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This paper describes the operations of several types 

of gas monitors in use at the Idaho National Laboratory 

(INL) High Temperature Electrolysis Experiment (HTE) 

laboratory.  The gases monitored are hydrogen, carbon 

monoxide, carbon dioxide, and oxygen.  The operating 

time, calibration, and unwanted alarms are described.  

The calibration session time durations are described.  

Some simple statistics are given for the reliability of these 

monitors and the results are compared to operating 

experiences of other types of monitors. 

 
I. INTRODUCTION 

 
This paper describes the operations of the hazardous 

gas monitoring systems in use in the Idaho National 
Laboratory’s High Temperature Electrolysis (HTE) 
laboratory.  The monitors read carbon monoxide, carbon 
dioxide, hydrogen, and oxygen levels in the room.  These 
gases are possible effluent gases from the steam 
electrolysis experiments that operate in the laboratory.  
There are two gas monitors per gas species, and they have 
been operating since their initial calibration in early 
December 2006.  The HTE laboratory is described in [1]. 
 
II. SYSTEM DESCRIPTION 

 
The monitors have been described in a previous 

paper [2], so this description will be brief.  There are two 
monitor units placed in separate locations for each of the 
four gases (O2, CO, CO2, H2) being monitored.  The 
monitors all report to central panels, each located near one 
of the two personnel door exits from the laboratory.  The 
oxygen, carbon monoxide and carbon dioxide units are all 
located roughly 3 feet from the floor, as shown in 
Figure 1.  The hydrogen monitors are located on the 
ceiling, away from ventilation system ducts, as shown in 
Figure 2.  The monitors are operated year round, except 
for special circumstances when experiment operations are 
completely shut down and maintenance work is under 
way with the use of chemicals that have been found to 
give false positive alarms from the gas monitoring 
system.  For that reason, a good estimate of operating 
time per calendar year is 8590 hours (a year minus one 

week).  The monitoring systems have been in operation 
for over 3 years.   The average readings of the monitors 
are given in Table I.  The warning and evacuation alarm 
setpoints of the monitors are given in Table II.  The reader 
will note that the CO2 ppm readings in Table I are below 
the typical atmospheric concentration of ~380 ppm [3].  
For best accuracy, the CO2 monitors were tuned to the 
warning and evacuation set point ppm values rather than 
the ambient concentration value. 
 
III. MONITOR OPERATING EXPERIENCES 

 
To discuss the operating experiences of these gas 

monitors, a few definitions are needed.  These definitions 
are to clarify the terms actual alarm, unwanted alarm, and 
spurious alarm.  An actual alarm is defined as a condition 
of the gas sensor reading that gas which has leaked or 
issued from the experiment apparatus.  Therefore, an 
actual alarm is a gas monitoring system alarm 
annunciation caused by the in-room release of one of the 
process gases used in, or produced by, the electrolysis 
experiment.  In the three years of experiment operations, 
there have been no actual alarms from any of the 
monitors.   
 

Unwanted alarms are defined as gas monitor alarms 
caused by similar gases (sometimes referred to as cross-
sensitive gases) or from the ‘principal’ gas the sensor is 
designed to detect, but the similar or principal gas did not 
originate from the electrolysis experiment or any of its 
support apparatus.  That is, principal gases or similar 
vapors not part of the experiment being monitored but 
have entered the laboratory bay and caused an alarm 
condition.  There have been several events of this type; 
they are discussed below and are outlined in Table III.  
Spurious alarms are defined as false alarms; that is, 
alarms that sound when there is no gas concentration in 
the room air.  Spurious alarms could be generated from 
power fluctuations, electronic noise spikes, 
electromagnetic energy from nearby equipment, etc.  
There have been no spurious alarms with these gas 
monitors since their first actuation in December 2006;  
 



TABLE I.  Typical Readout Values of the Gas Monitor Channels 
Channel number Gas monitored Average reading 

1 Oxygen 21% by volume 
2 Carbon monoxide 0 ppm 
3 Carbon dioxide 23 ppm 
4 Hydrogen 0% LEL 
5 Oxygen 21% by volume 
6 Carbon monoxide 0 ppm 
7 Carbon dioxide 38 ppm 
8 Hydrogen 0% LEL 

 
TABLE II. Alarm Set points for Industrial Gases in the INL HTE Laboratory [2] 

Gas of Interest 

Basis for 

Set Point 

Values
a
 

Initial Warning 

Alarm  

Set Point 

(ppm) 

Evacuation Alarm  

Set Point  

(ppm) 

Hydrogen Flammability 
10% and 25% of LFL 

4,000 10,000 

Carbon dioxide Toxicity 
50% and 100% of TLV 

2,500 5,000 

Carbon monoxide Toxicity 
50% and 100% of TLV 

13 25 

Oxygen Flammability 
OSHA enriched O2 value of 23.5%  

225,000 235,000 

a. LFL=lower flammable limit; TLV= threshold limit value; OSHA=Occupational Safety and Health Administration 
 
 

 
Fig. 1.  View of the oxygen, carbon monoxide, and  
carbon dioxide monitors mounted on the wall. 

 

 

 
Fig. 2.  View of the hydrogen monitor (upper center  
of photo) mounted on the bay ceiling. 

 



the monitors have only alarmed when some type of 
intrusion gas has caused an alarm.   
 

The unwanted alarms in the HTE laboratory have all 
occurred with the CO monitors.  From examination of 
Table II, it is obvious that these monitors are the most 
likely to actuate since they are set to low concentration 
values in the tens of ppm while the monitors for other 
gases are set to values in the thousands of ppm.  The 
unwanted alarms have been traced to two types of events.  
The first type of event is gases from outside the building 
infiltrating into the laboratory.  The electrolysis 
experiment occupies Bay 9, but there are other 
experiments in operation in the other eight bays of the 
building.  Adjacent rooms have had equipment placed, 
and sometimes road trucks deliver equipment and forklifts 
move the equipment from trucks into these adjacent 
rooms.  On two occasions (one in 2007 and one in 2008) 
where such vehicles were operating, the CO monitor 
closest to the roll-up door to the exterior of the building 
would reach its low level alarm point of 13 ppm.  The 
staff believed that the vehicle exhaust gas was leaking 
through wall penetrations of the common wall between 
the two bays as well as through the Bay 9 exterior roll-up 
door, which is not a tightly sealed door.  The CO monitor 
closest to the roll up door is also closest to the paths that 
the forklifts traveled.  The staff noted the characteristic 
smell of exhaust from internal combustion engines; the 
forklift was a large, rough terrain model – probably 
gasoline- or diesel-powered.  In another event in 2007, a 
personal, gasoline-engine vehicle was idling for an 
inordinately long period of time outside the roll-up door, 
and both CO monitors alarmed, eventually reaching the 
evacuation alarm.  Other vehicle exhaust infiltration 
events occurred in 2008.  The laboratory had permanent, 
below-ground gas lines installed from a gas bottle storage 
house to the HTE laboratory.  Diesel-engine powered 
equipment, a trencher and a backhoe, were used in that 
work.  In the course of that trench work, when these 
excavation vehicles neared the building the CO monitor 
alarmed its warning level again, and the smell of vehicle 
exhaust was also noticeable in the laboratory room.  The 
prevailing wind aided in moving the vehicle exhaust to 
the roll-up door of the Bay 9 laboratory room. 
 

The other type of unwanted alarms was introduction 
of interfering, or cross-sensitive, gases into the laboratory.  
Three events occurred due to staff members using 
chemicals that released interfering gases.  In the first 
event, a staff member was applying a thermal/electrical 
insulation coating from a spray can onto a piece of 
experiment apparatus.  This coating was a boron nitride 
aerosol spray from the Carborundum Corporation.  It 
contained acetone, boron nitride, ethanol, ethylcellulose, 
xylene, propane and n-butane.  The spray in the room air 
caused the nearest CO monitor to alarm at the warning 

level.  The staff responded properly to the alarm.  Since 
the experiment was not running at the time this alarm 
occurred, the staff ventilated the room, the alarm silenced, 
and they ascertained that the spray caused a false positive 
reading from the CO monitor.  In the second event, a staff 
member was gluing polyvinyl chloride (PVC) piping 
sections together with liquid plastic cement, PVC 705, 
made by the Indelco Plastics Corporation.  This cement 
contains tetrahydrofuran, methyl ethyl ketone, 
cyclohexanone, and PVC resin.  As the cement was 
drying (and outgassing), the CO monitor alarmed.  
Everyone in the room recognized the “glue smell”.  The 
staff responded to the alarm, recognized that the 
experiment was not presently configured to be able to 
vent any CO, and they opened the roll-up door to ventilate 
the room from the glue smell.  The room ventilation 
reduced the concentration of the cement products and the 
alarm promptly ceased.  The third event occurred during 
other apparatus fabrication.  To drill a hole in an 
aluminum sheet, some oil was used for lubricating and 
cooling the drill bit.  After drilling was completed, a staff 
member used some isopropyl alcohol to clean the residual 
oil from the metal.  Shortly after starting to use the 
alcohol on the warm metal, the CO monitor alarmed at the 
warning level.  The staff was running small, ancillary 
experiments at the time, and they did not want to lose the 
data if the monitor went into the evacuation setting.  They 
investigated the CO warning alarm, determined that the 
experiments were all in proper order and not venting any 
gas.  They then determined that the alarm sounded 
seconds after the alcohol was used.  They quickly 
ventilated the lab room and the alarm ceased.  After those 
three alarm events induced by lab chemicals the staff 
decided that laboratory activities involving chemicals 
could only proceed when the main experiment was in a 
shut down since the staff did not want to risk interruption 
of a 2,500 hour continuous operation electrolysis test by 
receiving an unwanted, false positive alarm from the gas 
monitoring system.  When such chemicals were planned 
to be used in the bay the monitoring system would be 
administratively shut down to preclude false alarms from 
chemical vapors.  The safety organization approved of 
this policy because the monitoring system shutdowns 
would be rare events of short duration; the staff would 
make efforts to avoid chemical use during electrolysis 
experiment operation.  Chemical uses during electrolysis 
experiment shutdowns are preferred. 
 

Besides unwanted alarms, there was one other 
reliability consideration with the monitoring system.  The 
system had one premature equipment failure, an oxygen 
detector head failed in May 2007 just after its first 6-
month calibration period.  The monitor gave a low 
reading, then spiked to a high reading and gave an 
evacuation alarm.  The monitor then promptly failed to a 
zero reading.  When the detector head was removed and 



visually inspected, several drops of clear liquid issued 
from the detector.  There should not have been any liquid 
in the sensor element cap.  These drops of clear liquid 
irritated skin and also caused corrosive deterioration of 
clothing.  One drop that touched copper turned the copper 
a greenish color.  From these indications, the staff 
believed the clear liquid was drops of hydrochloric acid.  
That oxygen detector is mounted somewhat close to a 
water source in the laboratory.  The manufacturer 
confirmed that it was very rare, but that water mist or 
condensed water vapor contacting the dry detector head 
could form very small quantities of HCl.  The staff took 
steps to ensure that no more water would be allowed to 
come in contact with the detector and no water would be 
spilled in the vicinity of the detector to eliminate the 
chance that evaporated water vapor would condense 
inside the detector’s sensor element cap.  The oxygen 
detector head was replaced with a new unit and it has 
functioned well, showing the expected level of 
consumption over time, about 5% per test.  All other 
detectors are still the original equipment. 
 

The detectors are re-calibrated every six months.  
Thus far, each of the detector heads are showing typical, 
expected degradation with time (with the exception of the 
oxygen sensor head that was replaced in 2007, but its 
replacement element is wearing normally as well).  Once 
a year the calibration test includes a full test of the 
system, an “end-to-end” test of the system, starting with 
the introduction of an alarm level gas at the detector head, 
then observing the alarms and the shutoffs of process 
equipment.  A typical calibration session requires about 
~10 minutes per detector head, to access the head, 
visually assess the detector’s physical condition (e.g., 
dirty, corroded, evidence of impact to the unit), affix the 
calibration gas fitting, flow cal gas, verify the reading on 
the unit is proper for that cal gas, check that the local 
reading and the control panel reading agree, remove the 
cal gas, and run the diagnostic on the detector.  The 
typical calibration session is less than 90 minutes.  The 
end-to-end test requires about 4 hours for the entire 
system. 
 
IV. RELIABILITY COMPARISON TO OTHER 

MONITORING SYSTEMS 

 
There are several reliability values that can be 

obtained from these operating experiences.  An operating 
failure rate can be calculated based on the one oxygen 
sensor failure.  A spurious alarm failure rate can be 
calculated based on no events over the time period the 
system has operated.  An alarm-on-demand failure rate 
can also be calculated for the CO monitors.   
 

There are few gas monitor failure rate values 
reported in the literature, but those values that have been 

found will be compared to the operating experience 
values calculated for these gas monitoring systems.   
 
The oxygen system had one detector head failure over the 
time period.  The reader should note that the oxygen 
sensor failure was most likely an environment cause 
(water degrading the sensor).  The reader should also 
recognize that this failure rate calculation is for a small 
number of components, two units, over a relatively short 
operating period of three years.  Higher confidence failure 
rates are generally found with several dozen components 
or more operating over longer time periods.  Using 
statistics from a handbook [4], the average failure rate 
would be �=n/T, where n=1 failure to operate over T=(2 
monitors)(3 years)(8590 hours/year), or 1.9x10-5/hour.  
An upper bound failure rate with a 95% Chi-square 
distribution and 2n+2 degrees of freedom would be 
�95%=(�2(0.95,4)/2T, that is, �95%=(9.49)/[2�2�3�8590] or 
9.2x10-5/hour.  Some results for generic data for fixed 
oxygen monitors gave 1x10-5/hour as the order-of-
magnitude estimate with an error factor of 10 [5].  The 
HTE data compared well to the generic values.  An indoor 
oxygen monitoring system of five monitors that has been 
operated with diligence for over fifteen years [6] yielded 
these rates: failure to operate, 2.6x10-6 per hour with a 
95% upper bound of 1.1x10-5/hour, and a spurious 
operation rate of 4.6x10-5 per hour with a 95% upper 
bound of 7.5x10-5/hour.  The HTE laboratory oxygen 
monitor value was about a factor of ten higher than the 
specific dataset from the five monitors that operated for 
five times longer.  The HTE oxygen monitor failure rates 
compared well to generic data.  Since the water 
degradation issue has been resolved, the oxygen monitors 
are expected to give lower failure rates with additional 
years of operating time accumulated. 
 

The hydrogen, carbon dioxide, and carbon 
monoxide monitors had no failures to operate and no 
spurious alarms over the time period.  The US Nuclear 
Regulatory Commission approach to failure rate 
estimation with no failure events [4] is �=0.5/T.  
Therefore, each set of these monitors would have a zero-
failures approximate failure rate of �avg=0.5/T where T is 
the total unit operating time.  For each set of two 
monitors, T=(2 units)(3 years)(8590 hours/year) or 
5.15x10+4 hours.  The average failure rate for zero events 
would be 9.7x10-6/hour, or 1x10-5/h when rounded off.  
The 95% upper bound would be a Chi-square distribution 
like that described above, �95%=(�2(0.95,4)/2T, giving 
(5.99)/(2)(5.15x10+4 h) or 5.8x10-5/h.  For comparison, 
several documents have given hydrocarbon monitor data.  
Kelly [7] gave a basic, “all modes” failure rate estimate of 
1x10-5/hour for hydrocarbon gas monitors, and the 
Offshore Reliability Data book [8] gave 3.15x10-5/hour 
(and an upper bound of 9.3x10-5/h) for the “all modes” 
failure rate for hydrocarbon gas monitors.  Both of these 



values are close to the calculated failure rate for the HTE 
lab monitors.  Bodsberg [9] gave some data for 
hydrocarbon gas detectors (catalytic sensor units) that 
alarm at fractions of the lower explosive limit of the 
hydrocarbon in air, which is a similar application to the 
hydrogen monitors in Bay 9.  Bodsberg’s data results are 
1.3x10-5/hour for the sensor and control card (the sensor 
channel) physically failing to function at the low setpoint.  
Of that value, 5% of the failure rate is fail to operate, 
another 5% of the failure rate is spurious operation, and 
90% of the failure rate is ‘non-critical faults’ that were not 
well defined.  These data came from an oil company’s 
operating experiences, and Bodsberg did not report error 
bounds but did remark that there was a factor of 10 
variance in the data.  For a monitor failing to operate, the 
Bodsberg data are an average value of 6.5x10-7/h.  While 
the overall failure rate magnitudes agree well in the 1x10-5 
per hour range for these data sets, the failure mode 
distributions do not have such a good comparison with 
some of the available data.  As the HTE lab monitors 
experience more minor faults and off-normal events, the 
data are expected to exhibit more failure mode 
partitioning under the “all modes” value.   
 

The carbon monoxide detectors have alarmed eleven 
times as given in Table III.  While these are classified as 
unwanted alarms in that the gas being sensed was not 
issued from the bay 9 HTE experiments, these alarm 
events are valid challenges of the gas monitor units.  In 
eleven events, the monitors functioned correctly each 
time, or zero failures.  This is verified by the staff; they 
have not smelled any gas without having the monitors 
send an alarm.  The handbook [4] concluded if there were 
no failures in D demands then the conservative failure 
probability on demand, �d, was equal to 0.5/(D+1).  In this 
case, the demands placed on both CO monitors are 
considered.  The calculation for the two monitors is �d = 
0.5/(2(11)+1), or an estimate of 2.2x10-2/demand for the 
CO monitors.  The Chi-square 95% upper bound is 
8.7x10-2/demand.  Of course, this result is for only two 
monitors for a modest set of challenges.  Given these 
factors, the result is expected to be rather high, and it is 
somewhat higher than the demand failure rate of other 
types of monitoring instruments.  Fire (smoke) detectors 
have a failure to alarm rate of 1x10-3 to 1x10-5 per 
demand, nuclear criticality alarm systems have been 
reported to range between 1x10-2 to 1x10-3/demand, and 
operating experiences of tritium room air monitors have a 
rate of 1.4x10-2/demand [10].  The CO monitor value is a 
factor of 1.6 greater than the next largest demand failure 
rate of 1.4x10-2/d, and other monitors gave values in the 
range of 1x10-2 to 1x10-3/demand and lower.  Thus, the 
CO monitor experience results are at the high end of the 
demand-failure range exhibited by other monitors but the 
reader must recall this result is based on a small sample.  

Considering that the gas monitors in the HTE lab have not 
failed to alarm on demand in any case thus far (and the 
staff has administratively depowered the units when they 
expect an unwanted alarm to occur), and the CO alarm 
average rate is 11 events/36 months or 0.31/month, it is 
reasonable to expect that the demand failure rate will 
decrease as the monitors have future alarm events when 
more challenges are presented.  As the gas monitors 
continue to protect the lab in the future and they succeed 
in more challenges, then these monitors are anticipated to 
reduce their demand failure rate to a value below 1x10-2 
per demand.  The overall results for monitor failure rates 
are given in Table IV. 

 
V. CONCLUSIONS 

 
The gas monitoring system for the HTE laboratory 

at the INL has operated well in its first three years of 
operations.  The experiments have not released any gases 
to the room air, so the hydrogen, carbon dioxide, and 
oxygen monitors have not been challenged by process 
gases.  Periodic testing has been taking place in 
accordance with good operating practice.  The operational 
reliability has been good over the time period, at 1x10-5/h, 
and compare well to most of the larger, more mature data 
sets.  Additional operating time is expected to yield HTE 
lab monitor failure rates that could decrease as more 
operating time accumulates, and as the various failure 
modes seen in industrial units are experienced by this set 
of monitors.  Then the HTE monitor performance is 
expected to be more directly comparable to industry 
values.  The monitor testing and recalibration sessions 
have been carried out each 6 months.  The CO monitors 
have had several challenges, demands to alarm, by CO 
gas intruding into the laboratory and by cross-sensitive 
gases triggering the alarm.  In eleven alarm events, the 
CO monitors have always alarmed, giving a demand 
failure probability of 2.2x10-2/demand.  This value is 
somewhat higher than the available data from other 
monitoring devices, but similar to the other HTE 
monitors.  It is believed that as the system continues to 
protect the lab room then more operating experiences will 
bring the demand failure rate to a lower value, less than 
1x10-2/demand.   
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TABLE III.  CO monitor unwanted alarms 
Date Alarm level Description of event 

Spring 2007 evacuation Gasoline powered automobile idled for a long period of time just outside the bay roll-
up door 

Spring 2007 warning Applying a thermal/electrical insulation spray coating 
Spring 2007 warning Gasoline powered forklift was operating in the adjacent bay 
Spring 2007 warning Vapors from gluing PVC pipe sections together 
Summer 2008 warning Diesel powered concrete truck delivered concrete to the adjacent bay 
Summer 2008 warning Gasoline powered screed machine smoothed concrete in the adjacent bay 
Summer 2008 warning Gasoline powered concrete saw operating in the adjacent bay 
Summer 2008 warning Diesel powered forklift delivered heavy equipment to bay 9 
Fall 2008 warning Diesel powered trencher dug a trench to bay 9 for gas line installation 
Fall 2008 warning Diesel powered backhoe covered a trench to bay 9 
Summer 2009 warning Isopropyl alcohol was used to clean up hot lube oil during apparatus fabrication 

 
 

TABLE IV.  HTE lab gas monitor reliability values from three years of operation 
Equipment Failure mode Average Failure rate Upper bound Failure rate 

Oxygen monitor Fail to operate 1.9x10-5/h 9.2x10-5/h 
Hydrogen monitor All modes 9.7x10-6/h 5.8x10-5/h 
CO2 monitor All modes 9.7x10-6/h 5.8x10-5/h 
CO monitor All modes 9.7x10-6/h 5.8x10-5/h 
CO monitor Fail to alarm on demand 2.2x10-2/d 8.7x10-2/d 
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