and education.  They have covered many firefighting training 
topics including PV Firefighter Safety.   PV is one of hundreds of topics the US fire 
service must be prepared to deal with during an emergency.  

ii. UL FSRI issued report and FREE online PV firefighter training program in 
November 2011 and UL estimates the program has only been viewed by 5% of the 
US fire service members.  Many more have received the message through various 
outreach efforts but many do not understand the hazards associated with PV.   

c. An updated firefighter training program should be developed following the publication of 
this report.  

 
©2018 UL LLC. All rights reserved. This white paper may not be copied or distributed without permission. It is provided 
for general information purposes only and is not intended to convey legal or other professional advice. 
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