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Abstract

Gas sensors can provide early warning of fires by detecting pyrolysis gas components
in the sheaths of high-voltage cables. However, air humidity significantly affects the
thermal decomposition gas production characteristics of the outer sheath of high-voltage
cables, which in turn affects the accuracy of this warning method. In this paper, the
thermal decomposition and gas production characteristics of the polyethylene (PE) outer
jacket of high-voltage cables under different air humidities (20–100%) are studied, and the
corresponding density functional theory (DFT) simulation calculations are performed using
Gaussian 09W software. The results show that with the increase in humidity, the thermal
decomposition gas yield of the PE outer jacket of high-voltage cables exhibits a decreasing
trend. Under high-humidity conditions (≥68.28%RH), the generation of certain thermal
decomposition gases is significantly reduced or even ceases. Meanwhile, the influence of
moisture on the thermal decomposition characteristics of PE was analyzed at the micro
level through simulation, indicating that the H-free radicals generated by moisture promote
the initial decomposition of PE, but the subsequent combination of hydroxyl groups with
terminal chain C forms a relatively stable alkoxy structure, increasing the activation energy
of the reaction (by up to 44.7 kJ/mol) and thus inhibiting the generation of small-molecule
gases. An experimental foundation is laid for the final construction of a fire warning
method for high-voltage cables based on the information of thermal decomposition gas of
the outer sheath.

Keywords: high-voltage cable; PE outer sheath; humidity; infrared spectroscopy; gas
chromatography

1. Introduction
With the development of urban construction in China, high-voltage cables are widely

used in urban power grids because of their outstanding advantages such as small oc-
cupation of ground space, large transmission capacity, high safety, and reliability [1–3].
However, the fire hazards of high-voltage power cables have been increasing in recent
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years [4,5]. The causes of cable fire accidents are mostly due to the faults of the cables
themselves [6–8]. During the operation of high-voltage power cables, the insulation layer
will inevitably be affected by aging and moisture, which in turn leads to the generation
of localized discharges, short circuits and other faults [9–11]. When the fault occurs, the
cable core conductor may generate a large amount of heat, which finally causes the cable
to burn, triggering a major safety accident [12–14]. Before the outer sheath of the cable
begins to show open flames, it is often accompanied by the thermal decomposition of
the outer sheath. Relevant studies [15–17] indicate that gas components such as Dioctyl
Phthalate (DOP) and 2-Ethylhexanol (2-EH), which are significantly related to temperature,
are produced during the thermal decomposition process of the outer sheath of high-voltage
power cables detected by gas sensors. It can achieve early warning of fires in high-voltage
power cables.

In order to investigate the pyrolysis characteristics of high-voltage cable sheath, Kan-
nan P et al. [18] studied the pyrolysis of PE material under different heating rate conditions,
and found that the PE material started to decompose obviously from about 400 ◦C. Jing R
et al. [19] studied the pyrolysis characteristics of 110 kV high-voltage cable PVC sheath in
air and nitrogen atmosphere, and found that the pyrolysis gases mainly consisted of H2O
and CO2, in addition to a small amount of alkanes. H2O and CO2, in addition to a small
number of alkanes. Guo Y et al. [20] conducted thermogravimetric gas chromatography
(TGA-GC) experiments and investigated the pyrolysis characteristics of polypropylene
cable insulation at 30~600 ◦C and found that the pyrolysis gases were mainly composed of
H2, CO, C2H4 and CH4. Kajda-Szcześniak M et al. [21] used the coupled TG-MS analysis
combined with the TG-FTIR analysis to identify the decomposition mechanisms of waste
vinyl panels. Yang S et al. [22] used thermogravimetric-Fourier transform infrared spec-
troscopy (TG-FTIR) for the pyrolysis of PVC at different oxygen concentrations and found
that the oxygen concentration mainly affected the reaction mechanism of the second stage
of PVC pyrolysis. Decimus A [23] and other scholars found that by combusting a variety of
cables from 0 to 800 ◦C, PVC cables produced more flammable gases at less than 650 ◦C; at
800 ◦C, PVC was observed to release CO. Zheng X [24] and other scholars carried out PVC
combustion at 0~600 ◦C, and found that the PVC heat release rate curve had a maximum
peak that could be maintained for a long time. B. Jabłońska et al. [25] used methods such as
TG/DTG analysis coupled with FTIR and mass spectroscopy (MS) to analyze the influence
of particular components on the pyrolysis process of waste plastics. The authors of [26]
reveal that the pyrolysis of PE cable materials occurs predominantly in a single stage, with
heating rates affecting the pyrolysis rate. The initial products are mainly alkanes, followed
by alkenes and trace alkynes. Stanislav Honus et al. [27] detected that at 500 ◦C, alkanes
account for 36.07% of the pyrolysis gases, predominantly methane (propane only 9.91%),
while at 700 ◦C, substantial hydrogen is generated due to the conversion of alkenes and
alkynes. However, domestic and foreign scholars’ studies on the pyrolysis/combustion
behavior of cable sheath-related polymers mainly focus on the whole process of overheat-
ing decomposition of cable sheath-related polymers. This study focuses on early-warning
research for high-voltage cable fires, specifically targeting the pre-ignition and pre-flaming
stages. As reported in Reference [28], the ignition point of PE is 350 ◦C. By integrating the
maximum operating temperature for cable conductor short-circuits specified in China’s
national standard GB/T 11017.1-2024 [29], a target temperature of 250 ◦C was selected to
investigate the thermal decomposition gas generation characteristics of PE outer sheaths,
providing a scientific basis for early cable fault warning.

Related studies have shown that air humidity can promote or inhibit the pyrolysis
process, thus affecting the yield of pyrolysis products [30,31]. At present, there is a lack
of systematic research on the characteristics of humidity and thermal decomposition gas
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production of cable sheaths. According to the information of China Meteorological Net-
work, excluding the extreme climate, the average relative humidity in the cities of China is
around 20~80% [32]. To this end, this study intends to carry out thermal decomposition
tests and Gaussian calculations with relative humidity of 25%, 40%, 55%, 65%, 75%, and
95%. It is the first to propose considering the influence of different humidity environments
on the thermal decomposition of the PE outer sheath of high-voltage cables, in order to
more truly reflect the early overheating faults of high-voltage cables under different regions
and working conditions and to obtain the gas generation characteristics of the thermal
decomposition of the PE outer sheath at the experimental and simulation levels.

2. Thermal Decomposition Test Method
This study was carried out on a self-built thermal decomposition test platform for

high-voltage cable PE outer sheath, as shown in Figure 1. The test platform is mainly
composed of three parts: temperature control, humidity control, and gas detection.

Gas Outlet

Gas Collection Bag

PC

Fourier Transform Infrared 
Spectrometer (FTIR)

Heating Device

Wire Entry

AC 220V

PID Temperature 
Controller

PID

Switching 
Power 
Supply

Gas Chromatograph (GC)

Gas Inlet

Figure 1. Thermal decomposition experiment platform for high-voltage power cable outer sheath.

The PE outer jacket of the high-voltage cable used in this study is YJLW03-64/110 kV,
with the structure standard referring to IEC 60229:2007 [33] and the Chinese national
standard GB/T 11017.2-2014 [34]. The thickness of the PE outer sheath used in this paper is
approximately 4 mm, and the mass of the PE sample used in each experiment is 50 ± 0.1 g.
The heating device is a stainless steel cylindrical tank with a volume of approximately 10 L.
The infrared spectroscopy model is the FTIR-850 Fourier Transform Infrared Spectrometer
(FTIR-850) of Tianjin GD, which utilizes a high sensitivity DLATGS detector. The gas
chromatography model is Agilent 490, which adopts modular design and supports multi-
detector adaptation, such as FID and TCD.

Before starting the test, the interior of the heating chamber was scrubbed and purged
to ensure that the interior of the chamber was dry. According to the relative humidity
formula (Equation (1)), a fixed mass of H2O was weighed and added into the vacuum test
tube, which was heated to fully vaporize the H2O and passed into the vacuum heating
device. Subsequently, dry air was charged until the air pressure in the airtight chamber
reached 1 atm. Then, it was left to stand for 30 min so that the dry air and H2O were fully
mixed homogeneously in the heating device. After that, the temperature of the local heat
source was adjusted to 250 ◦C, and the test was started, which lasted for 120 min, and
the sample gas in the heating chamber was collected from the air outlet at the end of the
test. After the collection was completed, we removed the sample and cleaned the heating
chamber, and, again, pumped the heating chamber to a vacuum state, in preparation for
the next test. The collected gases were detected by gas chromatography for the thermal
decomposition products, and the collected gases were quantitatively analyzed by external
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standard method. Through the preparation of a known concentration of standard gases
(containing CO, CO2, C2H2, and other target components), we aimed to establish a linear
relationship between the chromatographic peak area and the concentration, and then, based
on the peak area of the sample, achieve quantitative analysis. The operation followed the
Chinese national standard GB/T 13610-2020 [35] and other gas chromatography external
standards:

φ =
ρv

ρs
(1)

where φ is relative humidity, ρv is actual absolute humidity and ρs is saturated absolute humidity.

3. Results and Discussion
3.1. Infrared Spectroscopy Test Results and Analysis

After the microhydrometer detection, the actual relative humidity at the time of the
test was 24.58% RH, 41.02% RH, 54.68% RH, 67.53% RH, 78.98% RH, 99.54% RH. Figure 2
shows the infrared spectra of the thermal decomposition products of the outer jacket of
high-voltage cables under different humidity levels.

 

Figure 2. Infrared spectra of thermal decomposition products of PE outer sheath of high-voltage
cables at different humidity levels.

As can be seen from Figure 2, the overall absorbance of the infrared spectra of
the thermal decomposition gas products of the outer sheath of the high-voltage cable
shows a decreasing trend with an increase in the ambient humidity. This means that
the generation of thermal decomposition gas shows a decreasing trend with an increase
in ambient humidity. Among them, the highest absorbance of thermal decomposition
products was observed at an ambient humidity of 24.58% RH. The antisymmetric de-
formation vibration of =C–H functional group was generated near the wave number
1000 cm−1, the telescopic vibration of =C–H occurred near the wave number
3020–3080 cm−1, and the –C=C– stretching vibration. The vibrational mode of these
functional groups indicates that the resultant product may be an olefinic gas [36]. An
antisymmetric deformation vibration of the –CH3 functional group was produced near
the wave number 1460 cm−1. A shear vibration of the –CH2– functional group occurred
near the wave number 1350–1470 cm−1, as well as a stretching vibration of –CH2–, so the
vibration of these functional groups may be the generation of alkane gas [37]. The telescopic
motion of ≡C–H functional group occurred near the wave number 3270–3300 cm−1, which
indicated the generation of alkyne gases from the thermal decomposition products. While
carbon dioxide gas was generated at wave number 2349 cm−1, water vapor was generated
around wave numbers 1300–2000 cm−1 and 3500–3950 cm−1 [38]. As the humidity rose, the
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absorbance of the thermal decomposition gas infrared spectrogram gradually decreased,
but the infrared absorption peaks of some of the characteristic gases can still be detected.
In addition, it is worth noting that at the maximum humidity of 99.54% RH, no functional
group vibration was found near 2500–3500 cm−1, which indicates that the –CH2– stretching
vibration near 2850–2960 cm−1 and the ≡C–H functional group stretching motions were
not occurring.

3.2. Gas Chromatography Test Results and Analysis

After the gas chromatography test, seven kinds of thermal decomposition products
were identified from the PE outer sheath of high-voltage cables under different humidity
conditions, and the amounts of these products are shown in Figure 3. CO2 production
was 16,012 µL/L at 27.38% RH but only 4882 µL/L at 99.76% RH, which is a more than
threefold difference in concentration. The generation of C2H2 was 9691 µL/L at 27.38% RH
and 3874 µL/L at 99.76% RH; the generation of C2H2 at low humidity was almost three
times higher than that at high humidity; the generation of C2H4 and CO gases at different
humidities was similar, and the generation of C2H4 was 582 µL/L at low to high humidity.
These were 582 µL/L, 428 µL/L, 349 µL/L, 252 µL/L, 188 µL/L, and 165 µL/L, while the
generation of CO was 651 µL/L, 472 µL/L, 383 µL/L, 256 µL/L, 188 µL/L, and 173 µL/L
from low to high humidity, and the generation of both gases was inversely proportional
to the humidity increase. The generation of C2H6, C3H6, and C3H8 gases at 250 ◦C was
not much, and at high humidity, the generation was even less; the generation of C2H6 and
C3H6 gases at 99.76% RH was only 1 µL/L and 2 µL/L, respectively, and the generation of
C3H8 gas at 55.13% RH was detected as 1 µL/L, which is the highest among the two gases
in the world. We detected 1 µL/L at 55.13% RH, while C3H8 gas was already detected at
1 µL/L at 68.28% RH, and the generation of C3H8 gas was no longer detected.

Figure 3. Composition and yields of thermal decomposition products from high-voltage cable PE
outer sheath at different humidity levels.

The gas chromatography test results show that high-voltage cable PE outer sheath
thermal decomposition gas generation with humidity has a downward trend, and the high-
humidity environment reduces the generation of thermal decomposition gas. The variation
in CO generation with humidity is shown in Figure 4a: at low humidity, CO production
decreases rapidly with increasing humidity, while at high humidity, the decline tends to
stabilize, presenting an overall exponential downward trend. Similarly, the variation in
CO2 generation in Figure 4b follows an exponential decrease pattern similar to that of CO,
probably due to the fact that the generation of CO and CO2 is greatly affected by humidity
but the decline magnitude is significantly greater.
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Figure 4. Variations in individual thermal decomposition gases from high-voltage cable PE outer
sheath at different humidity levels: (a) CO, (b) CO2, (c) C2H2, (d) C2H4, (e) C2H6, (f) C3H6, and
(g) C3H8.

The variation patterns of C2H2 and C2H4 production with humidity increase are
shown in Figures 4c and Figure 4d, respectively. Both of them showed an exponential de-
creasing trend, and the decreasing rate of C2H2 was significantly higher than that of C2H4.
When the humidity increased from 27.38% RH to 99.76% RH, the concentration of C2H2

decreased from 9691 µL/L to 3874 µL/L (59% decrease), while that of C2H4 decreased from
582 µL/L to 165 µL/L (72% decrease). The concentrations of C2H6 and C3H4 showed
a nearly straight-line decreasing tendency with the increase in humidity, as shown
in Figure 4e,f. The concentrations of both were only 1 µL/L and 2 µL/L at high
humidity (99.76% RH). It is noteworthy that C3H8 was completely undetected at
humidity ≥ 68.28% RH, as shown in Figure 4g. Compared with the existing studies,
this experiment quantified, for the first time, the differential inhibition effect of humidity
on PE pyrolysis gas. Compared with a previous study on PVC sheath by Jing R et al. [19],
the sensitivity of PE sheath pyrolysis gases to humidity was higher, especially the zero
generation of C3H8 at 68.28% RH, which provides a key threshold for the establishment of
the humidity compensation model in cable fire warning.

Figure 5 shows a comparative chart of the changes in the generation patterns of
thermal decomposition products for high-voltage PE outer sheaths under different humidity
conditions. It can be seen that the concentrations of the seven gases detected by gas
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chromatography all showed a downward trend with the increase in humidity. Among them,
CO2 and C2H2 had the fastest decreasing rate, CO and C2H4 had the second decreasing
rate after the first two, and C3H6, C2H6, and C3H8 had the slowest decreasing rate. At
high humidity, only trace amounts of C3H6 and C2H6 gases were generated (or even not
generated), and C3H8 gas was not even generated at high humidity.

 

Figure 5. Comparison of the variations in the generation of thermal decomposition products from
high-voltage PE outer sheaths at different humidity levels.

3.3. Gaussian Simulation Calculation Analysis

Pure PE consists of long-chain alkanes (–CH2–CH2–) n. The actual structure of PE outer
sheath is complex and variable, so the study of PE thermal decomposition often relies on
low-molecular-mass model compounds. These model compounds share a similar chemical
structure with real PE (e.g., long-chain alkanes with ≥95% (–CH2–CH2–) repeat units in PE
sheaths), leading to similar thermal decomposition mechanisms and intermediate product
(e.g., C2H4, C3H6) distributions [39]. Using Gaussian 09W software, we optimized the
structures of reactants, intermediates, transition states, and products via density functional
theory (DFT) with the B3LYP functional and 6-311++G(d, P) basis set. In this study, an
isotactic PE model with a degree of polymerization of 10 was employed. Although this
model cannot fully simulate long-chain effects, it captures key features such as chain-end
active sites and C–C bond dissociation energy differences and significantly reduces the
computational complexity of quantum chemical calculations while avoiding the exponential
growth of degrees of freedom.

As shown in Figure 6, due to the symmetry of the PE model compound, the C(1)–C(2)
and C(9)–C(10) bond dissociation energies are equal to 340.13 kJ/mol and the C(2)–C(3)
and C(8)–C(9) bonds. The dissociation energies of C(3)–C(4) and C(7)–C(8) bonds are equal
to 332.05 kJ/mol; C(4)–C(5) and C(6)–C(7) bonds are equal to 331.34 kJ/mol; C(4)–C(5) and
C(6) –C(7) bonds are equal to 331.34 kJ/mol; C(4)–C(5) and C(6)–C(7) bonds are equal to
331.34 kJ/mol; and C(4)–C(5) and C(6)–C(7) bonds are equal to 331.34 kJ/mol. C(4)–C(5)
and C(6)–C(7) bond dissociation energy is 331.34 kJ/mol; the C(5)–C(6) bond dissociation
energy is the smallest, 326.24 kJ/mol; the C–H bond dissociation energy is the largest,
442.14 kJ/mol, as the magnitude of bond ionization energy directly characterizes the
energy threshold for chemical bond breaking. Therefore, during the thermal decomposition
reaction of PE, the C–C bond is easier to break and the C(5)–C(6) bond is most likely to
break first. According to experiments and related studies, the thermal decomposition of
PE mainly occurs random cracking [40,41], and the main product is C2H4. Based on this,
three thermal decomposition reaction paths of PE were designed to analyze the effect of
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air humidity on the thermal decomposition of high-voltage cable outer sheaths from a
microscopic point of view.

Figure 6. Structural formulae and bonding energies of major bonds of isotactic PE model compounds
(unit: kJ/mol).

As shown in Figures 7 and 8, in reaction path 1, model compound 1 can pass
through transition state TS1 to form intermediate products 2 (pentane, C5H12) and 3
(1-pentene, C5H10), which has a reaction energy barrier of 345.6 kJ/mol and absorbs
6.7 kJ/mol of energy. Intermediate 2 undergoes further reaction via transition state TS2 to
form intermediate 4 (ethane, C3H8) and ethylene, which has a reaction energy barrier of
533.8 kJ/mol and absorbs 139.7 kJ/mol of energy. Intermediate product 4 was further
reacted via transition state TS3 to give methane 5 and ethylene with a reaction energy
barrier of 465.8 kJ/mol and absorption of 39.7 kJ/mol.

 

Figure 7. Thermal decomposition pathways of PE.
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(a) path 1 

(b) path 2 

(c) path 3 

Figure 8. Energy barrier diagram of thermal decomposition reactions.

Compared with path 1, in reaction path 2, the water molecules attack the model
compound 1 scaffold, and the hydrogen radicals detached by water molecules combine
with the C atoms at the chain ends to form intermediate product 2 and hydroxyl group 6
via transition state TS1, with a reaction energy barrier of 332.1 kJ/mol and absorption of
5.8 kJ/mol energy, which is 23.5 kJ/mol lower than that of path 1. This suggests that in
the early stage of PE thermal decomposition, the H2O can promote C–C bond breaking.
Intermediate product 2 and hydroxyl 6 via, transition state TS2 further reaction to form
intermediate products 7 (2-propanol, C3H8O), 8 (hydroxyl radical) and ethylene, the reac-
tion energy barrier of 552.9 kJ/mol, absorbing 133.9 kJ/mol of energy, which is 19.1 kJ/mol
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higher than that of path 1, and with hydroxyl and end-chain C atoms combining to form a
more stable alkoxy structure. Compared to path 1, path 2 requires higher activation energy
to form small molecule products via the transition state TS2, which is difficult to further
decompose after generating the intermediate product 7.

In reaction path 3, water molecules attack the model compound 1 scaffold, and the
hydroxyl group detached by the water molecules combines with the end-chain C atoms to
form a more stable alkoxyl structure, and intermediate products 2, 8, and 9 (1-pentanol,
C5H12O) are formed via the transition state TS1, which has a reaction energy barrier of
402.3 kJ/mol and absorbs 12.4 kJ/mol of energy, and the activation energy required for
the breakage of the C–C bond increases by 56.7 kJ/mol compared with that of path 1. The
alkoxy structure-containing intermediate 9 undergoes further reaction to form intermediate
7 and ethylene via transition state TS2, with a reaction energy barrier of 587.6 kJ/mol,
which is an increase of 44.7 kJ/mol compared to path 2.

According to the calculation results, PE decreases the reaction energy barrier during
thermal decomposition due to H radicals generated from the thermal decomposition of
H2O, which promotes the initial decomposition of PE. However, during further thermal
decomposition, the hydroxyl radicals produced by the thermal decomposition of water
molecules combined with the end-chain C to form an alkoxy structure will increase the
subsequent reaction energy barrier unfavorable to the generation of other small molecule
gases, which may be one of the reasons for the decrease in gas production after the increase
in humidity.

4. Conclusions
In this study, the thermal decomposition of high-voltage cables was carried out on

a platform built by ourselves, and the thermal decomposition characteristics of PE outer
sheath of high-voltage cable were studied under different humidity levels. The main
conclusions are as follows:

(1) Environmental humidity significantly influences the thermal decomposition pro-
cess of high-voltage cable PE outer sheaths. With increasing humidity, the gas evolution
during PE outer sheath thermal decomposition exhibits a downward trend. When humidity
exceeds 68.28%RH, the generation of certain pyrolysis gases (e.g., C3H6) becomes extremely
low, even below the detection limit of gas chromatography and thus undetected.

(2) From the micro-level analysis via Gaussian 09W calculations, it can be seen that
during PE thermal decomposition, the decomposition of water molecules into H radicals
promotes the initial decomposition of PE. However, the resulting hydroxyl groups combine
with end-chain carbon to form an alkoxyl structure, which increases the subsequent reaction
barriers and inhibits the generation of other small-molecule gases, leading to a reduction in
gas production.

Currently, the study only focuses on PE sheath materials and has investigated the
pyrolysis gas evolution characteristics under six different humidity levels ranging from 20%
to 100%. In the next step, the humidity gradient will be refined to systematically explore
the pyrolysis gas characteristics of different sheath materials (e.g., PVC), aging degrees,
and oxygen concentrations. Based on the quantitative relationships obtained in this study,
a humidity-compensated cable fire warning model will be constructed, and its reliability
will be verified through simulated tests in actual cable tunnel environments, providing
more comprehensive theoretical support for engineering applications.
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