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Abstract
The new UL217 8th edition fires have proven difficult to pass. In this study,
we analyse the levels of CO2, CO and VOC gases emitted during the
UL217 fire tests and demonstrate the effectiveness of these for fire
discrimination. We show that large levels of CO2 are produced during
flaming fires, with much lower levels during smouldering fires and no CO2
produced during cooking events. We also show that there is a similar but
opposite trend for CO during both flaming and smouldering fires.
Finally, we also analyse the VOC levels produced during the fires and
show that VOC has the capability to discriminate between the flaming
polyurethane fire and cooking nuisance sources. With the introduction of
IOT and smart technologies, we present the concept of utilising air quality
monitors within the home to work in conjunction with the installed smoke
alarms to improve the fire detection algorithms.
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Introduction
As of December 5th, 2019, the introduction of the smoke alarm UL217
8th edition standard was delayed until June 30, 2021 [1]. However,
this was again extended in November 2020 until June 30, 2022 [2].
UL has stated that this is due to “the high number of non-conformities,
required re-design and re-submittals” [1]. This highlights the difficulty that
manufacturers are experiencing trying to conform with the new fire tests,
specifically the flaming polyurethane and nuisance cooking test.
Therefore, either new technologies or smarter algorithms are necessary
to meet the new requirements.
In the past gas detection has been investigated as a method of fire
detection, mainly focussing on CO [3], CO2 [4] and volatile organic
compounds (VOCs) [5] or a combination of these [6, 7]. However, there
have been no studies on the potential use of these gases as an ancillary

sensor to pass the new UL217 fire tests. The formulas for complete and
incomplete combustion of methane are shown below in Eq. 1 and Eq. 2,
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Smouldering fires occur due to lack of oxygen resulting in incomplete
combustion while flaming fire have excess oxygen and result in complete
combustion. As shown in Eq. 1, it is expected that high levels of CO2 will
be generated by flaming fires due to complete combustion of all fire
propagating materials. Therefore, CO2 detection should enable the
differentiation of smouldering and flaming fires. As per Eq. 2, in contrast
to a flaming fire, a smouldering fire, during which incomplete combustion
occurs, produces CO and not CO2 and this could also be used to improve
current fire detection practises.
VOCs are also produced during fires due to incomplete combustion and
through the evaporation of fuel. It would be expected that during these
tests the VOCs would be generated during the smouldering fires, where
incomplete combustion usually takes place, but if a flaming fire produces
many carbon compounds as a result of the fuel, there would also
be a sharp increase in VOCs measured. If used in conjunction with other
gas detection methods, VOCs could potentially aid us in determining the
fire type and subsequently the difference between a dangerous fire
and a nuisance event.
It has been shown previously, that using the current industry standard,
single wavelength for smoke detection, it will not be possible
to differentiate between the flaming polyurethane and cooking nuisance
fires [8]. Therefore, in this paper we investigate the use of supplementary
sensors such as CO2, CO and VOCs to distinguish fires and nuisance
tests in the UL217 standard.
Experimental
Testing was carried out in the UL fire room, Northbrook, Il. Standard IR
optical chambers were used to measure the smoke level and
a SenseAir® S8 NDIR CO2 sensor was used to measure the CO2
produced during the fires. An Ei Electronics manufactured
electrochemical CO sensor was used to measure the CO and
an iAQ-Core Indoor Air Quality Sensor Module was used to measure
the VOC level. The UL217 8th edition standard contains 6 unique test
fires, smouldering wood, smouldering polyurethane, flaming paper,
flaming wood, flaming polyurethane and cooking nuisance. During each
test, all sensors were placed on the ceiling at a distance of 17 ft from the
test fires and 10 ft from the nuisance source, as per the UL217 standard.
The data was logged at 1 second intervals during each test. The end of
test time is determined as per the UL217 standard, which is based on
time or obscuration level recorded, depending on the test.

Results
Theory states that CO should be emitted during incomplete combustion
while CO2 should be generated when complete combustion occurs.
The CO and CO2 levels generated during the 4-minute flaming paper test
are shown below in Fig. 1 (a) and (b). Initially, there is a constant rise
in the CO level recorded from 80 seconds to 180 seconds into the test,
with little to no rise in the CO2 level. During this time, the paper
is smouldering, and incomplete combustion is occurring, thus producing
high levels of CO, with a maximum level of 96 ppm recorded during
the test. 180 seconds into the test, the CO2 level has increased from
a baseline of 400 ppm to 600 ppm.
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Figure 1.

(a) CO and (b) CO2 recorded at 17 ft ceiling position during
the flaming paper fire test as per UL217 8th edition.

However, once flame breakthrough occurs at 180 seconds, there is
a very significant rise in CO2, rising from 600ppm to 1200 ppm over
a 30 second period, while the CO level halves in the same time period.
These results highlight the effectiveness of CO2 measurements for the
differentiation of smouldering and flaming fires and highlight their
potential benefit for general fire detection.
Similar results are observed during the smouldering and flaming
polyurethane tests, as shown in Fig. 2(a,b) for CO and Fig. 2(c,d) for CO2.
During the smouldering polyethane test, the CO level reaches 40 ppm by
the end of the test, while there is effectively no CO2 recorded during the
smouldering polyurethane fire with levels not rising above 500 ppm
by end of test. However, there is a large amount of smoke produced in
this time, which can easily be detected by the optical smoke chamber.
This indicates that only incomplete combustion as per Eq. 1 is occuring
during the smouldering polyurethane test.
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Figure 2.

(a) CO recorded during the smouldering polyurethane,
(b) CO recorded during the flaming polyurethane tests,
(c) CO2 recorded during the smouldering polyurethane and
(d) CO2 recorded during the flaming polyurethane tests
at 17 ft ceiling position.

As shown previously [8], during the flaming polyurethane test, there is
a much lower amount of smoke produced. Therefore, a secondary source
of fire confirmation is required. Fig 2(b) demonstartes that almost no CO
is produced during the flaming polyurethane test, with CO levels not
exceeding 8 ppm by the end of the test. On the other hand, as shown in
Fig. 2 (d), the CO2 level increases by over 500 ppm in a 2 minute period.
These results prove that both CO and CO2 can be used to discriminate
between the smouldering and flaming fires in the UL217.
However, the main challenge associated with the 8th edition UL217
standard is the addition of the nuisance hamburger test.

As shown in Fig. 3 (a,b), during the cooking nuisance test there is
effectively no CO or CO2 produced throughout the 20 minute test. In the
case of CO, a similar level of CO is produced by the end of the test for
both the flaming polyurethane and cooking nuisance tests. Therefore, CO
levels alone cannot be used to differentiate between the two tests. On
the other hand, as shown in Fig. 2(d), a large amount of CO2 is produced
during the flaming polyurethane test. Therefore, CO2 can easily be used
as a differentiator between flaming polyurethane and nuisance cooking
tests. This a unique solution and due to the large differences between
CO2 levels produced in the tests, makes it very effective for test
discrimination.
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Figure 3.

(a) CO recorded at the 10ft position during the cooking
nuisance test and (b) CO2 recorded during the cooking
nuisance as per UL217 8th edition.

Although these results highlight the potential use of a CO2 sensor in
conjunction with an optical chamber to pass the UL217 fire tests, the cost
of the sensor and the current draw are two major drawbacks which limit
its potential use. The CO2 level will also be affected by human presence,
however, the rate at which CO2 is produced is expected to be less than
200 ppm per minute. For all fire tests carried out in this study the starting
background level of CO2 was 400 ppm approx. as the fire test room was
ventilated between tests. Further research is still required for elevated
starting CO2 levels which would be likely in an occupied domestic
property.
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Figure 4.

(a) VOC during flaming paper fire and
(b) VOC during the smouldering polyurethane test recorded
at 17 ft ceiling position as per UL217 8th edition.

Another alternative to CO2 which should also be considered, is the use
of VOCs. A VOC sensor is a cheaper alternative to CO2 and has the
potential to provide a more economical solution to the challenge
of discriminating fire types for the UL217 standard.

When placed in the flaming paper and smouldering polyurethane fires,
it is clear that there is a high volume of VOC produced with the iAQ-Core
module saturating during the flaming paper fire and reaching 50 %
saturation by end of test for the smouldering polyethene, as shown in
Fig. 4(a,b). These results show that there are high levels of VOCs
produced in fires which can easily be detected with indoor air quality
sensors.
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Figure 5.

(a) VOC during the flaming polyurethane test recorded
at 17 ft ceiling position and (b) VOC during cooking nuisance
test at the 10ft position as per UL217 8th edition.

When tested in the flaming polyurethane fire, it was found that very small
levels of VOC were produced during the test fire, with the sensor only
recording a maximum of 8 % of saturation as shown in Fig. 5(a).
The flaming polyurethane test was repeated 5 times and the results
remained constant throughout. This indicates that the flaming
polyurethane fire produces almost no VOCs, though the exact reason for
this remains unclear.

The results of the VOCs produced during the cooking nuisance test are
shown in Fig. 5(b). By the end of test, the VOC level has risen to a value
around 25 – 35 % saturation of the IAQ sensor. This indicates that
relatively large amounts of VOC are emitted during the hamburger
broiling event. From these results it is clear that VOC is another
alternative sensor which could be used to differentiate between the
flaming polyurethane and cooking nuisance tests within 8th edition UL217
standard.
Discussion
While both CO2 and VOCs have proven to be effective at differentiating
between the flaming polyurethane and cooking nuisance tests, there are
other nuisance events that should also be taken into consideration when
optimising any new smoke alarm. It is not clear if other foods or cooking
methods would produce similar VOC levels as those found in the UL
cooking nuisance test. Steam is also a common source of false alarms,
which would not produce any VOCs. In the case of CO2 it is likely that
CO2 would not be produced during other cooking events or boiling of
water.
Therefore, CO2 still remains the preferred option for cooking nuisance
recognition. However, the cost and power consumption of CO2 sensors
are major drawbacks for their potential use in a mass market product
such as a smoke alarm. The increased cost of smoke alarms would be
a major deterrent to the consumer to provide adequate protection for their
homes and is a major drawback of the technologies suggested in this
paper.
In order to reduce cost, the analysis of data from existing indoor air quality
monitors and smoke alarms in a centralised system, potentially utilising
cloud or edge computing and machine learning algorithms, should be
considered. This could allow for improved fire detection without
increasing the costs of the individual alarms. However, the UL217
standard as it is currently written does not allow for this and this an area
which the authors believe should be given further consideration.
We propose a standard IR forward scattering smoke alarm,
an environmental sensor with either CO2 or VOC detection and
a Gateway, that could be used as a smart fire detection system.
The smoke alarm and gas sensor would have wireless connection to the
Gateway which would be connected to the internet. By transmitting live
smoke and environmental data, a remote algorithm could be used
to determine the likelihood of a nuisance event and potentially delay the
time to alarm, or in the case of a likely real fire event, speed up the time
to alarm. This solution would provide a lower cost smoke alarm solution
with the additional benefit of a machine learning algorithm whereby fire
likelihood could be constantly updated based on past events, for both
individual properties or all systems.

This technology is fast becoming main stream and the potential for
standards to be revised to allow this should be considered.
Conclusion
In this study, we have shown that the use of additional sensors for
detecting gases such as CO, CO2 and VOCs would greatly improve fire
detection systems and allow for the differentiation between nuisance
events and real fires as required by the new UL217 standard. Monitoring
of CO2 or CO gas can provide information on whether a fire is
a smouldering or flaming fire. CO2 also has the added advantage of
distinguishing between flaming polyurethane fire and the hamburger
nuisance event with VOC’s also being a possible alternative. The findings
of this work indicate that there is a strong relationship between different
fire types and the gases produced, which can be used to the advantage
of those who are trying to innovate and improve on the current fire alarm
technologies.
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