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Abstract 

Air transport of lithium-ion baĴeries has grown faster than the fire-protection systems designed to 
contain them. The United States Federal Aviation Administration verified a record 89 baĴery thermal 
events aboard commercial aircraft in 2024, representing a sixteen percent rise on the previous year, 
and an independent airline reporting programme recorded a forty percent increase in cargo-side 
incidents between 2021 and 2025. When a cell fails, it vents for several minutes before producing the 
visible smoke that current photoelectric detectors are built to catch. That vent gas is not a vague 
hazard but a chemically defined mixture of hydrogen, carbon monoxide, carbon dioxide and light 
hydrocarbons, almost all of which falls under Class 2 of the United Nations dangerous goods scheme. 
This review treats that correspondence as a deliberate design starting point, positioning the Class 2 
taxonomy as a sensor architecture input rather than a filing category. The experimental literature on 
vent gas composition is synthesised and read against the operational record of aviation incidents. An 
Analytic Hierarchy Process and TOPSIS decision model is then constructed to rank five candidate 
sensor families—electrochemical (EC), non-dispersive infrared (NDIR), tunable diode laser 
absorption spectroscopy (TDLAS), metal-oxide semiconductor (MOX) and photoionisation (PID)—
against seven criteria covering detection limit, response time, selectivity, flight-envelope tolerance, 
certification maturity, power draw and cost. The electrochemical sensor ranked first (TOPSIS 
closeness coefficient C* = 0.741), followed by non-dispersive infrared (C* = 0.635) and tunable diode 
laser spectroscopy (C* = 0.586). Robustness checks confirmed that the top-three order holds under all 
twenty-percent single-weight perturbations and across three policy scenarios. Because no single 
technology covers the full Class 2 envelope, a combined architecture is recommended: an 
electrochemical hydrogen channel, a non-dispersive infrared channel for the carbon oxides, and a 
metal-oxide array for hydrocarbon classification and redundancy. This combination aligns with the 
chemistry-specific findings of an independent principal component analysis of 247 reported failure 
cases. The review closes with concrete regulatory proposals for the ICAO Technical Instructions, the 
IATA Dangerous Goods Regulations and the EASA certification basis. 

Keywords: lithium-ion baĴery; thermal runaway; off-gassing; Class 2 dangerous goods; aircraft 
cargo hold; gas sensor; AHP-TOPSIS; aviation safety; early warning; unit load device 
 

1. Introduction 

The number of lithium-ion cells moving through the air freight and passenger systems each year 
now runs into the billions. They power phones, laptops, medical devices, e-cigareĴes and the power 
banks that travellers carry without a second thought. The property that makes them useful, a high 
energy density packed into a small mass, is the same property that makes a failed cell dangerous. A 
single 18650 cell at full charge can release tens of kilojoules during a runaway event, together with 
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several litres of flammable and toxic gas [1,2]. Inside an aircraft cargo hold, the outcome of such an 
event depends far less on the cell itself than on how quickly the failure is detected. 

The incident count has risen steadily. The Federal Aviation Administration verified 89 lithium 
baĴery incidents involving smoke, fire or extreme heat aboard commercial aircraft in 2024. This was 
a sixteen percent increase over 2023 and the highest annual count the agency has recorded [3,4]. 
Seventy-seven of those events happened on passenger aircraft and twelve on cargo aircraft. By the 
end of June 2025 the agency had already logged 38 more, which puts the year on track for another 
record [5]. A separate dataset assembled by Underwriters Laboratories Standards and Engagement, 
drawing on voluntary reports from 37 airlines, found a forty percent rise in cargo aviation thermal 
events across the 2021 to 2025 window, with 65 cargo incidents in total [6,7]. Power banks and spare 
baĴeries make up a large share of the device-level breakdown. 

Two accidents remain central to the regulatory record. United Parcel Service Flight 6, a Boeing 
747 freighter carrying roughly 81,000 lithium-ion cells, was lost near Dubai in September 2010 after 
an in-flight cargo fire [8]. Asiana Airlines Flight 991, also a 747 freighter, went down off Jeju in July 
2011 with dangerous goods including lithium-ion baĴeries aboard [9]. In January 2025, a power bank 
in an overhead bin ignited on a parked Air Busan aircraft. No one was killed, but the airframe was 
destroyed. The event was spoĴed by passengers and crew, not by any installed detector [6]. The 
regulatory response to these failures has been steady tightening of the ICAO Technical Instructions 
and the IATA Dangerous Goods Regulations, including the ban on lithium-ion cells as cargo on 
passenger aircraft and a thirty percent state-of-charge cap for cargo shipments [10,11]. Neither 
measure addresses the detection problem inside the hold. 

Cargo compartment fire detection still rests almost entirely on photoelectric smoke sensors, 
which respond to scaĴered light from solid combustion particles. The trouble is that a lithium-ion 
cell in the early stage of failure does not produce much in the way of solid smoke. It produces gas. 
Work by the FAA Fire Safety Branch and by several university groups has shown that a failing cell 
vents hydrogen, carbon monoxide, methane, ethane, ethylene, propylene and traces of hydrogen 
fluoride for a period that can run from seconds to several minutes before the smoke threshold is 
reached [12,13]. A detector tuned to the gas rather than to the smoke could therefore activate well 
before the suppression system reaches its effective limit. 

This connection has received liĴle aĴention in the literature. The vent gas inventory maps almost 
cleanly onto Class 2 of the United Nations Recommendations on the Transport of Dangerous Goods. 
Hydrogen and the light hydrocarbons are Class 2.1 flammable gases. Carbon dioxide is Class 2.2. 
Carbon monoxide is Class 2.3 toxic gas [14]. The same scheme that a dangerous goods officer uses to 
classify a shipment also describes, almost item for item, what that shipment will emit if it fails. It 
means that the regulatory language already in use across the freight system can serve as the 
organising principle for a detection architecture—something neither the baĴery safety literature nor 
the aerospace fire-protection literature has previously made explicit. 

Recent literature has developed on two fronts. Bugryniec and colleagues published a thorough 
meta-analysis of vent gas composition in 2024, pulling the experimental data together on a per-waĴ-
hour basis and seĴling several questions about how chemistry and state of charge shape the gas 
mixture [15]. On the sensing side, reviews by Han and colleagues, by Teng and Lv, and by Zhang 
and colleagues have surveyed the resistive, electrochemical and optical technologies suited to early 
warning [16–18], while Wang and colleagues used a principal component analysis of 247 reported 
failures to derive chemistry-specific sensor advice [19]. No published work applies these consolidated 
findings specifically to the aircraft cargo hold, where the constraints are chemical, regulatory and 
economic in equal measure, and where any proposed device must satisfy the certification basis of CS-
25 and 14 CFR Part 25 before it can fly. 

This review addresses that gap. Three questions guide the analysis. What is the Class 2 vent gas 
profile that a cargo-hold sensor must detect, and how does it shift across the device categories that 
dominate the incident record? What does the operational record show about the interval between 
first venting and smoke-alarm activation? And given the constraints of the flight envelope, the 
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certification regime and the cost structure of commercial aviation, which sensor technologies—and 
which combinations—offer the most defensible early warning design? 

The contribution is specific in three respects. The Class 2 taxonomy is used explicitly as a design 
driver for sensor selection—a step neither the off-gas reviews nor the fire-protection literature has 
previously taken. A multi-criteria decision protocol is built and documented in full, so the weighting 
and ranking can be audited and updated. And a set of concrete regulatory openings is identified 
where gas-phase detection could enter the ICAO, IATA and EASA frameworks without disturbing 
the established classification system. 

The paper is organised as follows. Section 2 establishes the theoretical and technical foundations. 
Section 3 details the literature assembly and decision model. Section 4 presents the synthesis and 
sensor ranking. Section 5 discusses regulatory implications, open engineering questions and 
limitations. Section 6 draws conclusions. 

2. Theoretical Framing and Technical Background 

2.1. A Safety-Science Lens: Normal Accidents and High-Reliability Organisations 

A detection gap measured in minutes may appear modest in isolation; two bodies of safety 
theory demonstrate why it is not. Perrow's normal accident theory argues that in systems that are 
both tightly coupled and interactively complex, failures are not aberrations but expected features of 
the system's design [20]. An aircraft cargo hold is exactly such a system. The cargo is dense and 
varied, the suppression agent has a fixed and limited capacity, the crew cannot reach the fire in flight, 
and the time available to divert and land is bounded by fuel and geography. A lithium-ion runaway 
is a tightly coupled failure: once the first cell vents, propagation to neighbouring cells can outrun the 
suppression envelope, and there is no slack in the system to absorb the delay. 

High-reliability organisation theory supplies the other side. Organisations that operate 
hazardous technologies with very low failure rates, such as carrier flight decks and air traffic control, 
share a preoccupation with early detection of weak signals and a refusal to let small anomalies pass 
unexamined [21]. Applied here, the lesson is direct. The off-gas phase is a weak signal that the current 
detection architecture is not built to hear. Reading that signal early, and acting on it, is precisely the 
kind of anticipatory practice that distinguishes a high-reliability system from one that merely waits 
for the alarm. The technology-organisation-environment framework rounds this out by reminding 
us that whether a detection technology is actually adopted depends not only on its physics but on the 
certification regime and the operating context it has to fit [22]. Together these three frameworks shape 
the structure of what follows: the chemistry defines the signal, the operational record establishes the 
gap, and the decision model weighs sensor options against constraints that are organisational and 
regulatory as much as technical. 

2.2. How a Lithium-Ion Cell Fails and What It Releases 

Thermal runaway is a self-feeding exothermic breakdown that begins when a cell generates heat 
faster than it can shed it. The accepted picture, built largely on the experimental work of Wang, Feng 
and their collaborators, runs through four stages [1,23]. First the solid electrolyte interphase 
decomposes, somewhere between about 80 and 130 degrees Celsius, and the anode begins to react 
with the electrolyte, giving off hydrogen and light hydrocarbons. Then the separator melts and 
internal short circuits start. Next the cathode breaks down and releases oxygen, with the amount 
depending strongly on chemistry: nickel-rich oxides such as NCA and high-nickel NMC give up 
oxygen more readily than lithium iron phosphate. Finally the vented gases and electrolyte vapour 
ignite, often outside the cell casing. The first venting—when the safety valve opens and carbonate-
rich gas escapes before ignition—can precede full runaway by a useful margin [15,24]. That first 
venting is the signal worth catching. 

The composition of the vent gas has been measured often enough that the 2024 Bugryniec meta-
analysis could seĴle the broad picture [15]. Golubkov and colleagues had earlier established baselines 
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for 18650 cells, reporting hydrogen at thirty to fifty percent of the mixture by mole fraction for high-
nickel cathodes, the carbon oxides together at another thirty to forty percent, and the hydrocarbons 
making up the rest [25,26]. State of charge drives the total volume up in a roughly linear way; FAA 
Fire Safety Branch tests under a standardised method confirmed that both the gas volume and the 
combustion energy scale with state of charge, with carbon dioxide, hydrogen and carbon monoxide 
turning up as the three largest constituents by volume [12,13]. Larsson and colleagues documented 
hydrogen fluoride at twenty to two hundred milligrams per waĴ-hour, a figure that maĴers less for 
detection than for crew exposure and avionics corrosion afterward [27]. Table 1 sets the inventory 
against the dangerous goods scheme. 

Table 1. Principal lithium-ion vent gases mapped to the UN Recommendations on the Transport of Dangerous 
Goods. Mole-fraction ranges are drawn from the consolidated experimental literature [15,25,26]. 

Vent gas UN no. DG division Mole fraction Note 

Hydrogen (H2) 1049 2.1 flammable 30–50% Rises with SOC; LFL 4% 

Carbon monoxide (CO) 1016 2.3 toxic 10–25% OSHA PEL 50 ppm 

Carbon dioxide (CO2) 1013 2.2 non-flammable 10–30% Often largest by volume 

Methane (CH4) 1971 2.1 flammable 5–15% LFL 5% 

Ethylene (C2H4) 1962 2.1 flammable 2–10% Marks advanced runaway 

Propylene (C3H6) 1077 2.1 flammable 1–5% LFL 2.0% 

Hydrogen fluoride (HF) 1052 8 (sub. 6.1) trace–0.5% Crew and avionics hazard 

Three observations follow from Table 1. The mixture spans three of the four Class 2 divisions, 
so a detector built around one analyte will always have a blind spot. The flammable components have 
low flammability limits, and in a sealed unit load device with liĴle ventilation the early off-gas can 
build toward those limits faster than intuition suggests. The toxic species, mainly carbon monoxide 
and hydrogen fluoride, will not reach immediately dangerous levels in the bulk hold air during a 
single venting, but they pool in local pockets and pose a real hazard to anyone opening the hold 
afterward. Chemistry shifts the balance: lithium iron phosphate tends to give more hydrogen and 
hydrocarbon per unit capacity, while the nickel-rich oxides produce more carbon oxides at higher 
peak temperature [15,24,28]. 

2.3. The Cargo Hold and What Currently Watches It 

Part 25.857 of the Federal Aviation Regulations sorts cargo compartments by how they are 
detected, suppressed and accessed [29]. Class C compartments, on most wide-body aircraft, have 
smoke detection, a built-in suppression system that was historically Halon 1301 and is increasingly a 
halocarbon replacement, and liĴle or no crew access in flight. Class E compartments, found on 
dedicated freighters such as the 747F and 777F, rely on detection and on starving the fire of oxygen 
through controlled depressurisation rather than on a discharged agent. Both classes were certified on 
the assumption that the fire would come from ordinary cargo burning, not from an electrochemical 
device that supplies its own oxygen as it fails. 

The detector in both cases is the photoelectric smoke unit, set to trigger near a fraction of a 
percent obscuration per foot, usually with a confirmation rule to keep false alarms down. For 
ordinary cargo this works. For a lithium-ion failure it lags, because the early phase makes liĴle visible 
aerosol and the smoke only builds once the gases ignite or the next cell goes. By the time the alarm 
sounds, the Halon may already be losing the fight. FAA Technical Center work showed that Halon 
1301 at the standard concentration cannot indefinitely hold down a multi-cell runaway, since the 
cathode keeps supplying oxygen from inside [30], and that vent gas can ignite after the agent has 
been discharged, with pressure consequences the original certification never contemplated [31]. 
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Three separate lines of evidence point the same way. Sensor laboratories have repeatedly caught 
hydrogen and carbon monoxide at parts-per-million levels within tens of seconds of a cell venting 
[16,17,32]. BaĴery-storage research has shown gas detection beating surface-temperature monitoring 
on speed [33]. And the United Nations Global Technical Regulation No. 20 for electric vehicles now 
calls for gas-based warning at least five minutes ahead of a serious event, which is a notable 
institutional endorsement of the principle [34]. The open problem is not whether gas detection works 
in a laboratory. It is how to make it work inside a certified cargo hold. 

2.4. The Regulatory Frame 

Four instruments shape this space. The ICAO Technical Instructions are the binding 
international rule set [10]. The IATA Dangerous Goods Regulations, now in their 67th edition for 
2026, restate ICAO with extra operational detail [11]. The FAA adds Special Federal Aviation 
Regulations, Advisory Circulars and Safety Alerts for Operators [35]. The EASA adds the CS-25 
certification specifications and a run of Safety Information Bulletins [36,37]. For lithium-ion cells the 
core provisions sit in Packing Instructions 965 to 970, which separate cells shipped alone (UN 3480) 
from those packed with or inside equipment (UN 3481). The passenger-aircraft cargo ban and the 
thirty percent state-of-charge cap for cargo shipments have been in force since 2016 [10,11]. These 
measures lower the hazard without removing it, since a cell at thirty percent charge can still 
propagate and field compliance is only partial [4,7]. The framework is built around prevention by 
classification and packaging. An in-flight gas-phase detection layer is not required, even though it 
sits comfortably inside the ICAO Annex 18 safety-management philosophy. Section 5 returns to that 
opening. 

3. Scope and Analytical Approach 

This is a critical review rather than a systematic review, and it does not claim the exhaustive, 
protocol-bound coverage that the laĴer implies. The aim is to synthesise what is known, read it 
against the operational record, and turn that synthesis into a usable decision tool. The work proceeds 
in three connected layers, described below. 

3.1. How the Literature Was Assembled 

The evidence base was built from three streams. The first is the experimental and review 
literature on vent gas composition and on gas-phase sensing, gathered from Scopus, Web of Science, 
IEEE Xplore, ScienceDirect and PubMed, with the 2024 Bugryniec meta-analysis serving as the anchor 
for composition data and the recent sensing reviews serving as the anchor for detector performance 
[15–19]. Because that composition meta-analysis already exists and is recent, there was no value in 
repeating it; this review leans on it and concentrates instead on the aviation-specific reading. The 
search favoured work published between 2010, the year of the UPS Flight 6 loss, and early 2026, with 
the bulk of the sensing material concentrated in the last three years. 

The second stream is the operational record. Four public sources were read together: the FAA 
register of lithium baĴery incidents involving smoke, fire, extreme heat or explosion, which now lists 
more than 650 verified events since 2006 [3]; the UL Standards and Engagement Thermal Runaway 
Incident Program, which aggregates voluntary reports from 37 airlines and reaches the ground-
handling and ramp events that fall outside mandatory FAA reporting [6,7]; the NASA Aviation 
Safety Reporting System for crew narratives [38]; and the EASA annual safety reviews together with 
the ICAO ADREP system for investigated occurrences [37,39]. These were used to characterise how 
events unfold and, where the record allowed, how detection actually happened. 

The third stream is the regulatory and certification corpus: the ICAO Technical Instructions, the 
IATA Dangerous Goods Regulations, the relevant FAA Advisory Circulars and Technical Center 
reports, and the EASA CS-25 material [10,11,29,30,35,36]. This stream supplied the constraints that 
any sensor proposal has to satisfy, and it grounds the policy discussion in Section 5. 
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3.2. The Decision Model 

The sensor selection problem has the classic shape of a multi-criteria decision: several candidate 
technologies, several criteria that pull in different directions, and no option that wins on everything. 
The Analytic Hierarchy Process is well suited to seĴing the relative weight of the criteria through 
structured pairwise comparison [40,41], and TOPSIS is a transparent way to rank alternatives once 
the weights are fixed [42]. The pairing is widely used in transport and energy technology assessment 
[43,44], and the recent explainable MCDA framework for maritime decarbonisation published in this 
journal is a close methodological cousin [45]. The choice of AHP-TOPSIS over the principal 
component approach taken by Wang and colleagues [19] is deliberate: PCA is more compact, but 
AHP keeps every weighting judgement visible and auditable, which maĴers more when the output 
is meant to inform a certification conversation. 

3.2.1. Candidate Technologies 

Five sensor families were carried into the analysis, chosen to span the practical detection 
principles available at a technology readiness level of six or higher and validated against the Class 2 
species [16–18,32,33]. Metal-oxide semiconductor sensors read the change in resistance of a heated 
oxide film as it meets a reducing gas; they are cheap and sensitive to hydrogen, carbon monoxide and 
hydrocarbons, and recent noble-metal and heterojunction designs have improved their selectivity, 
though humidity and baseline drift remain weaknesses. Non-dispersive infrared sensors read the 
absorption of infrared light at characteristic bands; they handle carbon dioxide, carbon monoxide and 
hydrocarbons well but cannot see hydrogen, which has no infrared signature. Electrochemical 
sensors generate a current from a gas-selective reaction at an electrode; they are the industry standard 
for carbon monoxide and hydrogen at low concentrations, with annual drift and low-humidity 
sensitivity as the main limits. Photoionisation detectors ionise volatile organics with ultraviolet light; 
they are strong on unsaturated hydrocarbons but blind to hydrogen and the small alkanes. Tunable 
diode laser absorption spectroscopy reads narrow-line laser absorption at a chosen wavelength; it 
offers the best selectivity and the lowest detection limit of the set, at a cost and packaging burden that 
currently keeps it out of routine aerospace use. 

3.2.2. Criteria 

Seven criteria were defined in advance, each meant to be readable from datasheets, peer-
reviewed evaluations and certification documents rather than from opinion. Table 2 lists them. 

Table 2. Evaluation criteria for the cargo-hold sensor decision. 

Code Criterion Type Scale 

C1 Detection limit for the target mixture Benefit lower ppm scores higher 

C2 Response time T90 Cost shorter seconds scores higher 

C3 Selectivity vs humidity, kerosene vapour, CO2 Benefit target/interferent ratio 

C4 
Flight-envelope tolerance (−40/+70 °C; 200–1013 hPa; 

0–95% RH) Benefit ordinal 1–9 

C5 Power per node Cost lower mW scores higher 

C6 Certification readiness (TSO, DO-160) Benefit TRL 6–9 

C7 Unit and lifecycle cost over 5-year MTBF Cost lower USD scores higher 
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3.2.3. Weighting 

The criterion weights in this review were derived by triangulation across the published sensor-
evaluation literature [16–19,32] and the FAA Fire Safety Branch findings on detection priority 
[12,13,30]. This literature-based derivation keeps every judgement traceable to a source. The pairwise 
comparison matrix, the resulting eigenvector weights and the consistency check are given in full in 
Appendix A, so a reader can reconstruct or challenge them. A planned extension will test these 
weights against an independent expert panel under institutional ethics approval; that work is 
separate from the present review and is noted here only for transparency. The consistency ratio of 
the matrix used is about 0.03, comfortably under the 0.10 threshold Saaty set [40]. 

3.2.4. Ranking and Robustness 

Once the weights were set, the five technologies were ranked by the standard TOPSIS steps: 
build the decision matrix, normalise it, weight it, locate the ideal and anti-ideal points, measure each 
option's distance from both, and compute the closeness coefficient [42]. The decision matrix was 
populated from datasheet ranges and published evaluations, using midpoint estimates. Robustness 
was checked two ways. Each weight was varied by plus or minus twenty percent with the others 
rescaled, and the ranking was recomputed. Three policy scenarios were also tested: a safety-first case 
that doubles the detection-limit and response-time weights, a cost-first case that doubles the cost 
weight, and a certification-first case that doubles the certification weight. The detail is in Appendix 
B. 

4. Synthesis and Results 

4.1. The Vent Gas Profile a Cargo Sensor Must Catch 

Reading the aviation-relevant slice of the off-gas literature against the Bugryniec consolidation 
gives a consistent picture [12,13,15,24–27]. For NMC and NCA cells at high charge, hydrogen sits at 
thirty to fifty percent of the mixture, the carbon oxides together at thirty to forty percent, and the 
hydrocarbons fill the remaining fifteen to twenty-five percent. Lithium iron phosphate cells at high 
charge shift the balance toward hydrogen and hydrocarbons and away from the carbon oxides. Below 
roughly forty percent state of charge the hydrogen fraction drops and the mixture's lower 
flammability limit rises, which is the quantitative reason the thirty percent shipping cap is more than 
a bureaucratic line [10,11,13]. Total gas volume rises with capacity and charge, and the FAA 
standardised method puts it at one to five litres per ampere-hour at standard conditions across the 
tested cells [13]. 

Timing is the part that maĴers most for detection. The first venting, when the valve opens and 
carbonate-rich gas escapes, can lead full runaway by anything from seconds to minutes depending 
on how the cell was triggered and how it is built [24,32]. For a sensor that responds in one to ten 
seconds, that lead time is workable. The real question is whether the device can register the relevant 
gas at the concentration reached during first venting under the ventilation conditions of a real hold, 
and that question is what the ranking in Section 4.3 is built to answer. 

4.2. What the Incident Record Shows 

The merged FAA, ULSE, ASRS and EASA record tells a clear and worsening story. FAA verified 
counts climbed from the thirty-to-forty range in the early 2010s to 89 in 2024, the highest on record 
and sixteen percent above 2023 [3,4]. The mid-2025 figure of 38 by the end of June points to another 
rise [5]. In 2024 about three-quarters of events were on passenger aircraft and a quarter on cargo 
aircraft, with baĴery packs alone making up close to forty percent of the device-level total and spare 
baĴeries, e-cigareĴes and laptops filling out the rest [4]. The UL program, reaching the ground and 
ramp events that mandatory reporting misses, recorded the forty percent rise in cargo events across 
2021 to 2025 [6,7]. 
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The mode of detection recorded in these events is particularly instructive. In a large share of 
cabin events the first warning comes from a passenger or a crew member who sees or smells 
something, not from an installed sensor. The Air Busan loss in January 2025 is the clearest recent 
example: passengers and crew caught it, the airframe was lost anyway [6]. Cargo events are worse in 
a particular way. No one is in the hold to smell anything, so detection falls entirely on the 
photoelectric system, and the lag between the start of venting and the alarm is exactly the deficit this 
review is about [3,6,12,13]. Several of the 2024 cargo-aircraft events were first noticed by ground 
handlers before loading, which is itself telling: the off-gas signature exists well before any onboard 
sensor could see it, and an argument can be made for gas detection at the unit load device stage, on 
the ramp, as well as in the air [4]. 

4.3. The Sensor Ranking 

The weight vector derived in Appendix A ranks detection limit first, followed by certification 
readiness and response time; selectivity and flight-envelope tolerance occupy the middle positions, 
and power and cost rank lowest. This ordering follows from the operational context: early detection 
and certification eligibility are primary constraints. Sensor cost is negligible relative to airframe value. 
Table 3 gives the decision matrix and Table 4 the resulting ranking. 

Table 3. Decision matrix from datasheet ranges and published evaluations [16–18,32,33]. Analysis uses range 
midpoints. 

Sensor C1 LOD ppm C2 T90 s C3 Sel C4 Env C5 mW C6 TRL C7 USD 

MOX 0.5–2 10–30 3–5 5 100–200 7 5–25 

NDIR 5–20 20–60 7–8 8 150–300 9 100–400 

EC 0.05–1 20–60 7–8 6 1–10 9 50–200 

PID 0.1–1 3–10 5–6 5 200–400 7 300–800 

TDLAS 0.01–0.1 1–5 9 8 1000–2000 6 5000+ 

Table 4. TOPSIS closeness coefficients and ranking under the Appendix A weights. 

Sensor D+ D− Closeness C* Rank 

EC 0.022 0.063 0.741 1 

NDIR 0.031 0.054 0.635 2 

TDLAS 0.041 0.058 0.586 3 

MOX 0.048 0.040 0.455 4 

PID 0.057 0.029 0.337 5 

The electrochemical sensor leads, carried by a very low detection limit, very low power draw 
and high certification maturity. Non-dispersive infrared follows, strong on certification and 
selectivity even though its detection limit is higher. Tunable diode laser spectroscopy comes third: its 
detection limit and response time are the best in the set, but cost and a lower readiness level pull it 
down. Metal-oxide ranks fourth, where its cost advantage cannot make up for weaker selectivity, and 
the photoionisation detector ranks last, mainly because it cannot see hydrogen, which is the single 
most diagnostic early gas. 

Robustness checks are as informative as the base-case ranking. The top-three order holds under 
every twenty-percent single-weight perturbation. In the safety-first scenario, tunable diode 
spectroscopy climbs past infrared into second on the strength of its detection limit and speed, while 
the electrochemical sensor keeps first. In the certification-first scenario the electrochemical and 
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infrared positions harden and the laser option falls further back. In the cost-first scenario metal-oxide 
overtakes the laser option for third. No scenario produces a single technology that wins across all 
priority structures, and that is the finding that drives the recommendation. 

Because no one device covers the Class 2 envelope, the defensible design is a combination. An 
electrochemical hydrogen channel gives the earliest and lowest-limit signal of the initial breakdown. 
A non-dispersive infrared channel covers carbon monoxide and carbon dioxide with the certification 
maturity needed to fly soon. A small metal-oxide array adds hydrocarbon classification and 
redundancy at low marginal cost. The three can sit together at the unit load device or spread through 
the compartment, fused by a simple weighted-vote logic. This conclusion lines up with the chemistry-
specific advice Wang and colleagues reached from a different method, a 247-case principal 
component analysis [19], which provides independent support that the recommendation is not an 
artefact of the weighting choices made here. 

5. Discussion 

5.1. The Class 2 Taxonomy as a Design Tool 

The argument made here has not, to the author's knowledge, been stated plainly before: the 
dangerous goods classification scheme is a sensor design specification in disguise. The Class 2 
divisions are not arbitrary filing labels. They encode flammability, asphyxiation and toxicity, which 
are exactly the properties that set both the hazard of a vented mixture and the detection job that 
follows. Build the sensor architecture around the Class 2 divisions and it covers the hazard pathways 
while staying legible to the people who already work in that language: the dangerous goods officers, 
the freight forwarders, the certification authorities. The compliance function and the fire-protection 
function—previously housed in separate regulatory silos—would rest on a shared analytical 
foundation. 

5.2. What This Implies for ICAO, IATA and EASA 

Three near-term regulatory actions are identifiable. The IATA Dangerous Goods Regulations 
could add a non-binding guidance section on cargo-hold gas monitoring, giving operators a reference 
architecture built on the combined design above [11]. The EASA could open a notice of proposed 
amendment on the certification basis for gas-phase fire detection, building on CS-25.857 and on its 
own recent work on detecting lithium baĴeries with screening equipment [36,37,46]. And ICAO 
could recognise gas-phase detection as a compensating measure under the Annex 18 safety-
management framework. The forthcoming UL 5810 standard on active fire protection for air cargo 
containers offers a route through which the combined architecture could enter common use ahead of 
binding regulation [7]. 

A second regulatory implication deserves care. The thirty percent state-of-charge cap rests on 
the empirical fact that vent volume and flammability move unfavourably above about forty percent 
charge [10,11,13]. This review reinforces that basis and supports keeping the cap while there is no 
independent in-flight detection layer. If such a layer were deployed and proven, a case could be made 
for revisiting the cap under specific operator-approved conditions, but that is a conversation for after 
the detection problem is solved, not before. 

5.3. Engineering Problems Left Open 

Three engineering questions remain unseĴled inside the scope of this framework. Where the 
sensors sit in a unit load device is constrained by loading geometry, by the airflow paĴern inside a 
Class C compartment, and by the certification basis for electronics inside a container. Calibration 
drift, worst for metal-oxide sensors at the ten to fifteen percent annual range, calls for either periodic 
recalibration or compensating algorithms, and the certification status of algorithmic compensation in 
aerospace is not yet seĴled. And the power and data architecture for a distributed sensor network 
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across many containers is non-trivial, with passive RFID-tagged sensors, autonomous baĴery nodes 
and energy-harvesting designs each carrying different certification burdens. The framework gives 
the criteria against which these options can be judged; it does not pick among them. 

5.4. Limitations 

Several limits deserve a plain statement. The synthesis builds on the Bugryniec meta-analysis, 
which is efficient but inherits whatever biases sit in the underlying experiments, particularly the 
heavy weighting toward 18650 cells and the thinness of large-format pouch and prismatic data [15]. 
The incident record depends on voluntary and mandatory reporting, both of which under-count, so 
part of the rising trend may be beĴer reporting rather than more events. The weights come from a 
literature synthesis rather than independent elicitation, which is why the expert-panel extension is 
planned. The TOPSIS model assumes the criteria are independent, while detection limit and 
selectivity plainly interact, so an analytic network process extension is a reasonable next step. And 
the framework treats the cargo hold as a fixed set of constraints, when real holds differ in airflow, 
agent and instrumentation across operators. 

5.5. What to Study Next 

Four directions follow directly. The first is validation in a controlled fire-test laboratory, with the 
combined architecture instrumented around a representative container and a calibrated runaway 
source. The second is extension to other Class 2 cargo, including compressed gas cylinders and 
chemical oxygen generators, which share part of the detection problem. The third is machine-learning 
classification on the fused multi-sensor time series, building on cycle-level demonstrations in adjacent 
sensing work [47]. The fourth is regulatory-science research on the certification pathway itself, 
including standard test scenarios that authorities could use to compare competing architectures on 
equal terms. 

6. Conclusions 

A failing lithium-ion cell emits a chemically defined gas mixture that the Class 2 dangerous 
goods scheme already names. The cargo hold, however, is instrumented for smoke. The gap between 
the start of venting and the smoke alarm is measurable, and it is the gap in which an early warning 
system would do its work. This review has read the consolidated chemistry of vent gas against the 
worsening operational record, and has built a transparent AHP-TOPSIS model to choose among the 
sensor technologies that could close the gap. No single device covers the full Class 2 envelope. The 
recommended architecture combines an electrochemical hydrogen channel, a non-dispersive infrared 
channel for the carbon oxides, and a metal-oxide array for hydrocarbon classification—organised 
around the Class 2 divisions rather than assembled ad hoc. Treating the dangerous goods taxonomy 
as a design input—rather than a filing category—gives compliance and fire-protection communities 
a shared technical footing. Regulators already have the relevant language; what is needed is a 
certification pathway. The argument has real limits, documented in Section 5.4. Priority next steps 
are laboratory validation of the combined architecture, extension to other Class 2 cargo categories, 
sensor fusion algorithm development, and the certification science that any operational deployment 
will require. 
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Appendix A. Weighting 

The pairwise comparison matrix below was built by triangulating the published sensor-
evaluation reviews and FAA detection-priority findings cited in Section 3.2.3. The Saaty 1–9 scale was 
used. The consistency ratio is about 0.03. 

 C1 C2 C3 C4 C5 C6 C7 

C1 1 2 3 3 5 2 4 

C2 1/2 1 2 2 4 1 3 

C3 1/3 1/2 1 1 3 1/2 2 

C4 1/3 1/2 1 1 3 1/2 2 

C5 1/5 1/4 1/3 1/3 1 1/3 1/2 

C6 1/2 1 2 2 3 1 3 

C7 1/4 1/3 1/2 1/2 2 1/3 1 

The eigenvector weights are w(C1) = 0.28, w(C2) = 0.18, w(C6) = 0.20, w(C3) = 0.10, w(C4) = 0.10, 
w(C7) = 0.10 and w(C5) = 0.04. With the principal eigenvalue near 7.24, the consistency index is about 
0.04, and against the Saaty random index of 1.32 for a seven-by-seven matrix the consistency ratio is 
about 0.03, which passes the 0.10 test. 

Appendix B. Sensitivity Detail 

Each weight was varied by plus or minus twenty percent with the remaining weights rescaled 
to keep unit sum, and TOPSIS was recomputed. The top three order (EC, NDIR, TDLAS) held in 
every case. Under the safety-first scenario, with the detection-limit and response-time weights 
doubled, TDLAS rose to second while EC held first. Under the certification-first scenario, with the 
certification weight doubled, EC and NDIR strengthened and TDLAS fell to fourth. Under the cost-
first scenario, with the cost weight doubled, MOX rose to third ahead of TDLAS. No scenario 
produced a single dominant technology, which is the basis for the combined-architecture 
recommendation in Section 4.3. 
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