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Abstract—To improve the accuracy and efficiency of aging life
prediction and assessment of transformer oil-paper insulation,
and to make up for the deficiencies of traditional characterizers
such as 2-furfural, carbon monoxide, and carbon dioxide, a
method for the simultaneous determination of methanol, ethanol,
n-propanol, and n-butanol in oil with a single injection was
established by headspace-gas chromatography-mass
spectrometry. The measured results show that the determination
limits of the four alcohol characterizers can be controlled to 10
pg/kg level. Based on this method, the change patterns of the
above four alcohols with thermal aging time and degree of
polymerization were obtained through thermal aging
experimental research. Ethanol, n-propanol, and r-butanol in oil
indicate nearly linear correlations with thermal aging time and
degree of polymerization, similar to that of methanol. By
analyzing 52 sets of measured data of 500 kV EHV transformers
in operation, n-butanol was found to have excellent performance,
and a new method to evaluate the aging state of oil-paper
insulation employing n-butanol and methanol was proposed along
with the aging attention value model. The measured data of 500
kV EHYV transformers in operation indicate that the combination
of n-butanol and methanol as the preferred characterizers can
effectively compensate for the shortcoming of traditional
characterizers in the early stage of aging, and the feasibility of the
method was verified. Two possible pathways for the generation of
n-butanol by cellulose cleavage during the aging of oil-paper were
proposed from the chemical structure of cellulose.
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I. INTRODUCTION

IL-PAPER insulation is the main insulation form of power

transformers, and its aging process will have adverse
effects on the mechanical and electrical properties of
transformers, thus endangering the safe and stable operation of
transformers!'l.

The aging of paper insulation is an irreversible process,
making the aging degree of paper insulation a crucial factor
determining the insulation life of transformersi?. Because
insulating paper can't be directly accessed and detected during
the operation, some characterization objects have been
developed to evaluate the aging degree of the insulating paper
in the equipment. CO2/CO ratio measured by the analysis of
dissolved gas in oil and 2-FAL (2-furfural) are relatively
mature methods used worldwidel®). However, there are still
some limitations in practical application!'].

In recent years, the rapid progress of chemical analysis
methods has laid a foundation for detecting trace markers. By
utilizing gas chromatography-mass spectrometry (GC-MS)
technology, the determination limit can be controlled to 10
ng/kg level, and the types of characterization substances that
can be considered are significantly increased. Therefore,
scholars at home and abroad actively seek other markers and
enhance their determination methods.

Jalbert et al. separated and identified more than 30 aging
products of insulating paper under laboratory conditions and
found methanol in the products*®l. This discovery provides a
new idea for studying the aging evaluation characteristics of
insulating paper. Since then, methanol has gradually become
the focus of research in the aging of paper insulation. Studies
have revealed that methanol will appear in oil when insulation
paper in the transformer begins to age, while 2-FAL can only be
detected when the insulation paper ages significantly. As a
result, methanol can be used to indicate the degree of paper
aging even at the early stage of aging, and it is reckoned as a
more effective method to predict the end of transformer life 371,

The research on methanol mainly focuses on the following
four respects. Firstly, the determination methods have been
developed. At present, there are several methods established to
detect methanol concentration in insulating oils: GC-MS[PZ8-111,
Gas chromatography -flame ionization detector (GC-FID), and
Raman spectroscopy [1*-16, MC Bruzzomniti compared
headspace(HS)-GC-FID with HS-GC-MS, and found that the
determination limits of methanol in the two methods were 12
ng’kg  (HS-GC-FID) and 1.3 pgkg (HS-GC-MS),
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respectivelyl!7],

The second respect is to study the correlation between
methanol and polymerization degree in laboratories and
explore the correction methods of different influencing factors.
It is found that methanol in transformer oil has an excellent
linear correlation with the degree of polymerization of
insulating paper!'®!®l. In contrast, 2-FAL has an exponential
correlation with the degree of polymerization!']. Studies have
confirmed that methanol is detected earlier than 2-FAL*?] and
in the early stage of aging, methanol production rate is always
higher than 2-FAL[P?!, Relevant experiments also revealed that
methanol appears from the first stage of cellulose
depolymerization (DP>900)1?, and the methanol content from
10pg/kg to 100 pg/kg has a significant correlation with the
aging of insulating paper?®?*]. On the other hand, the influence
of temperaturel*2°],  moisturel?’?%],  oil-paper ratio?®),
transformer oil typel?%2%-32], insulating paper type!®?”! (such as
ordinary insulating paper and heat modified insulating paper)
and other factors and correction methods for methanol are also
being studied at this stage.

The third respect is to study the generation mechanism of
methanol. Gilbert et al.[>633-31 discovered that after the opening
of 1,4-B glycosidic bond in the cellulose chain, methanol was
generated in proportion, suggesting that the generation of
methanol was directly associated with the cellulose cracking
the insulating paper. Jiang Danyu et al.l'” obtained through
laboratory simulation that methanol mainly comes from the
intermediate products of oxidative cellulose decomposition.
The further reaction of the intermediate products of oxidative
decomposition to generate methanol requires the synergistic
effect of water. Kuiyu Zhou et al.l''3637 analyzed methanol
generation's mechanism and influencing factors based on
molecular simulation technology.

The fourth respect is application research. However, there
have been limited applications in actual transformer equipment
as of today [1%38-40], and they are mainly limited to lower voltage
levels, but the feasibility of methanol as a characterization of
oil-paper insulation has been preliminarily confirmed.

Along with methanol, some studies have shown that
cellulose may produce ethanol after high-temperature
degradation™*!-#?], Jalbert, Jocelyn, et al. found that the change
rule of ethanol was not as significant as that of methanol,
Hanbo Zheng*4 preliminarily confirmed that ethanol can be
used as a new characteristic quantity for aging evaluation of
insulating paper through theoretical analysis and experimental
research, and studied the reaction and generation pathway of
ethanol (CoHsOH): If the free hydroxyl group on C2 (C2') of
cellobiose is cracked first, and the C1-O5 (or C1'-O5") bond is
broken with C2-C3, (C2'-C3') bond, the newly generated
hydroxyl group on C1-C2 and C1 will form ethanol. However,
further theoretical analysis and experimental research are
needed on the characterization correlation between ethanol
concentration and insulation aging degree (such as DP) of paper
and the possibility and stability of other low molecular alcohols
as insulation paper aging characteristics.

Based on applying existing research and referring to the idea
of combined analysis of multiple gasses in DGA technology,

this paper expands the types of new characterization substances.
In this paper, a method for simultaneous determination of
methanol, ethanol, n-propanol, and r-butanol in oil by single
injection was established. More consistent and effective
characterization substances were chosen to match the existing
typical characterization substances. The new method described
in this paper is aimed to improve the determination accuracy,
anti-interference ability, and application feasibility. There is a
practical need to accurately evaluate the aging state of the 500
kV UHV voltage transformers. Based on the measured results
of 500 kV transformers in operation, starting with new alcohol
indicators such as methanol, the changing trend, attention value,
and application of alcohol indicators are studied, which can
provide a more effective supplement for aging characterization
of insulating paper.

II. ESTABLISHMENT OF THE DETERMINATION METHOD OF
ALCOHOLS AND ALDEHYDES BASED ON HS-GC-MS

In this paper, HS-GC-MS was used to determine the 4
alcohols (methanol, ethanol, n-propanol, and n-butanol) in oil.
Agilent7697 headspace sampler,7890B gas chromatograph,
5977B mass chromatograph, DB-Wax UI 30 mx 0.25 mmx 0.5
m chromatographic column are used.

The key steps are the configuration of standard samples, the
exploration of headspace conditions (temperature, time), the
selection of chromatographic columns, the quantitative method,
and the effect validation of the determination method in the
process of establishing the actual determination method.

A. Preparation of standard solution

Weigh 0.15 g (accurate to 0.001g) of 4 alcohols, and use
standard addition method to dissolve in 150 g new transformer
oil to make mother liquor which contains 4 alcohols content of
1.0 g/kg each. The mother liquor was diluted with blank oil to
prepare a standard oil sample with a concentration of 10 mg/kg.
Then a series of mixed standard solutions of the 4 alcohols were
diluted step by step, the contents of which were 800 pg/kg, 400
ng/kg, 200 pg/kg, 100 pg/kg, and 50 pg/kg, respectively.

B. Headspace condition, temperature rising procedure, and
qualitative and quantitative ions

In this paper, the headspace condition is determined as the
equilibrium temperature: 80 ‘C . Balance time: 30 min. The
heating program of chromatographic column box is set as
follows: furnace temperature is 40°C and kept for 3 min, then
heating to 100 DEG C at 10 DEG C/min, and then, the
temperature is raised to 110°C at 20°C/min, and the temperature
is kept for 3 min, at the final stage, the temperature is raised to
230°C at 40°C/min, and the temperature is kept for 12 min.

Quantification was performed by selecting the
mass-to-charge ratio with the response value. Qualitative and
quantitative ions representing methanol, ethanol, n-propanol,
and n-butanol were obtained, respectively, as shown in Table I.

TABLE I
QUANTITATIVE AND QUALITATIVE ION SETTINGS OF SEVERAL COMMON
ALCOHOLS BY MASS SPECTROMETRY

| Methanol  Ethanol

n-Propanol  n-Butanol
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Qualitative ion 31 31 31 31
Quantitative ion 29,32 45,46 59 41,56

C. Selection of chromatographic column

Since the tested alcohols are all polar substances,
polyethylene glycol columns are preferred, which are polar
columns. Further, various polyethylene glycol columns were
compared, and the separation capacity and peak output ability
were used as the judging criteria.

The experimental results show that the DB-Wax UI 30 mx
0.25 mmx 0.5 pm chromatographic column has the most robust
separation ability and peak output ability for the target alcohol,
as shown in Fig. 2. The final DB-Wax UI chromatographic
column was selected for subsequent testing.
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Fig. 1. Separation peak of methanol, ethanol, n-propanol, and n-butanol using
DB-wax UI chromatographic column

D. Establish standard curve by standard addition method and
standard curve method

Due to the low determination limit of the method and the
several substances to be tested, it is challenging to select and
make blank samples. In the configuration of the standard
solution to establish the standard curve, the original content in
the sample is tested by the standard addition method. Each
content is corrected using the original content. The sample is
tested using the standard curve in Fig. 3, which effectively
solves the problem that the original alcohol content in the
prepared solution may affect the accuracy of the standard

curve.
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Fig. 2. Schematic diagram of the standard curve establishment process

E. Effect validation of the method

The fitted correlation coefficients of the calibrated standard
curves for the 4 alcohols are shown in Table II. And all of the
calibrated standard curves have good linearity. The
determination limits can be controlled to 10 pg/kg level, and the

repeatability can be controlled to less than 6% when the
concentration is at 50 pg/kg.

TABLE I
LINEAR FITTING CORRELATION COEFFICIENTS OF STANDARD CURVES OF

FOUR ALCOHOLS
Correla.tlon Methanol  Ethanol n-Propano
coefficient 1

R? 0.998 0.997 0.998 0.998

n-Butanol

III. EXPERIMENTAL STUDY

A. Test conditions

The transformer oil used for the experiments was Karamay
transformer oil (K oil) and CNOOC transformer oil (H oil), and
the insulating paper was Weidmann 22HCC INSULDUR
insulating paper with a thickness of 0.088 mm.

The flow of the thermal aging test is shown in Fig.3.
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Fig. 3. The flow chart of the thermal aging test

B.  Changes in alcohol content after different aging time tests

The changes in alcohol content after various aging time tests
are shown in Fig. 4. And the comparison of alcohol content in
oil between oil-paper samples and blank oil samples after aging
for 14 days is shown in Fig. 5.
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Fig. 4. The trend of alcohol content in oil after aging of oil paper at different
aging times
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Fig. 5. Alcohol content in oil paper samples and blank oil samples after 14 days
of aging

From Fig. 4 & 5 as above, it can be seen that during the
thermal aging process at 130°C, the change of methanol with
aging time was the most obvious compared to other alcohols.
And the change in oil-paper sample was significantly greater
than that in blank oil. While the change of ethanol with aging
time was the second-largest, and the change is more significant
than that of n-propanol and n-butanol. The content of ethanol,
n-propanol, and n-butanol also increased with aging time, and
the changes in the oil-paper samples were slightly greater than
those in the blank oil samples. The lower ethanol production
than methanol production under the test conditions is consistent
with previous studies' phenomenon*-*], Similar phenomena
and patterns occur with different 2 oils, not the characteristics
of one particular oil. These two oils are processed by different
manufacturers using different processes and both have practical
applications.

C. Changes in the content of traditional characterizations
after different aging time tests

All the oil samples were tested by the standard SH/T
0812-2010 (IEC 61198-1993, MOD) to detect 2-FAL content,
and none of them had yielded a detectable value. The relevant
studies!® suggest that 2-FAL in oil only appear in the middle
and late aging stages, which can explain this phenomenon.
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Fig. 6. CO, COx content in oil paper samples and blank oil samples at different
aging times

Fig. 6 shows that the CO and CO; in the blank oil sample and
the oil-paper sample both increase with the increase of aging
time, and the CO and COx> content in the oil-paper sample are
much higher than that in the blank oil sample, which indicates
that the aging of the insulation paper mainly generates the CO
and CO: in the aging process. This phenomenon is consistent
with the related research phenomena. Similar phenomena and
patterns occur with different 2 oils.

D. Correlation analysis of alcohol content in oil and
polymerization degree of insulating paper

The polymerization degree of the insulating paper was tested.
And the correspondence between the alcohol content and the
degree of polymerization of the insulating paper after different
aging times is shown in Fig.7. The following analysis was
performed using the more widely used K oil since similar
phenomena and patterns occur with the 2 oils.
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Fig. 7. Relationship between alcohol content and polymerization degree of
insulating paper after aging

By fitting methanol, it was found that the polymerization
degree of insulation paper showed a linear correlation with the
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content of methanol and had a high fitting coefficient, which
was consistent with related literaturel!!],
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Fig. 8. Relationship between the methanol in oil and the degree of
polymerization of insulating paper

Linear fits were also calculated for 3 other alcohols, with the
coefficient of determination and correlation coefficients, as
shown in Table III.

TABLE III
COEFFICIENTS OF DETERMINATION AFTER LINEAR FITTING OF DIFFERENT
ALCOHOLS TO THE DEGREE OF POLYMERIZATION

Substance Category Coefﬁc.ient. of Correla‘Fion
Determination Coefficient
Methanol 0.968 -0.984
Ethanol 0.872 -0.934
n-Propanol 0.780 -0.883
n-Butanol 0.683 -0.826

The analysis of Table III shows that the other three alcohols
also have high coefficient of determination, indicating that all
other three alcohols are approximately linearly correlated with
the polymerization degree. The slightly lower coefficient of
determination may be due to the lower content of ethanol,
n-propanol, and n-butanol, which are 1-2 orders of magnitude
different from methanol and more susceptible to other factors.

IV. ENGINEERING APPLICATION STUDY OF ALCOHOLIC
CHARACTERIZERS

A. Sampling equipment situation

Transformer oil samples were taken from 26 transformers
with different operating years, situated in five 500 kV
substations. All the transformers are sealed, running on
Karamay transformer oil (inhibited mineral oil), and operating
with a load factor of no more than 55%. No significant oil
changes had occurred to the transformers as of the sampling.
The operating years of the transformers are shown in Table IV.

TABLE IV
OPERATING LIFE OF TRANSFORMERS FROM DIFFERENT SUBSTATIONS
Year of Year of
. Number SR AR
Substation of commissioning  commissioning
number . at the time of at the time of
equipment

sampling in sampling in

2020 2021
1 6 1 2
2 6 4 5
3 2 7 8
4 6 12 13
5 3 13 14
3 14 15

B. Substation oil sample alcohol content

The four alcohols in Table IV were averaged separately for
all transformers of the same operating year, e.g., the value
corresponding to 13 years in the figure is the average value of
the 9 transformers operating for 13 years at the time of
sampling, and the value corresponding to 4 years in the figure is
the average value of the other 6 transformers operating for 4
years at the time of sampling. The variation of the average
value of the different alcohol contents with the number of years
of operation is shown in Fig. 8.
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Fig. 9. Substation oil sample alcohols versus operating time

As seen in Fig. 9, the methanol content increases with aging
time, consistent with other relevant studies. Meanwhile, a more
interesting phenomenon is observed, the n-butanol content in
the oil increases with aging time. Still, it has a more prominent
increase after five years of operation, showing a trend
approximate to power function between the content of
n-butanol and increasing operating time, with the content
exceeding that of methanol. The phenomenon of n-butanol has
not been reported.

C. Attention value formula for calculating n-Butanol and
methanol

To explore the method of utilizing n-butanol and methanol in
characterizing the aging state of oil-paper insulation in 500 kV
transformers, this paper combines field data to fit the
correlation between n-butanol, methanol, and the operating
years. And the values of n-butanol and methanol content that
should be noticed under different operating lives were proposed,
1.e., the formula of the attention value.

The n-butanol and methanol contents were fitted to the
operating years. By applying the Box-plot method, a common
method for identifying outliers in statistics, to the difference
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between the true and fitted values, the normal upper boundary
was calculated as attention values. The fitted and attention
value curves for n-butanol and methanol were obtained as
shown in Fig. 10. The corresponding attention value equations
for n-butanol and methanol were obtained as Eq. (2) and Eq.

3).
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(b)n-Butanol attention value fitting curve
Fig. 10. Alcohol attention value fitting curve

n-Butanol and methanol attention value formula:
_butanol = 8.09 % +192.40 (1)
methanol  — 1.34 209 427275 (2)
where  _gytanol 1S the n-butanol note value, pg/kg, methanol 1S
the methanol note value, pg/kg, and is the operational time,
year.

When the n-butanol or methanol content runs up to higher
than the attention value of the corresponding year, like the data
in the box of the upper right corner, attention should be paid to
investigate the aging state of the oil-paper insulation.

D. Outcomes achieved in utilizing attention values of
n-Butanol and methanol

Although the DP value of insulating paper is a direct

indicator of aging, the test object is the insulation paper, so it is
difficult to take samples, requiring power outages, oil draining,
and even lifting the cover to get the paper samples, which
cannot be tested directly under normal circumstances. In this
paper, the sampling equipment are normal operation, with no
sampling test opportunities, so the DP value of insulating paper
data can not be obtained.

In the relevant standards, 2-furaldehyde and CO, CO; are
important paper aging characterizers that can be detected in oil.
Using the standard SH/T 0812-2010 (IEC 611981993, MOD),
the determination limit of 2-FAL in this laboratory is 0.01
mg/kg. All the field oil samples were tested by this method to
detect 2-FAL content, and none of them had yielded detectable
value.

However, by utilizing the formula for the attention values of
n-butanol and methanol in chapter IV C, it was confirmed that
the attention values were exceeded for n-butanol in Case I
(Phase A and C of transformer 2# in substation 5), and for
methanol in Case II (Phases B and C of transformer 2# in
substation 4).

Since 2-FAL was not detected in any of the measured field
oil samples, the above cases were analyzed in combination with
CO and CO: changes. It should be noted that, by analyzing
DGA field test data, no discharge defect or overheating defect
characteristics were seen inside the selected equipment. It can
be assumed that the CO and CO; changes are mainly affected
by the aging of paper insulation.

The CO and CO; detection data are historical data collected,
and there are usually fluctuations. Therefore, the trend of
change is paid more attention to. In order to better reflect the
growing trend of the year and eliminate the differences caused
by seasonal differences, the CO and CO: detection data in the
same year are calculated as annual averaging. The CO and CO>
annual averaging data of cases I and II in calendar years are
shown in Fig. 11.
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Fig. 11. Change of the CO. CO; concentrations in two cases over the years

The contents of CO and CO; in phases A and C in Case I
were higher than those in phase B over the years, proving that
more paper aging did occur in phases A and C than in phase B.

Similarly, the contents of CO and CO; in the phases B and C
in Case II were significantly larger than those in the A-phase in
all the years.

The above two cases prove that paper insulation aging can be
effectively identified by n-butanol and methanol in oil. Under
the circumstances such as 2-furfural is undetectable, CO and
CO: fluctuate widely due to testing, etc., alcohol can be used as
an effective supplement to traditional aging characterizers with
excellent sensitivity.

V. RESULTS AND ANALYSIS

A. Correlation analysis of n-butanol and methanol content
with CO and CO>

The data of n-butanol and methanol content and CO and CO»
content of all the 26 500 kV equipment sampled in the field
were analyzed and shown in Fig.12 below. It can be seen that
lower n-butanol and methanol content are in line with lower CO
and CO> content in the oil, which is mainly concentrated in the
lower-left area of the graph. The correlation between n-butanol
and CO and COz is better.
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Fig. 12. Relationship between the magnitude of n-butanol or methanol content
and CO, CO;

From Fig. 12, the corresponding fits show positive
correlations between n-butanol and methanol and CO and CO»,
further reflecting that n-butanol and methanol can play an
excellent complementary role as aging characterizers.

B. Comparative analysis of field application data and
experimental data

The results in the field oil samples showed that the most
promising new characterizers were n-butanol and methanol.
The thermal aging testing results concluded that methanol was
the most promising new characterizer. The comparison
between the field oil samples and the laboratory oil samples
suggested a certain degree of difference in the characterization
of n-butanol, which may be ascribed to the difference between
the field conditions subject to the complicated actual operation
and the thermal aging test conditions in the laboratory. The
effects of these differences need to be further studied.

In addition to that, methanol has higher volatility*’]. The
boiling point of methanol is 64.8 (at 1 atm), and that of
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n-butanol is 117  (at 1 atm). When the temperature exceeds
the boiling point of methanol, it may decrease methanol content
in the oil. This is probably related to gaseous methanol at high
temperaturesi®. The normal operating temperature of
transformers is near or potentially above the boiling point of
methanol, but well below the boiling point of n-butanol, which
may be one of the reasons for the higher n-butanol tested in the
oil. Though the thermal aging test aging temperature was
130°C, the alcohol contents were tested after the oil samples
were back to room temperature. During the aging process and
before sampling, the aging containers were kept well sealed, so
even if the methanol was vaporized during the aging process, it
was liquefied before testing.

In literature[24], the ethanol content was higher than
methanol in the field measured results, which differed from the
laboratory results. The literature intended to ascribe the higher
methanol content to the accelerated aging experiment in a small
area, while the higher ethanol content resulted from moderate
aging in a large area.

C. Exploration of possible production pathways of n-butanol
and methanol

It was found that the initial break positions of the cellobiose
of cellulose in the initial cleavage-stage are mainly
concentrated at the O atom of the glycosidic bond, C1-O5 (or
C1'-05"), C5-05 (or C5’-05"), and partly at C1-C2 (or C1'-C2")
and C2-C3 (or C2'-C3'). Besides, the hydroxyl and hydrogen
atoms on the cellobiose also show limited breakage during the
cleavage process!*+>1-32],

R OH! | om ;
| ] :
'HO ¢ L Cf’ |
. ~Ls Lo ; OH|
AR A
: A O ! |
o e e G
'HO (|32 b \Clg/ \OHl
i OH | ! oOH 3
""" @lpyan oWy

Fig. 13. Molecular model of fibrous disaccharide

There are three possible pathways for the generation of
methanol!'!]. The first is that the C5-C6 (or C5’-C6') bond of the
cellobiose (as shown in Fig. 13) breaks and C6 (or O6’) binds
free H to form methanol. The second is that as the glycosidic
bond C4'-O breaks, C1-O5 (or C1'-05") and C1-C2 (or C1'-C2")
then break and C1-O (or C1’-O) binds to H to form methanol.
The third is that as the glycosidic bond C1-O breaks, C5-O5
and C1-C2 then break, and C1-O5 binds to H to form methanol.

Ethanol (C2HsOH) and ethylene glycol may be generated in
the following pathway™4l. If the free hydroxyl group on C2 (C2")
of the cellobiose (shown in Fig. 13) cleaves first and the C1-O5
(or C1'-O5") bond breaks with the C2-C3, (C2'-C3’) bond, then
C1-C2 and the newly formed hydroxyl group on C1 will form
ethanol. If the C1-O5 (or C1’ -O5’) bond breaks, then the C1-O
(C1'-0O) bond will form C1-OH (C1'-OH), and when the C2-C3

(C2'-C3") is also cleaved at C2-C2 (C1'-C2"), then C1-C2
(C1'-C2") and the hydroxyl groups attached to them may form
ethylene glycol.

By this speculation, the pathway of n-butanol production
may be that in the case of simultaneous breakage of C5-C6 (or
C5'-C6") and C1-C2 (or C1'-C2") (this process has the potential
to produce two methanol molecules). The remaining part of the
cleavage produces the C2-C3-C4-C5 structure. When there are
free hydroxyl groups on C2 or C5 that are not cleaved and the
carbonyl groups on the other three carbon atoms are cleaved,
then C2-C3-C4-C5 and their attached hydroxyl groups form
n-butanol. Similarly, the production of n-butanol may also
occur when ethanol and ethylene glycol are produced while
cleaving the remaining portion to produce the C3-C4-C5-C6
structure. When one of the free hydroxyl groups on C3 or C6
(C3' or C6') is not cleaved, and the free hydroxyl groups on the
other carbon atoms are cleaved firstly, then C3-C4-C5-C6 and
their attached hydroxyl groups will form n-butanol. The
specific mechanism of n-butanol generation needs to be further
investigated in depth.

VI. CONCLUSIONS

1)A single injection simultaneous determination method
based on HS-GC-MS for methanol, ethanol, n-propanol and
n-butanol in transformer oil at 10 pg/kg level was established
for the first time. It significantly improves the determination
efficiency and the feasibility of extension.

2)The law that the content of four alcohols in oil changes
with the increase of thermal aging time was obtained through
experimental research, and the content of all four alcohols is
negatively correlated with the degree of polymerization.

3)Through the data analysis of 52 units of 500 kV
transformers in operation, n-butanol was found to have
excellent performance, which is a discovery. And unlike the
thermal aging test data, its content exceeded that of methanol.
A new method is proposed to evaluate the aging state of
oil-paper insulation by n-butanol and methanol, and the
feasibility of the method is verified by field data.

4) Two possible pathways for the generation of n-butanol by
cellulose cleavage during aging of oil-paper were proposed
from the chemical structure of cellulose. The mechanism of
n-butanol production remains to be further investigated.
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