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ABSTRACT In recent years, methanol has been proposed as a chemical indicator to assess the aging
condition of cellulose insulation in oil-immersed power transformers. However, the formation mechanisms
of methanol during cellulose degradation are not clear enough. In this paper, such formation mechanisms
were studied using molecular dynamics simulation. Three main formation pathways of methanol were found
and discussed. Analysis of the Mayer bonds of cellulose revealed that each atom of cellulose contributes
differently to methanol formation. The methylol groups on the 5-carbon atom of the 1-pyran ring and 4-
pyran ring of cellulose are more readily detached to form methanol molecules. In addition, changes in the
amount of methanol molecule with simulation time were investigated. The results indicated that the separate
existence of initial moisture and oxygen has no significant effect on the formation of methanol, while the
co-existence of initial moisture and initial oxygen catalyzes the conversion of cellulose degradation products
to methanol. The findings reported in this paper can provide a valuable theoretical basis for further studies
on methanol as an indicator to evaluate the residual life of cellulose insulation.

INDEX TERMS Cellulose, methanol, molecular dynamics, cellulose insulation, formation mechanisms.

I. INTRODUCTION
The oil-immersed power transformer is an essential equip-
ment of the power system for power conversion, distri-
bution, and transmission [1]. It is generally accepted that
the remaining life of the transformer is mainly determined
by the aging condition of the cellulose insulation [2]–[8].
Currently, an authoritative criterion for assessing the aging
condition of transformers is to measure the average visco-
metric degree of polymerization (DPV) of the cellulose insu-
lation. However, to obtain samples of cellulose insulation,
the transformer needs to be de-energized, which inevitably
causes economic losses of Electric Utilities. Determining
the relationship between cellulose DPV and specific prod-
ucts (chemical indicators) dissolved in the insulating oil is
accepted by most researchers as an effective method to assess

The associate editor coordinating the review of this manuscript and

approving it for publication was Lin Lin .

the aging condition of cellulose insulation [9]. The carbon
oxides (carbon monoxide and carbon dioxide), furanic com-
pounds (2-furfuraldehyde), alcohols (methanol), etc. have
been proposed as chemical indicators to evaluate the condi-
tion of cellulose insulation degradation [9], [10]. However,
carbon oxides cannot accurately assess the aging condition
of cellulose insulation since they could be also originated
from oil decomposition in the long-term oxidation process.
Besides, 2-furfuraldehyde (2-FAL) can hardly be detected
in the thermally upgraded Kraft (TUK) paper, and it can be
also produced by the degradation of hemicellulose [11]–[13].
Given the above drawbacks of the carbon oxides and furanic
compounds, methanol has been proposed in recent years
as a new chemical indicator to assess the aging condition
of cellulose insulation [9], [13]. Some researches indicated
that methanol could be a very promising chemical indica-
tor to diagnose the degree of cellulose insulation degra-
dation in power transformers [14], [15]. Jalbert et al. [9]
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proposed that there is a linear relationship between the num-
ber of ruptured 1,4-β-glycosidic bonds of cellulose and the
amount of methanol, regardless of whether the cellulose insu-
lation is ordinary or thermally-upgraded Kraft paper. The
methanol content in some oil samples from the transformers
of operating nuclear and coal-fired power plants in Belgium
was analyzed [10]. It was found that no 2-furfuraldehyde
(2-FAL), which has been used as a chemical indicator to diag-
nose the degree of cellulose insulation degradation since the
mid-1980s, was detected, while some considerable amount
of methanol was obtained in these oil samples. However,
in these laboratory experiments, the chemical reaction mech-
anisms at atomic or molecular level are mainly investigated
through analyzing the obtained experimental data, which is
impossible to directly observe the moment of bonding and
breaking [16]. Fortunately, the molecular dynamics simula-
tion has developed rapidly, which makes the investigation
on the chemical reaction mechanisms more accessible. The
molecular structure, dynamics behavior, and physicochemi-
cal properties [16], [17] can be studied through the molecular
dynamics simulation of individual molecules in the models
of solids, liquids, and gases. Molecular dynamics can give
a good approximation for physical movements of molecules
and atoms, and it is an effective way to study the struc-
ture and function of biological macromolecules (e.g. pro-
teins [18], [19] and cellulose [20], [21]). Molecular dynamics
simulation focuses on the motion of molecules displaying the
change of positions, velocities, and orientations [22]. During
molecular dynamics simulation, a force field is needed in the
system [23]. In general, the generic force field, such as DREI-
DING and UFF, cannot describe chemical reactivity, except
for the Brenner potential. However, two important forces (i.e.,
the Coulomb interactions and van der Waals) are excluded
in the Brenner potential. To solve this problem, Russo Jr
and van Duin et al. [24], [25] proposed using the ReaxFF
force field which includes the two forces to investigate
the chemical reaction mechanisms. Chenoweth et al. [26]
obtained the reaction rates of methane and benzene by apply-
ing the ReaxFF force field to molecular dynamics simu-
lation of oxygenation of hydrocarbons. Ashraf et al. [27]
adopted ReaxFF-MD to investigate the pyrolysis reaction
mechanisms of binary fuel mixtures under supercritical
conditions.

In this paper, the ReaxFF and ADFmodules of Amsterdam
Modeling Suite (AMS) simulation software were used
to study the formation mechanisms of methanol during
the degradation of cellulose insulation at the atomic or
molecular level. The findings revealed that there are three
main formation pathways of methanol during the degra-
dation of cellulose insulation. In addition, the results
indicated that the sources of carbon atoms and oxygen
atoms constituting methanol mainly come from some spe-
cific atoms of cellobiose. Besides, it was found that the
conversion of the degradation products of cellulose to
methanol is catalyzed by the co-existence of initial moisture
oxygen.

II. PRINCIPLE OF REAXFF FORCE FIELD
The ReaxFF is an empirical reactive force field that utilizes
bond order (BO) to characterize the chemical interactions in
a complex reaction system [24]–[29]. In this reaction system,
the energy expression is shown in (1).

Esystem = Ebond + Eval + Epen + Etors + Econj
+Eover + Eunder + EvdWaals + Ecoulomb (1)

where Ebond is the bonding energy, Eval is the valence-angle
energy, Epen is the penalty energy, Etors is the torsion-angle
energy, Econj is the 4-body conjugation energy, Eover is
the over-coordination energy, and Eunder is the under-
coordination energy. The noncovalent interactions comprise
the van der Waals energy EvdWaals and the Coulomb energy
Ecoulomb.

In the ReaxFF reaction system, the first step is to obtain the
bond order between each atom pair after the position of each
atom is recorded. Therefore, the calculation of bond order is
the core of the ReaxFF force field, as shown in (2).

BOij = BOσ
ij + BO

π
ij + BO

ππ
ij = f (rij) (2)

where rij is the distance between the ith and jth atoms. BOσ
ij ,

BOπ
ij , and BO

ππ
ij are the bond order of single bond, double

bond, and triple bond respectively. For the ReaxFF bond
order, there are three main characteristics. First of all, the
bond order has continuous dependence on the distance, which
can be found from (2). Secondly, the transition of a total
bond order from a nonbonded interaction to a bonded state
is smooth [24]. Finally, the distance of bonding interactions
in the ReaxFF is much farther than that in other reactive force
fields.

III. CONSTRUCTION OF CELLULOSE MODEL
The DPV of newKraft paper insulation has the range of 1000-
1200 [30], which is impractical to directly perform molecular
dynamics simulation.Mazeau et al. [20] conductedmolecular
dynamics simulations with different cellulose DPV. It was
found that cellulose chains with different DPv have the same
molecular conformation and physical and chemical proper-
ties. Thus, the repeating unit of the cellulose chain (cellobiose
molecule) was used as the simulation model with the consid-
eration of computational power and efficiency [31], as shown
in Fig. 1.

The temperature significantly influences the speed of the
molecular transition. SØrensen and Voter et al. [32] proposed
a temperature accelerated dynamics (TAD) method to extend
the time scale of the simulation by orders of magnitude.
The increase of temperature accelerates the chemical reac-
tions, while the dynamics process at the original temperature
remains unchanged. The original temperature refers to the
temperature at which the corresponding molecular dynamics
occurs without using the TAD method. During molecular
dynamics simulation, if the temperature is higher, the reac-
tion speed will be faster, and the simulation time will be
shorter. In addition, it has been verified that the simulation
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FIGURE 1. Chemical formula and molecular model of cellobiose. (Color
code: carbon-gray, hydrogen-white, and oxygen-red).

results obtained by using the TAD are in good agreement
with the experimental results [16], [27]. Considering that the
simulation time was very long under ultra-low temperature
and the formation pathway of methanol was difficult to track
under ultra-high temperature, 3000 K was used to carry out
molecular dynamics simulations in this paper.

The specific simulation steps were designed as follows:
First, 10 initial amorphous cellulose models with the same

size (30 Å × 30 Å × 30 Å) were built by using the Builder
module in the ReaxFF of AMS software. These initial cel-
lulose models include 40 cellobiose molecules (N = 1800,
which refers to the number of atoms), with an initial density of
0.85 g/cm3. To obtain the actual cellulose insulation density
of 1.59 g/cm3 [30], the NPT ensemble (N = 1800, P = 1000
MPa, T = 50 K) was used. During the density adjustment,
high pressure (P= 1000 MPa) was used to quickly adjust the
initial density, and relatively low temperature (T= 50 K) was
set to prevent the system from chemical reactions. To verify
the accuracy of the density adjustment, Fig. 2 shows changes
in the density of the system and the number of cellobiose
molecules in each reaction iteration step. It can be seen from
Fig. 2 that the use of NPT ensemble during density adjustment
can rapidly compress the density of cellulose model to actual
cellulose density without causing cellulose degradation. After
density adjustment, the internal pressure relaxation was car-
ried out for 100 ps to equilibrate the system by using the NVT
(N = 1800, V = 23.59 Å × 25.04 Å × 24.16 Å, T = 298 K)
ensemble.

Molecular dynamics simulations combined with theMonte
Carlo method were performed for 100 ps by using the NVT
(N = 1800, V = 23.59 Å × 25.04 Å × 24.16 Å, T = 3000
K) ensemble after internal pressure relaxation. During the
molecular dynamics simulations, atommotions were updated
every 50 steps with a time interval of 0.1 fs, which indi-
cated that the trajectory of the simulation was output every
0.005 ps. In that case, each molecular dynamics simulation
output 20000 frames. The temperature control was based
on the Berendsen thermostat algorithm with 0.1 fs damping
constant in all simulations. In addition, the Monte Carlo
method was applied in this system to increase the randomness
of reaction to make the simulation closer to the actual reac-

FIGURE 2. Changes in (a) the density of the system and (b) the number of
cellobiose molecules in each reaction iteration steps.

FIGURE 3. Flow diagram of the simulation.

tion conditions of transformers [34], [35]. The Monte Carlo
method resolves conventional mathematical statics problems
by establishing a probabilistic model to describe the reaction
process [34]–[36].

The simulation flow diagram is shown in Fig. 3.
The assumptions and conditions of the cellulose model

have been verified and used in many studies. Shi et al. [37]
investigated the formation mechanism of water molecules
during the pyrolysis of cellulose insulation by using the aging
model of cellulose. Based on the TAD theory, the temperature
of 1600 K, 1800 K, and 2000 K was set to investigate the
formation mechanisms. Besides, Zhang et al. used the same
assumptions and conditions for the cellulose model to study
the reaction mechanism of methanol [38] and ethanol [31].

IV. RESULTS AND ANALYSIS
The main formation pathways of methanol are summarized
through observing the formation and fracture of bonds. In all
simulation figures, the atoms that are going to constitute
methanol are displayed in the ball-and-stickmode and the rest
are displayed in the stick mode. The formation pathways of
methanol are summarized as the following three categories.

Formation pathway 1: The methylol group (−CH2OH) on
the 5-carbon atom of the 1-pyran ring or 4-pyran ring is
detached, absorbing a hydrogen atom to form a methanol
molecule. Take the reaction process of the 4-pyran ring as an
example, the process of methanol formation from methylol
abscission of the 4-pyran ring is shown in Fig. 4. The position
of each atom that is going to generate methanol molecule is
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FIGURE 4. The formation of methanol from the methylol group on the
5-carbon atom of the 4-pyran ring. (a) 0.00 ps; (b) 5.35 ps; (c) 5.40 ps;
(d) 5.70 ps.

highlighted. At 0 ps shown in Fig. 4a, the backbone of the
cellobiose in which the methylol group (−CH2OH) resides
is marked by yellow dotted lines. At 5.35 ps, the C-C bond
between the 5-carbon atom and 6-carbon atom of the 4-pyran
ring indicated by the arrow in Fig. 4b is extremely unstable
under high temperature and is going to break. After a short
while, the C-C bond breaks at 5.40 ps to form a free methylol
group (−CH2OH), as shown in Fig. 4c. After a hydrogen
atom is captured by the free methylol group (−CH2OH)
at 5.70 ps, a methanol molecule is formed, as shown in
Fig. 4d. Zhang et al. [38] suggested that the methylol group
(−CH2OH) on the 5-carbon atom of the 1-pyran ring or
4-pyran ring is easily broken to form formaldehyde (CH2O)
due to the weak bond energy, then methanol will be generated
by formaldehyde (CH2O). In comparison,methanol is formed
through the direct combination of the free methylol group
(−CH2OH) and the hydrogen ion in this study, without the
formation of CH2O.

Formation pathway 2: a methyl group (−CH3) reacts with
a highly active hydroxyl group (−OH) to form a methanol
molecule. Most of the methyl groups (−CH3) in the reaction
system are attached to the molecular fragments generated by
the aging of the cellulose. Twomolecular fragments, in which
the methyl group (−CH3) and the hydroxyl group (−OH)
are located, are marked with yellow dotted lines, as shown in
Fig. 5a. The C-C bond between themethyl group (−CH3) and
its correspondingmolecular fragment is cleaved at 70.26 ps to
form a free methyl group (−CH3), while the hydroxyl group
(−OH) is still attached to themolecular fragment, as shown in
Fig. 5b. Literature [16] proposed that the C-C bond between a
methyl group (−CH3) and the molecular fragment will break
to form a free methyl group (−CH3) at the high temperature.
According to our simulation results, the free methyl group

FIGURE 5. The formation of methanol from the methyl group and
hydroxyl group. (a) 70.18 ps; (b) 70.26 ps; (c) 70.28 ps; (d) 70.29 ps.

(−CH3) is accelerated by high temperature and gradually
moves closer to the hydroxyl group (−OH) with high activity
on another molecular fragment. The bond (‘‘old bond’’ in
Fig. 5c) between the hydroxyl group (−OH) and the carbon
atom of the molecular fragment is going to break while a new
bond (‘‘new bond’’ in Fig. 5c) is formed between the hydroxyl
group (−OH) and the methyl group (−CH3) at 70.28 ps.
Then a methanol molecule is generated at 70.29 ps, as shown
in Fig. 5d.

Formation pathway 3: Formaldehyde (CH2O), which is a
by-product of cellulose insulation aging, generates methanol
under intense molecular thermodynamic motion. The
formation pathways of formaldehyde (CH2O) by cellulose
degradation have been analyzed by Zhang et al. [39], [40].
Anhydroglucoses are generated during cellulose homoly-
sis cleavage. Subsequently, these anhydroglucose molecular
fragments degrade again and generate the formaldehyde
molecule (CH2O). The detailed formation pathway of the
formaldehyde molecule (CH2O) is shown in Fig. 6.
In the established simulation system, the formaldehyde

molecule (CH2O) generated by the reaction system at 78.00
ps is presented in Fig. 7a. The carbon-oxygen double bond
(C = O) of formaldehyde (CH2O) breaks and becomes a
carbon-oxygen single bond after combining with a hydrogen
atom. After that, a methylol group (−CH2OH) is generated,
as shown in Fig. 7b. Then, the methylol group (−CH2OH)
starts to attack a hydrogen atom of one fragment under the
intense molecular thermal motion at 78.37 ps, as shown in
Fig. 7c. After a short period of competition, the methylol
group (−CH2OH) captures a hydrogen atom and a methanol
molecule is finally generated at 78.39 ps, as shown in Fig. 7d.

The above three formation pathways are summarized in
Fig. 8. All of the formation pathways are illustrated by single
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FIGURE 6. Main pathways of the formaldehyde formation during
cellulose degradation.

FIGURE 7. The formation of methanol from formaldehyde. (a) 78.00 ps;
(b) 78.14 ps; (c) 78.37 ps; (d) 78.39 ps.

cellobiose in the ball-and-stick model. The yellow wavy line
indicates the bond tending to be broken, and the yellow arrow
indicates the bond tending to be formed.

V. SOURCE ANALYSIS OF CARBON AND OXYGEN ATOMS
OF METHANOL
To further investigate the reaction mechanisms of methanol
formation during cellulose insulation aging, the main source
of carbon and oxygen atoms constituting methanol molecules
is fully analyzed. For brevity, each atom in this section is
named by the AMS software, as shown in Fig. 9.

According to simulation results in this study, it was found
that the carbon and oxygen atoms of methanol mainly come
from some specific atoms on the cellobiose. Themain sources
of the carbon and oxygen atoms that constitute the methanol
molecule are shown in Table 1, in which the source atoms less
than 10% are not presented.

As can be seen from Table 1, the carbon atoms in the
generated methanol molecules mainly come from C (14) and
C (19) through formation pathway 1 and pathway 2. C (14)
and C (19) correspond to the No. 6 carbon atom of the 1-pyran
ring and 4-pyran ring respectively. These particular carbon
atoms are more likely to form free groups of a single carbon
atom, which greatly contributes to the formation of methanol
molecules.

TABLE 1. Sources of carbon atoms and oxygen atoms of methanol
molecules.

The oxygen atoms in the generated methanol molecules
mainly come from O (15) and O (20) which are connected
to C (14) and C (19) respectively. O (7) and O (23) as
the other two sources of oxygen atoms of methanol can be
explained through the Mayer bond order proposed by Mayer
in 1986 [41]. The Mayer bond order is a natural extension
of the Wiberg bond order, which has been proved effec-
tive in bonding analysis using semi-empirical computational
methods and the Mulliken population analysis to ab initio
theories [42]. The value of the Mayer bond order reflects the
relative strength of bonds in a molecular structure.

In this paper, the Mayer bond orders of cellobiose under
different degradation condition were calculated using AMS
software (Fig. 10 and Fig. 11). Each model of cellobiose
molecules had been optimized before calculation. Fig. 10
shows the initial Mayer bond order value of cellobiose.
Smaller Mayer bond order value (0.7624) of the bond
between C (13) and O (23) makes it easier to break and react
with a methyl group (−CH3) to form a methanol molecule.
It is reflected in Table 1 that O (23) is more likely to be the
source of the methanol molecule rather than O (18).

The number of ruptured 1,4-β-glycosidic bonds of cel-
lobiose increases rapidly over the aging time. Fig. 11 shows
the Mayer bond order value after the cleavage of the
1,4-β-glycosidic bond of cellobiose. The Mayer bond order
between C (8) and hydroxyl (−OH) is much smaller than that
between C (8) and the surrounding atoms on the 4-pyran ring.
Therefore, the hydroxyl group (−OH) of C (8) on the 4-pyran
ring tends to fall off and reacts with other free radicals (e.g.,
methyl group).

VI. EFFECT OF DIFFERENT REACTION CONDITIONS ON
THE FORMATION OF METHANOL
The effects of different initial conditions (moisture and oxy-
gen) on the amount of generated methanol are studied in this
paper. Four initial models are designed as follows:

a) Model 1 contains only 40 cellobiose molecules;
b) Model 2 contains 40 cellobiose molecules and 15 water
molecules; c) Model 3 contains 40 cellobiose molecules
and 15 oxygen molecules; d) Model 4 contains 40 cellobiose
molecules, 15 water molecules, and 15 oxygen molecules.
Other settings are similar to the previous simulations in
this work. The NPT (P = 1000 Mpa, T = 50 K) ensem-
ble was used to perform density adjustment. After density
adjustment, the internal pressure relaxation was carried out
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FIGURE 8. Total schematic diagram of three formation pathways of methanol. (The R1 and R2 represent the two molecular
fragments in which the methyl group and the hydroxyl group are located respectively.)

FIGURE 9. The naming of cellobiose by AMS software.

for 100 ps to equilibrate the system by using the NVT
ensemble (T = 298 K). Then, molecular dynamics simula-
tions combined with the Monte Carlo method were per-
formed for 100 ps by using the NVT ensemble. During the
molecular dynamics simulations, atommotions were updated
every 50 steps with a time interval of 0.1 fs, which indicated
that the trajectory of the simulation was output every 0.005
ps. The temperature control was based on the Berendsen
thermostat algorithm with 0.1 fs damping constant in all
simulations. The results are shown in Fig. 12.

Fig. 12a shows changes in the number of methanol
molecule over time without initial moisture and oxygen.
The unstable methanol molecules existing temporarily are
ignored. The maximum number of methanol molecules gen-
erated without initial moisture and oxygen is 2. Fig. 12b and
Fig. 12c show changes in the number of methanol molecules
obtained with the addition of 15 water molecules (2% of
weight) and 15 oxygenmolecules (3% of weight) in the initial

FIGURE 10. The initial Mayer bond order of cellobiose.

model, respectively. The maximum number of methanol
molecules present in Model 2 andModel 3 is only one, which
indicates that the separate presence of initial moisture and
oxygen inhibits the formation of methanol to a certain extent.
The simulation results are consistent with several significant
experiments. Aging tests were carried out by Jalbert et al. [9]
to verify the independence of methanol on moisture. Cellu-
lose insulation samples with 0.5%, 1%, or 2% (w/w) initial
moisture content were used for aging tests. The experimental
results indicated that the presence of initial moisture has
no effect on methanol formation. In addition, Li et al. [43]
proposed that when the moisture content is small, oxygen
molecules will form hydrogen bonds with water molecules
to prevent water from reacting with cellulose.
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FIGURE 11. The Mayer bond order after the cleavage of the
1,4-β-glycosidic bond of cellobiose.

FIGURE 12. Methanol formation under different initial conditions.
(a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4.

In Fig. 12d, the maximum number of methanol molecules
increases to 4, with the co-existence of initial moisture
and oxygen in Model 4. The catalytic mechanism of mois-
ture and oxygen on methanol formation is analyzed in this
paper. Hydrocarbons in cellulose insulation react with oxygen
molecules to form carboxylic acids. One water molecule
deprives a hydrogen ion on the carboxylic acid, and a
hydronium is formed (Fig. 13). Then, the hydrogen ion is
transferred to the cellulose chain and causes chain scission
(Fig. 14).

As mentioned before, the cleavage of 1,4-β-glycosidic
bond contributes to the formation of methanol. According
to the BrØnsted-Lowry theory, carboxylic acids can react
with cellulose by directly transferring hydrogen ions to it.
However, water is more polar than cellulose, which makes the
dehydrogenation reaction of carboxylic acids easier to occur.
The results indicated that the co-existence of a large amount
of oxygen and water facilitates the formation of methanol by
catalyzing the acid hydrolysis of cellulose. The simulation
results of the catalytic mechanism are consistent with several
significant experimental studies [44]–[46].

FIGURE 13. The catalytic mechanism of moisture and oxygen on
methanol formation.

FIGURE 14. The cleavage of cellulose by hydronium.

FIGURE 15. Changes in the number of three low-molecular-weight acids
in cellulose with time.

It has been reported that the main degradation mechanism
of cellulose is acid hydrolysis, especially for the amorphous
region [15], [44], [47], [48]. With the aging of cellulose
insulation, a large amount of low-molecular-weight acids
(e.g. formic acid, acetic acid, and levulinic acid) will exist in
cellulose insulation. Part of the low-molecular-weight acids
partly comes from cellulose degradation, while others come
from the oxidation of insulating oil [44], [47]. To verify the
above analysis, the number of three low-molecular-weight
acids were calculated based on Model 4, and the results
were shown in Fig. 15. The results showed that the amount
of three low-molecular-weight acids increases rapidly at the
beginning of molecular dynamics simulation and decreases
at 13 ps. The reason is that the combined influence of initial
moisture and oxygen have accelerated the formation of three
low-molecular-weight acids. However, the acid hydrolysis
of cellulose insulation consumes carboxylic acids, which
reduces the number of carboxylic acids. The phenomenon is
consistent with the proposed catalyticmechanism and verifies
the validity of the mechanism.

VII. CONCLUSION
In this paper, the formation mechanisms of methanol during
the degradation of cellulose insulation were investigated by
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molecular dynamics simulation using ReaxFF combined with
Monte Carlo. It is of great interest to find formation mech-
anisms of methanol at the atomic or molecular level. The
obtained results can be concluded as follows.

I. Related simulation models were built to investigate the
formation of methanol, and the results showed that
there are three formation pathways of methanol during
the degradation of cellulose insulation.

II. The source of carbon atoms and oxygen atoms consti-
tuting methanol molecules was analyzed. The results
confirmed that the carbon atoms mainly come from C
(14) and C (19), while the oxygen atoms mainly come
from O (15), O (20), O (7), and O (23).

III. Analysis of the number of methanol molecules
under different initial conditions indicated that the
co-existence of initial moisture and oxygen facilitates
the conversion of cellulose degradation products to
methanol. In addition, the catalytic mechanism of the
methanol formation under the coexistence of initial
moisture and oxygen was analyzed, and the regularity
of the three low-molecular-weight acids verified the
validity of the mechanism.

The investigation of methanol formation through molec-
ular dynamics simulation gives a new perspective to under-
stand the formationmechanisms of methanol during cellulose
insulation aging and provides a theoretical contribution to
further studies on the evaluation of aging condition of the
cellulose insulation.
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