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Abstract: Insulation cellulose paper is a basic measure for a power transformer’s remaining useful
life, and its advantageous low cost, electrical, and mechanical properties have made it an extensive
insulation system when impregnated in a dielectric liquid. Cellulose paper deteriorates as a result
of ageing due to some chemical reactions like pyrolysis (heat), hydrolysis (moisture), and oxidation
(oxygen) that affects its degree of polymerization. The condition analysis of cellulose paper has been a
major concern since the collection of paper samples from an operational power transformer is almost
impossible. However, some chemicals generated during cellulose paper deterioration, which were
dissolved in dielectric liquid, have been used alternatively for this purpose as they show a direct
correlation with the paper’s degree of polymerization. Furthermore, online and non-destructive
measurement of the degree of polymerization by optical sensors has been proposed recently but
is yet to be available in the market and is yet generally acceptable. In mitigating the magnitude
of paper deterioration, some ageing assessments have been proposed. Furthermore, researchers
have successfully enhanced the insulating performance of oil-impregnated insulation paper by the
addition of various types of nanoparticles. This study reviews the ageing assessment of oil-paper
composite insulation and the effect of nanoparticles on tensile strength and electrical properties of
oil-impregnated paper insulation. It includes not only significant tutorial elements but also some
analyses, which open the door for further research on the topic.
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1. Introduction

Nowadays, a power transformer is the key element in an electrical grid that is needed
to meet fast-growing electricity demand [1]. Equipment failure leads to blackouts, loss of
energy, and also decreases the reliability of the system, which has a consequential impact
on power quality [2,3]. The reliability of power equipment is crucial to our entire society,
so statistical analysis has been carried out on transformer accidents and it was revealed
that an oil-paper insulation system, among others, has been the main cause of transformer
insulation failure [4,5]. Oil-immersed transformers are presently the majority of power
transformers used in power systems [6–8]. Life expectancy and safe operation of an oil-
immersed power transformer are mainly decided by the mechanical, physicochemical, and
electrical properties of its composite insulation system [9–11]. Transformer core windings
are exposed to extensive electromagnetic stresses in the course of a power network opera-
tion. Therefore, this equipment experiences mechanical and electrical stresses in its entire
part, so its power rating is greatly increased to meet the high demand for ever-increasing
voltage levels [12]. Liquids and solids are the two materials that majorly constitute the
power transformer composite insulation system [13–16]. Therefore, insulation in power
transformers has been standardized and accepted to take the form of paper in insulating
oil, since it possesses desirable physical, chemical, and electrical properties [17]. During
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periodic operations, the degradation of oil-impregnated paper insulation occurs as a result
of various stresses such as chemical, mechanical, thermal, and electrical stresses on the
materials that influence the life expectancy of the power equipment [18,19].

Solid insulations are majorly cellulose-based and are used in distinct forms such
as Kraft paper and pressboard, as they are porous materials that serve as the principal
insulators for winding conductors. They function as materials that prevent electric current
flow among the conductors and are likewise impregnated in an insulating fluid to increase
cellulose life span as well as to enhance the dielectric characteristics that will enable it
to act as a medium of cooling [20–22]. Kraft paper, known as the thin insulation, is
usually wrapped around the winding conductors of the power transformer to create a
gap for the circulation of insulating oil, while pressboards are the thick insulation usually
infused between the wrapped conductor layers. Additionally, sizeable pressboard sheets
are usually wrapped around the whole winding, which serves as a barrier to prevent
viable direct breakdown through the insulating oil [22]. However, more attention and
interest is given to Kraft paper by researchers as a result of high thermal stresses on Kraft
paper’s inner layer around the conductors, which is about 95 ◦C, while the temperature
of the pressboard is considered to be lower than the insulating oil temperature, which
ranges from 60 to 80 ◦C [23]. Papers employed in solid insulation are fabricated from
unbleached softwood pulp in either the Kraft or sulphate process. This unbleached Kraft
paper contains cellulose, hemicellulose, and lignin, at percentages of 78–80%, 10–20%, and
2–6%, respectively [24,25]. The percentages of cellulose, hemicellulose, and lignin in dry
wood Kraft paper are 40–50%, 10–30%, and 20–30%, respectively [26,27]. The cellulose
chemical chain that has the highest percentage is formed when the anhydroglucoses are
linked together by glycosidic bonds [28,29]. Cellulose chemical structure is given in Figure 1
and the molecular empirical formula is (C6H10O5)n where the mass fractions are 44.44%
carbon, 6.17% hydrogen, 49.39% oxygen, and n is the degree of polymerization [30].
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dissolve in the insulating oil [31,32]. Moreover, deterioration mechanisms often occur in 
the presence of moisture (hydrolysis), oxygen (oxidation), and heat (pyrolysis) [33–35]. 
Moisture accumulates increasingly as a result of a progressive increase in the hydrolysis 
rate of the insulation system [36,37]. This accumulated moisture may be a result of mois-
ture penetrating through the oxidation of oil, seals, and cellulose degradation [38]. Oxida-
tion in cellulose paper is a slow reaction process that occurs when the cellulose hydroxyl 
groups weaken the glycosidic linkage as a result of oxygen attack [39]. Pyrolysis often 
occurs around the hot spot in the paper as a result of heat in the absence of oxidizing 
agents and moisture. Figures 2 and 3 show the chemical structures of hydrolysis and py-

Figure 1. Cellulose molecular chemical structure.

During paper insulation deterioration, breakdown tends to occur in hydrogen bonds,
shortening the molecular chain of the cellulose. This leads to the formation of some chemi-
cal products such as derivatives of furan, carbondioxide, and carbonmonoxide that later
dissolve in the insulating oil [31,32]. Moreover, deterioration mechanisms often occur in
the presence of moisture (hydrolysis), oxygen (oxidation), and heat (pyrolysis) [33–35].
Moisture accumulates increasingly as a result of a progressive increase in the hydrolysis
rate of the insulation system [36,37]. This accumulated moisture may be a result of moisture
penetrating through the oxidation of oil, seals, and cellulose degradation [38]. Oxidation in
cellulose paper is a slow reaction process that occurs when the cellulose hydroxyl groups
weaken the glycosidic linkage as a result of oxygen attack [39]. Pyrolysis often occurs
around the hot spot in the paper as a result of heat in the absence of oxidizing agents
and moisture. Figures 2 and 3 show the chemical structures of hydrolysis and pyrolysis
mechanisms in cellulose, respectively [40]. Substitution and reclaiming of insulating oil
will not increase the life span of cellulose in power transformers, which makes the degra-
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dation of paper made from cellulose a major consideration for a useful and functional
transformer’s lifetime [41,42]. Fault takes place when there is a decrease in the paper’s
mechanical strength to the level of being fragile and pre-disposed to damage through
mechanical motion [43]. However, the degree of polymerization with time gives correct
insight into the paper insulation degradation process [44]. The degree of polymerization
value shows the average polymer length of cellulose molecules; as such, a lower degree
of polymerization of the sample implies greater degradation [45]. Therefore, mechanical
strength (tensile strength), which concerns hydrogen bonding between the oriented linear
chain of the cellulose, and the degree of polymerization, which is the average number
of glycosidic rings in the macromolecules of cellulose, determine the integrity of paper
insulation [23,28,46]. The temperature of the insulating paper environment in the trans-
former is always greater than the ambient temperature during operation, which causes the
paper undergoing thermal ageing to be brittle as well as lose its electrical and mechanical
performance. As a result, precise and rigid requirements were placed on paper insulation
according to ASTM D149 standards [47]. Presently, cellulose insulating paper has some
disadvantages that need attention. Cellulose paper thermal stability governs the trans-
former lifetime as an increase in temperature changes the cellulose structure. The cellulose
insulating paper properties are deteriorated and can even lead to the cellulose paper falling
away from the winding. As an effect, the insulating oil impurities increase, thereby affecting
the thermal dissipation of conducting materials as well as the overall insulating properties
of power transformers [48]. Cellulose paper mechanical strength predicts the lifetime of
the transformer as the cellulose structure is also changed and damaged with a decrease in
mechanical strength [49]. The cellulose paper dielectric constant is said to increase with
a decrease in electric field distribution and vice-versa. Therefore, breakdown occurs in
the insulation system due to uneven electric field distribution [50]. Lastly, the cellulose
paper’s hydrophilic nature will also predict the transformer’s lifetime as the transformer’s
ageing state is determined by the amount of moisture content [51]. This strong hydrophilic
nature is a result of extensive polar groups in the cellulose molecules, thereby accelerating
paper degradation and increasing conductivity [52]. Therefore, each one percent increase in
moisture content doubles the cellulose rate of hydrolytic ageing [53], and for every increase
in moisture by 0.5%, the life span of the power transformer is reduced by half [54].
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Recently, technology involving the enhancement of dielectric materials using nano-
modification is now one of the trending areas in the materials dielectric field [55–57]. The
initiation of nanoparticles majorly improves the mechanical and electrical performance of
insulating components [58]. Cellulose insulating paper can be modified either by adding
nanoparticles to the cellulose paper before impregnating it into insulating oil or by adding
nanoparticles to the insulating oil to yield nanofluid and then impregnate the cellulose
paper into the nanofluid [59]. Many works have therefore been done to actualize the
enhancement of mechanical and electrical performance insulating paper with the aid of
nanoparticles [60–63]. Numerous micron-level fillers have been used in the traditional
paper industry to enhance paper performance. These fillers significantly decrease the
mechanical properties of insulating paper as such, the fillers cannot be applied to modify
the properties of insulating paper [64,65]. Therefore, the advent of nanotechnology has
given rise to the use of nanoscale filler in paper-making industries and this has been
reported to have considerable influence on the paper [66–68]. Nanoparticles used for
modification have been divided into three types, which are insulating nanoparticles such
as SiO2, BN, and Al2O3; semi-conductive nanoparticles such as SiC, CuO, TiO2, and ZrO2;
and conductive nanoparticles such Fe3O4, ZnO, Fe2O3, and graphene [69–71].

Materials from paper coated and cotton cloth were the foremost solid insulating ma-
terials used in power transformers. Due to the increase in the voltage level of power
transformers, there was an emergence of Kraft-paper insulating oil in the 1920s [72]. A
composite paper formed from polymer film and cellulose paper was introduced in the
1950s, which has a better dielectric performance relative to pristine cellulose paper [73].
Thermally upgraded Kraft (TUK) paper was introduced for use in power transformers
because it decreases the cellulose rate of molecular chain scission, which impedes the loss
of the tensile strength of the paper in power transformers in the course of ageing [74]. TUK
paper, known as Nomex paper, was fabricated from Kraft paper in the course of paper pulp-
ing by making stable cyanoethyl groups to substitute hemicellulose and cellulose reactive
OH groups through cyanoethylation [75]. The paper mechanical strength and hydrogen
bridges in this modification are lessened and due to environmental issues, this approach
was thereafter rejected [74,76]. A new approach involves the addition of melamine, poly-
acrylamide, dicyandiamide, and amide salts, which are all nitrogen-stabilizing agents in
the last phase of paper-making, which interacts mainly with the surfaces of the paper. Here,
cellulose oxidation is reduced as the weak bases from amide products interact with the



Energies 2023, 16, 2002 5 of 32

cellulose deterioration products, which partially consume moisture and neutralize the oil
acidity. Furthermore, primary amides and part of of the ammonia react with 2-furaldehyde
(2FAL) to produce melanoidins and furfuramide, which is the reason 2FAL content in TUK
paper is very little [74,75]. Therefore, this modification decreases the cellulose ageing by
three compared to typical Kraft paper because the cellulose ageing autocatalytic reactions
are being impeded by the nitrogen stabilizing agent [75,76]. Diamond-dotted paper is
fabricated from Kraft paper coated with thermosetting resin and is developed for high me-
chanical strength applications. The resin diamond-dotted paper ensures the paper is dried
efficiently as it makes a large surface for bonding. Mineral oils, synthetic esters, and natural
esters are the fluids used for liquid insulation. The addition of nanoparticles in a certain
volume ratio to these oils proved to have enhanced the oil dielectric performance [77–80].
Although the consequence of nanoparticles on the cellulose of solid insulation has not
been explored in detail, the cellulose of solid insulation has been said to have displayed an
interaction between the fluid nanoparticles with which it was impregnated [81].

2. Chemical Indicators

The non-destructive assessment of the ageing conditions of power transformers with-
out a power disconnection has been a topic of interest to researchers and engineers. The
ageing state of cellulose paper used in transformer insulation can be characterized by
monitoring the chemical indicators used in transformer oil [82,83]. However, transformer
insulation conditions cannot be accurately assessed by a single chemical indicator since
the concentration of these indicators generated depend on oxygen, moisture, and tem-
perature [84,85]. The summary of the relationship between the concentration of chemical
indicators, degree of polymerization, and condition of oil-paper insulation are given in
Table 1 [86–90].

Table 1. Insulation condition based on chemical indicators concentration.

DP Value 2FAL (ppm) MeOH
(ppb) CO2 (ppm) CO (ppm) Oil-Paper State

1200–700 0–0.1 0–50 0–2500 0–350 Healthy insulation
700–450 0.1–1 51–200 2501–4000 351–570 Moderate degradation
450–250 1–10 201–250 4001–10,000 571–1400 Extensive degradation

<250 >10 >250 >10,000 >1400 End of useful life

2.1. CO and CO2 Content

Oil-paper insulation undergoes a cracking and oxidation reaction under thermal stress,
which generates a little oxide that then dissolves in the insulation oil [91]. CO and CO2 gases
are therefore a result of cellulose overheating. Their ratio shows a fault in insulation paper
while leaving traces of carbon on it [92]. DGA (dissolve gas analysis) is used to determine
the condition of paper insulation, and according to the ASTM D3612 standard, dissolved
gases in the insulating oil can be collected through this analysis [93,94]. Certain combustible
gas contents and their production rates are detected during DGA for transformer oils [45].
The ratio of CO2 to CO in the transformer oil is used to diagnose the paper degree of
polymerization, which yields more information on the paper insulation status. According
to IEC 60599, for a paper in a normal ageing state, this ratio should be between 3 and
10 [3,95,96]. However, long-duration oxidation of insulating oil constituents and oxygen
via leaks also generates oxides of carbon in which the ratio may be higher or lower than
the stated values [3,97]. Therefore, the ratio of CO2 to CO is not sufficient to diagnose the
condition of paper insulation and its degree of polymerization [98].

He et al. [99] measured the CO2 and CO concentration in thermally aged oil-impregnated
pure and modified paper at 130 ◦C and 2%wt of Al2O3 nanoparticles by the IEC 60567-2011
standard using gas chromatography. It was reported that the concentration of CO2 and CO
dissolved in the oil-impregnated pure paper is higher than the impregnated Al2O3-modified
paper and becomes greater with ageing.
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2.2. Furan Content

Furan’s derivatives are generated from cellulose hydrolytic deterioration and pyrolysis
of levoglucosan [40,100,101]. The concentration of derivatives of furan in insulating oil
can be analyzed by employing the ASTM D3612 standard via Gas Chromatography-Mass
Spectroscopy (GC/MS) [102], and furthermore by the ASTM D5837 and IEC 6118 standards
via High-Performance Liquid Chromatography (HPLC) [3,103]. Furanic compounds in
insulating oil rely on the cellulose and oil mass ratio [45]. In addition, the broken glycosidic
bond fractions in the cellulose paper yield more information about the rate at which furanic
derivatives are produced [104]. 2-Fulfural (2FAL), 2-Acetyl furan (2ACF), 2-Fulfurol (2FOL),
5-Methyl-2-furfural (5MEF), 2-furioc acid (2F), and 5-Hydroxy methyl-2-furfural (5HMF)
are the derivatives of furan produced from deteriorated cellulose paper in insulating oil
according to the IEC 61198 standard. The sources of furanic derivatives formation and their
chemical structures are shown in Table 2 [105] and Figure 4 [35,40,106], respectively. Furan
derivatives in insulating oil are said to be directly related to the degree of polymerization
of the cellulose insulation paper [107,108]. Therefore, the relationship between the degree
of polymerization and furan concentration is given by:

DPv =

(
2FAL
λ

) 1
ψd

(1)

where 2FAL is the furfuraldehyde concentration in ppm, DPv is the degree of polymeriza-
tion, d, λ, and ψ are the constants that are dependent on the type of cellulose paper and
winding longitudinal thermal gradient [109,110]. 2FAL was used in this Equation (1) as
an overall analysis of life assessment because it has more thermal stability and is more
present in large amounts in insulating oil than other furanic compounds [111,112]. It can
be produced through the oxidation and hydrolysis mechanisms presented in Figure 5 [25].

Table 2. Sources of furanic derivatives formation.

Furanic Derivatives Sources

2FAL Increase in temperature, normal ageing
5MEF Excessive temperature
2ACF Rare, no common cause
5HMF Oxidation
2FOL High moisture
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Ramazani et al. [113] measured the content of 2-furfural in oil-impregnated paper
using HPLC according to the IEC 61198 standard. They established that 2FAL and 5HMF
were the only furanic compounds detectable during accelerated pyrolysis of the cellulose.
He et al. [99] measured the furfural concentration in thermally aged oil-impregnated pure
and modified paper at 130 ◦C and 2%wt of Al2O3 nanoparticles by the IEC 61198-1993
standard using a high liquid performance chromatography. It was reported that after
744 h, the furfural concentration in the oil-impregnated pure paper is 46.5% higher than
the impregnated Al2O3-modified paper.

The addition of nitrogen stabilizing agents to normal Kraft paper to make thermally
upgraded Kraft paper has limited the use of furans analysis for accessing paper’s ageing
condition as 2FAL is almost absent in aged thermally upgraded Kraft paper since some of
these stabilizing agents (primary amides) react with 2FAL to produce melanoidins and fur-
furamide [114]. Additionally, online analysis of furanic derivatives is not achievable [115]
and there are diverging observations for various types of insulating fluids [116].

2.3. Methanol (MeOH) Content

The introduction of thermally upgraded paper, which is frequently used in new power
transformer insulation, has made furan analysis less effective as this paper barely produces
furan derivatives [117,118]. Furthermore, the concentration of furan in the insulating oil is
only observable when the paper degree of polymerization is less than 400, which is a critical
ageing stage of insulation paper [82]. Therefore, methanol has been discovered as one of the
chemicals present in insulating oil of in-service power transformers and it also shows paper
deterioration earlier than the furans [24,118–120]. The chain glycosidic bonds that hold the
cellulose monomers break to generate a large amount of methanol [36,121]. Therefore, the
scissions of glycosidic bonds in the cellulosic depolymerization chain vary directly as a
result of the methanol generation [114,122]. Although ethanol is also present in insulating
oil, its presence is particular to a system fault or as a result of higher temperatures in power
transformers [120,123,124]. Therefore, methanol is a more effective chemical marker for
the de-polymerization of insulation paper, as it does not depend on the type of cellulose
paper since it is generated by all paper types and is very stable for any transformer working
temperature [3,125].

Arroyo et al. [31] examined the tensile index and mechanical performance of thermally
upgraded Kraft paper and standard Kraft paper using methanol as a chemical marker. They
observed that methanol generation has a direct correlation with the number of scissions
present in the cellulose chain and this number of scissions has shown a direct influence on
the paper’s mechanical performance.

3. Lifetime Model

Modeling the deterioration of insulation paper helps to foretell the time to replace a
unit in power transformers to sustain the total reliability of this equipment. IEEE and IEC
considered pyrolysis (temperature) among other factors that influence the rate of paper
deterioration as a criterion for modeling ageing rate and end-of-useful life estimation [126].
IEEE proposed Equation (2) to determine the life lost as per [127,128]:

%LL =
FEQA × t × 100

Normal insulation life
, (2)

FEQA can be computed by Equation (3) as:

FEQA =
∑N

n=1 FAA ,n∆tn

∑N
n=1 ∆tn

, (3)

Additionally, FAA is determined by Equation (4):

FAA = e(
15,000

383 −
15,000
θh

+273). (4)
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FAA is the acceleratory factor, θh is the hotspot temperature, ∆tn is the total time, FEQA
is the equivalent ageing factor, and %LL is the percent of life lost.

IEC also proposed Equations (5) and (6) as loss of life and paper rate of ageing,
respectively [129].

L =
∫ t2

t1

Vdt or L ≈∑N
n =1 Vn × tn . (5)

V = 2(
θh−98

6 ) . (6)

where θh is the hotspot temperature, L is the loss of life, V is the paper rate of ageing, and
tn is the time between measurements.

However, IEC and IEEE fail to use hydrolysis (moisture content) and oxidation (oxy-
gen) as criteria for their models. Therefore, to include these factors, model equations for
life loss and degree of polymerization are proposed in [126], which are:

LLn =
tn

( 1
200−

1
1000 )

A × e
Ea
RT

, (7)

LLt = 1−∑N
N=1 LLn, (8)

DPn =
1

A × tn × e(
−Ea
RT ) + 1

DPn−1

. (9)

where DPn is the degree of polymerization after ageing period tn, DPn−1 is the paper degree
of polymerization at the end of the last interval, R = 8.314 J/mol/K is the ideal gas constant,
T is the temperature in Kelvin, Ea is the activation energy in J/mol, LLt is the total life lost
after some time interval, which is usually the unity in the case of a new transformer and
gradually reduces to zero, tn is time-period, and LLn is the life lost after the time-period.

A is a unit of time reciprocal (per hour) and its value is computed from the oxygen
and moisture content using Equations (10)–(12).

Low oxygen (<7000 ppm)

A =
(

1.78× 1012
)

w2 +
(

1.10× 1010
)

w + 5.28× 107, (10)

Medium oxygen (7000 ppm–14,000 ppm)

A =
(

2.07× 1012
)

w2 +
(

5.61× 1010
)

w + 2.31× 108, (11)

High oxygen (>16,500 ppm)

A =
(

2.99× 1012
)

w2 +
(

9.78× 1010
)

w + 3.86× 108. (12)

where w is the paper moisture content.

4. Ageing Assessment

Diagnosis of the ageing condition is pertinent to power system security as the ageing
of an oil-paper composite insulation system poses a direct danger to the transformer re-
liability [130,131]. Cellulose insulation in operation will undergo ageing, and the ageing
rate is governed by different maintenance schemes and operational conditions of a power
transformer. The degree of polymerization varies directly with the cellulose molecule’s
average length. Therefore, as the cellulose molecules are shortened by the effect of ageing,
the degree of polymerization reduces significantly. New insulation has a degree of poly-
merization of more than 1200 but gradually reduces to about 200 to 300 as insulating paper
approaches the end of its useful life [132–134]. Furthermore, based on ageing studies in
laboratories, low molecular weight acid (LMA) has a dominant impact on acid-catalyzed
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hydrolysis, which is said to be a principal factor that causes the ageing mechanism in paper
insulation, among others, which could be pyrolysis and oxidation. This acid serves as an
ageing accelerator in insulation paper [135–137].

4.1. Post-Mortem Analysis

Most life models for power transformers are done by ageing experimental data in the
laboratory but these models are not dependable, as the ageing parameters of an in-service
transformer are sophisticated [44,138]. In addition, samples of insulation paper cannot be
regularly collected from transformers in service compared to insulating oil samples [139].
Therefore, a post-mortem assessment of scrapped transformer is used to acquire details
from the ageing of in-service paper and helps to reduce the data gap between in-service
ageing and laboratory ageing [140,141].

4.2. Acid Assessment

The presence of acids in oil-insulating paper improves insulation conductivity and
causes corrosion of some metal parts, which leads to a temperature increase in localized
regions [142]. They generate more organic acids and water due to H+ ions produced by
them that enhance the hydrolysis of insulation paper [143]. High molecular weight acids
(HMA), which are stearic and naphthenic acids, and low molecular weight acids (LMA),
which are acetic, levulinic, and formic acids, are the two general types of oil-paper ageing
acid by-products [144,145]. LMA is absorbed by insulation paper, but HMA is not absorbed
by insulation paper but rather remains in the insulating oil [146]. Therefore, insulating
paper deterioration is more noticeable in LMA than in HMA [147]. Measuring the acidity
(LMA) in insulation paper has been an issue as there is no formalized measurement method.
However, LMA, being a polar compound, can be collected from the insulation paper only
by using a different polar compound such as water as a solvent according to the BS 62021
standard [148].

Zhang et al. [149] studied the effect of SiO2 nanoparticles on the diffusion of acid
between the oil-paper interface. They observed that the presence of SiO2 nanoparticles in
the insulating oil abated the acid diffusion as the results obtained from molecular dynamics
simulation of centroid trajectory, density field distribution, and relative concentration
reveal the presence of more acid in oil-paper modified with SiO2 nanoparticles than in a
pristine oil-paper insulation system. This outcome was principally ascribed to an increase in
adsorption energy and intermolecular hydrogen bonding of SiO2 nanoparticles to the acids
where the number of hydrogen bonds between the paper and acid in the oil-paper modified
with SiO2 nanoparticles is decreased by 32.5% relative to the pristine oil-paper insulation.

4.3. Water Content

Pyrolysis of cellulose paper and inflow from surroundings are the main two sources of
moisture formation [150]. Moisture diffuses into the insulating oil, which in turn improves
its conductivity and as the temperature of the insulating oil increases, it causes the moisture
to evaporate and float to form a bubble shape, which aids partial discharge activities and
decreases the breakdown voltage [151]. It has been confirmed that insulating paper with
4% water content will undergo ageing four times quicker than dry insulating paper that
has 0.5% water content [152], and also researchers have proved that increasing the water
content twice will lead to a 50% decrease in paper insulation mechanical strength [153]. Fre-
quency domain dielectric spectroscopy, cellulose-water adsorption isotherms, Karl Fischer
titration, on-line water activity probes, return voltage measurement, and polarization and
depolarization current measurements are the methods used to measure insulating paper
water content [154,155].

A laboratory examination of the water content in the insulation paper of a power trans-
former is almost not achievable as removing the paper insulation implies disassembling a
whole fraction of the transformer insulation [3]. Therefore, cellulose adsorption isotherms
through coloumetric Karl Fischer titration is a common method used to analyze the water



Energies 2023, 16, 2002 10 of 32

content from the insulating oil sample taken from the power transformer [156]. However,
this method has drawbacks due to the difficulties in actualizing the thermodynamic equilib-
rium between the insulating oil and paper, as well as the water solubility in the deteriorated
insulating oil. Furthermore, the water content adsorbed by pressboard and insulating paper
can be measured by dielectric response methods (frequency domain dielectric spectroscopy
and polarization and depolarization current measurements). The methods require a total
disconnection of the transformer from the power supply, and a current is also required to be
measured in nano-amperes (nA), but the electrical noise in the substation could make this
impossible. Moreover, pressboard spacers and the barriers’ water content are measured by
these methods, but the temperature of the pressboard spacers and barriers might be lesser
than that of the insulation paper wrapped around the conductors. As a result, the water
content obtained from these methods might be higher than the precise insulation paper’s
water content. Therefore, the correct details on the sizes and shapes of the spacers and
barriers used must be well known [154,157]. Recovery voltage measurement as one of the
dielectric response methods for measuring the moisture content of insulating pressboards
could result in some setbacks as its measurement requires ambient environmental condi-
tions (temperature range between 20 and 30 ◦C and relative humidity above 70%) to obtain
a consistent result. In addition, the separation of some ageing and water content impacts
the recovery voltage measurement and limits its application [158]. Water-activity probes
immersed in insulating oil are another method used, where a capacitive film sensor is used
to obtain temperature data and the water-activity is used in calculating the paper water
content [159]. The probes estimate the operating transformer conditions as disconnection is
not imperative based on the probe position. However, the position in power transformers
where the probes are to be installed for an optimum result has been a major concern [157].

According to [160], the concentration of water in the paper is evaluated by Fessler’s
equation and the water-activity is given by Equation (13), where po(T) and pv(T) can be
estimated from Equations (14) and (15), respectively.

aw =
pv(T)
po(T)

, (13)

po(T) = 0.00603× e
17.502T

240.97+ T , (14)

C = 2.173× 10−7 × pv(T)
0.6685 × e

4725.6
T+273 . (15)

C is the cellulose insulation water content expressed as a fraction of the dry weight of
the cellulose insulation. aw is the water-activity and T is the temperature in ◦C, and po(T)
in atm is the water vapour partial pressure that is above the pure water in the equilibrium.

It was noted in [161] that the degree of ageing principally influences the frequency
domain spectroscopy at a low frequency when the water content is low, but high water con-
tent influences all frequency ranges. It was explained that oil-paper interface polarization
plays a lead role at a low-frequency range. As the frequency increases, the polarization rate
cannot balance with the alternating electric field rate. Therefore, steering polarization plays
a lead role at a higher frequency. Daniel et al. [157] estimated the paper water content using
water-activity probes and dielectric response methods. They proposed that the installed
water-activity probes should be positioned at the top of the transformer as the temperature
of the oil at the top is needed to evaluate the paper water content correctly. This was a
result of paper tending to deteriorate more speedily at the top than at the bottom of the
transformer winding.

4.4. Degree of Polymerization

The degree of polymerization insulation paper is the average number of glucose rings
(anhdro-β-glucose monomers units) in each of its cellulose chains [162]. It is a dimensionless
quantity that is used to evaluate the paper’s state of health [163] and serves as the globally
accepted chief indicator to examine transformer ageing condition [131,164]. The value of
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the degree of polymerization discloses a good interrelationship between the mechanical
strength, ageing product formation, and degradation of the insulation paper [165]. The
relationships given by Equations (16) and (17) are established to estimate paper degree of
polymerization from the concentration of furan derivatives in the oil and paper’s elapsed
life, respectively.

DP =
log(0.88× 2FAL)− 4.51

−0.0035
. (16)

where the furan concentration of 2FAL is in parts per billion [166].

Elasped life = 20.5 ln
(

1100
DP

)
. (17)

where DP is the degree of polymerization and elapsed life is in years [167].

4.4.1. Viscometric Method

The degree of polymerization of cellulose paper can be measured by the viscometric
method. The average viscometric degree of polymerization of insulating paper can be
known by measuring the paper viscosity dissolved with cupriethylenediamine and a
deionized water mixture via a Ubbelohde viscometer tube, and the specific viscosity is
evaluated to obtain the paper degree of polymerization [168,169].

He et al. [99] worked on the degree of polymerization of thermally aged pure and
modified paper at 130 ◦C and 2%wt of Al2O3 nanoparticles by the ASTM D4243-99 standard.
It was noted that the degree of polymerization measured by an NCY-2 automatic viscometer
of the pure paper is 6.4% higher than the Al2O3-modified paper during the early ageing
period. However, at the end of 744 h of ageing time, the degree of polymerization of
the Al2O3-modified paper is 15.2% higher than the pure paper. Therefore, the rate of
decomposition of the cellulose chain is lower in Al2O3-modified paper than the pure paper.
Chen et al. [49] experimentally measured the degree of polymerization of insulating Kraft
paper modified with cellulose nanocrystals using the viscosity method according to the
ASTM D4243 and GB/T 1548-2004 standards. Their result reported that the measured
degree of polymerization of paper modified with cellulose nanocrystals after an ageing
period of 672 h is enhanced by 50.5% compared to pure insulating paper. Liang et al. [170]
measured the degree of polymerization of insulating paper at 130 ◦C and 2%wt of Al2O3
nanoparticles using an NCY-2 automatic viscometer according to the ASTM D4243-99
standard. It was found that the degree of polymerization of Al2O3-modified paper is 29.4%
higher than the pristine paper after 56 days. This indicated that the rate of ageing is slower
in Al2O3-modified paper.

4.4.2. Optical Sensor Method

Munster et al. [171] worked on a novel optical sensor measurement, which is a new
technological development that provides online and non-destructive determination of an
insulating paper’s degree of polymerization through specific evaluation of the insulation
paper reflection spectrum inside the transformer. During the ageing of insulation papers,
they display different optimal parameters. Therefore, this serves as the rudiment for
this optical measurement, which is based on the principles of optical spectroscopy. The
insulating paper is illuminated at the head of the sensor with a source of light through
an optical fibre cable, and a different optical fibre cable collecting the reflected light then
transfers it to an optical spectrometer. Figure 6 shows the optical reflection spectroscopy
principle used in their work. In line with the well-known viscometric method by IEC
60540, in their work they also used 11 different insulation paper (Grade K with density
of 0.75–0.85 g/cm3 and 0.1 mm thickness) samples aged in different insulating liquids
(mineral oils, synthetic esters, and natural esters) with different transformers designs and
modes of operation. Furthermore, two ageing systems (homogeneous and heterogeneous
ageing) were used to study the impact of insulation paper arrangement on the sensor
measurement. In heterogeneous ageing, the insulation papers were layered in the insulating
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fluid while in homogeneous ageing, individual insulation papers were uniformly aged.
Results reported in their work through various ageing analyses and correlations show
that the degree of polymerization values by the sensor measurement and according to the
IEC 60540 value behave correspondingly. A study was also carried out on an insulating
paper sample of a transformer in operation for more than 50 years to validate the degree of
polymerization value obtained from the sensor. In this experiment, the results obtained
from the laboratory by IEC 60540 were so close to 200 (between 211 and 193) while the
sensor values (between 260 and 131), although showing good similarity, corresponded well
with ageing theory, as lower values of degree of polymerization are anticipated on the low
voltage part and also outer layer values were higher than that of the inner layers. Therefore,
they concluded that the newly discovered optical sensor measurement yields more valid
and accurate values than the values obtained using the viscometric method according to
IEC 60540.
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4.5. Tensile Strength

Tensile strength is defined as the capacity of a material to restrain damage when pulled.
It has a direct relationship with the mechanical characteristics of insulating paper [172].
Paper strength is obtained from the inter-fibre covalent bonding strength and the fibre
strength [173]. The end of useful life for paper insulation is given by IEEE and IEC to be 25%
tensile strength retention. A decrease in tensile strength is determined by the loss of strength
of the inter-fiber bond. The tensile strength and tensile index can be typically evaluated
according to the BS 4415 standard using Equations (18) and (19), respectively [174].

TS =
F
w

(18)

TI =
TS
g
× 103 (19)

where TS in kN/m, F in Newton, and w in mm denote tensile strength, maximum load,
and paper width, respectively. Additionally, TI is the tensile index in N/mg, and gram-
mage denoted by g is the ratio of paper weight to paper surface area measured in N/m2.
According to [174], the paper degradation model as a function of time and temperature is
given by the damage parameter as:

D = 1− DPi

DPo
(20)

DPo is the paper’s original DP value, DPi is the DP value after time and temperature
ageing, and D is the parameter associated with paper damage. The damage D takes
values between 0 and 1, where the D of value 1 corresponds to the total loss of Kraft
paper mechanical strength while the D of value 0 represents fresh Kraft paper yet to
undergo deterioration.

Liao et al. [65] investigated the tensile strength of softwood pulp insulating paper
modified with TiO2 nanoparticles at four different percentages by volume nanoparticles
concentration. The tensile strength of the insulating paper was measured ten times for
individual samples with the aid of AT-L-2, an ANMT instrument (electronic pull tester).
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Their result was reported that the measured tensile strength in kN/m was reduced in-
significantly relative to the pristine pulp paper by 0.23%, 1.03%, 0.35%, and 3.03% for 1%,
2%, 3%, and 4% TiO2 volume concentrations, respectively. Yuan et al. [175] studied the
effect of montmorillonite nanosheets on the tensile strength of oil-Kraft insulating paper
using the ISO 1924-2:1994 standard. They reported a decrease in tensile strength with an
increase in montmorillonite concentration and a remarkable decrement was experienced
at a montmorillonite concentration beyond 9%. Hollertz et al. [176] compared the tensile
strength of Kraft paper with nanofibrillated cellulose paper. In their work, the tensile
strength index of nanofibrillated cellulose paper is 65% greater than the tensile strength
index of the Kraft paper used. Chen et al. [49] experimentally examined the tensile strength
of insulating Kraft paper modified with cellulose nanocrystals according to the ISO 1924-1
standard. Their result reported that the measured tensile index of Kraft paper reinforced
with cellulose nanocrystals was improved by 17.3% compared to the pristine insulating
paper. He et al. [99] measured the tensile strength of thermally aged pure and modified
paper at 130 ◦C and 2%wt of Al2O3 nanoparticles by the ISO 1924-2-2008 standard. It was
reported that the tensile strength measured by the AL-L-1 tensile testing machine of the
Al2O3-modified paper is greater than pure paper and this increases with ageing time. It
was also observed that at the early ageing phase, both papers displayed an increase in
tensile strength, and this occurrence was said to be a result of a further close connection
between the cellulose chain due to thermal stress. During Al2O3 nanoparticles modification,
the alkoxide formed reacts with the hydroxyl of Al2O3 nanoparticles surface, making the
inorganic Al2O3 nanoparticles surface organic. The cellulose chain and different organic
functional groups were connected by the surface-modified Al2O3 nanoparticles, which
makes the cellulose chain closely connected and in turn, enhances the tensile strength of
the composite paper. Xiang et al. [177] investigated the tensile strength of oil-impregnated
insulation paper reinforced by Al2O3 nanoparticles by the liquid doping method according
to ISO1924-94 and GB/T12914-2008. The surface of the Al2O3 nanoparticles was modified
with a KH550 coupling agent. They reported that the tensile strength of Al2O3-modified
paper improved by 16.7% compared to the pristine paper. Huang et al. [178] measured the
tensile strength of insulating presspaper from softwood fiber reinforced at 10 wt% with
unmodified nanofibrillated cellulose (UNFC), cationic nanofibrillated cellulose (CNFC),
anionic nanofibrillated cellulose (ANFC), and cellulose nanocrystals (CNC) using the Zwick
Z005 universal testing machine. This nano-cellulose is beneficial as being organic, it rarely
needs surface modification and has more compatibility with insulating cellulose. In this
work, they found that the tensile strength of presspaper reinforced by UNFC, CNFC, and
ANFC increased by 8.26%, 24.77%, and 11.93%, respectively, while the tensile strength of
presspaper reinforced by CNC decreased by 6.42% compared to the pristine pressboard. It
was said that the density and Young modulus of the modified CNC pressboard and pristine
presspaper are approximately equal, so this was not the major cause of the decrease in
tensile strength of the presspaper modified with CNC. The tensile strength of the paper
was explained to be a factor of individual fibres strength and interfibre bond strength, so
the tensile strength was increased by decreasing softwood fibre content and increasing
the concentration of CNC as it increased the effective number of fibres and enhanced the
strength of the bond significantly. Furthermore, the discrepancy in tensile strength of CNFC-
and ANFC-modified presspaper was said to be a result of the surface charge’s polarity.
The softwood fibers of the presspaper possess negative surface charges, which repel the
negative surface charges of ANFC but attract the positive surface charges of CNFC. The
electrostatic repulsion decreased the bond strength while electrostatic attraction enhanced
the bond strength. Therefore, the polarity and size of the nano-cellulose are the major fac-
tors that influence the mechanical properties of nano-modified presspaper. Chen et al. [179]
investigated the tensile strength of pressboard modified with SiC and Al2O3 nanoparticles
according to ISO 186:2002, ISO 1924:194, and ISO 1924-2-1994. Their result reported that
the measured tensile strength in kN/m was moderately reduced relative to non-modified
pressboard by 5%, and 13% for 2.5 wt% and 7.5 wt% Al2O3 concentrations, respectively,
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and 8% and 15% for 2.5 wt% and 7.5 wt% SiC concentrations, respectively. Perez-Rosa
et al. [180] experimentally evaluated the tensile strength of Kraft paper impregnated with
sunflower seed liquid (Bioelectra) modified with 0.1 g/L of Fe3O4 nanoparticles using the
MTC-100 vertical Universal Tensile Tester according to the ASTM D828-97 standard. They
reported that the measured tensile strength of Kraft paper in Bioelectra reinforced with
Fe3O4 nanoparticles is slightly decreased compared to the Kraft paper in pure Bioelectra
liquid. Although nanoparticles tend to reduce cellulose’s mechanical properties, this slight
loss can be neglected as both modified and un-modified samples have similar behaviour.
Ibrahim et al. [181] measured the tensile strength of aged oil-impregnated Kraft paper
modified with ZnO nanoparticles by an electronic testing instrument (10KN-LLOYD LR)
according to the BS EN ISO 1924-2 standard. It was reported that the tensile strength
of both modified and unmodified samples decreases slowly with ageing as a result of a
decrease in polymer chain length caused by glycosidic inter-bonds breakage. At the early
ageing stage, the unmodified sample shows a lesser decrease in tensile strength compared
to the modified sample. However, at the end of the 336 h ageing period, the rate of tensile
strength degradation in the modified sample is said to be 3% lower relative to the unmod-
ified sample. The lower rate of degradation in the modified sample was accredited to
ZnO nanoparticles’ ability to dissipate heat easily and to absorb moisture during pyrolysis
activity, which reduces the chemical bond breakage in the cellulose. Table 3 presents the
summary of some cellulose paper tensile strength results after nanoparticles modification.

Table 3. Summary of tensile strength (TS) for some cellulose paper modified with nanoparticles.

Ref. Year Nanoparticle Average Size Particle Loading Standard Comment on TS

[65] 2013 TiO2 <60 nm 1% to 4% with 1% step Not stated Decreases slightly
[99] 2016 Al2O3 20 nm 2 wt% at 130 ◦C ISO 1924-2-2008 Increases

[177] 2016 Al2O3 + KH50 30 nm Not stated ISO 1924-94 Increases by 16.7%
[179] 2017 SiC/Al2O3 30 nm 2.5 wt% and 7.5 wt% ISO 186:2002 Decreases moderately
[181] 2020 ZnO <100 nm Not stated BS EN ISO 1924-2 Decreases by 3%
[180] 2022 Fe3O4 10 nm 0.1 g/L ASTM D828-97 Decreases slightly

5. Electrical Properties
5.1. Dielectric Loss

Dielectric loss, also known as dissipation loss factor or tan δ in dielectric material, is
caused by frictional loss as a result of the alignment of dipole–dipole or dipole–molecules
interactions under alternating electric fields [182]. Furthermore, when an electric field
is applied, there is a collision between electrons moving close to the anode and other
molecules (dipoles and electrons), resulting in a loss of energy, thereby causing the material
dielectric loss to be increased [183]. The dissipation factor of a material when placed in an
electric field is the quantity of electrical energy that is said to dissipate in the form of heat,
which increases the paper temperature during polarization [184]. It majorly relies on the
electric field frequency and transformer power frequency [185]. Cellulose papers’ dielectric
performance principally depends on its chemical composition, the number of impurities,
and crystallinity [186,187].

Liao et al. [65] measured the effect of TiO2 nanoparticles on oil-impregnated insula-
tion pulp paper at different frequencies using Novocontrol concept 80, GmbH, Germany
(a broadband dielectric spectroscopy equipment). It was noted in this work that as fre-
quency increases, they observed a decrease in dielectric loss of the oil-impregnated insula-
tion paper. Furthermore, there was a decrease in dielectric loss as the concentration of TiO2
nanoparticles increased. However, a significant decrease was observed at lower frequencies
than at higher frequencies. Yan et al. [188] measured the dielectric loss of thermally aged
oil-impregnated unbleached Kraft paper reinforced with 2 wt% of Al2O3 nanoparticles at
130 ◦C. They confirmed that the dielectric loss of Al2O3-modified paper decreased by 42.4%
compared to the pristine paper. Yuan et al. [175] worked on the effect of montmorillonite
nanosheets on the dielectric loss of Kraft-oil insulation. The measured dielectric loss was
done using a Novo control broadband dielectric spectrometer over a frequency range of
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1 Hz to 10 MHz at an ambient temperature. They reported the optimal concentration of
montmorillonite nanosheets to decrease the relative permittivity of the Kraft paper by
9.8% compared to the pristine Kraft paper. Oparanti et al. [189] experimentally measured
the dielectric loss of palm kernel methyl ester-impregnated Kraft paper reinforced with
Al2O3 nanoparticles using the Rohde and Schwarz HM8118 LCR Bridge, Ontario, Canada
according to the ASTM D1531 standard. They found that the dielectric loss of dry paper
is lower than that of impregnated insulating paper. The report was said to be a result of
discontinuity of charge mobility caused by micro-voids between the fibers of the dry paper.
However, an increase in Al2O3 nanoparticles in the pure sample leads to a decreased loss
in the impregnated insulating paper. Cimbala et al. [190] found that at a high moisture
content, the dielectric loss of pressboard impregnated in magnetic nanofluid was reduced
by 50% relative to the pressboard impregnated in pristine oil. The reason for this reduction
was as a result of nanoparticles being able to decrease the spreading of moisture in the
insulating oil due to their hydrophilic nature. However, magnetic nanofluid conductivity
has a significant effect on the dielectric loss of the insulating pressboard.

5.2. Breakdown Strength

Breakdown strength is the maximum field strength that insulating materials can resist
to prevent a breakdown during electric field action. Insulation paper is placed between the
upper and lower electrodes, voltage is then applied and increased to a particular value that
causes paper insulation loss and damage [187]. Insulating oil-impregnated paper subjected
to a high local electrical field causes streamers initiation as well as propagation that brings
about the breakdown phenomenon [191–193].

Liao et al. [65] measured the breakdown strength of oil-impregnated insulation pulp
paper modified by TiO2 nanoparticles at four different percentages by volume nanoparticles
concentration using the IEC 60241:1998 standard. In this experiment, the breakdown
strength of oil-impregnated insulation pulp paper was reported to have increased with
an increased TiO2 concentration, with its optimal value at 3% TiO2 nanoparticles with
a 20.83% increase relative to pristine oil-impregnated insulation pulp paper. A decrease
in breakdown strength was recorded immediately after the 3% optimum concentration
value. The obtained observation was explained to be a result of many gaps in the inner of
an insulation paper. After impregnation, the gaps saturated with insulating oil undergo
breakdown before any other parts as breakdown primarily takes place in the weakest part.
Fast-moving electrons in the insulation system perhaps bring about the breakdown of
oil-impregnated insulation paper. The introduced nanoparticles are present at the cellulose
surface, as the nanoparticles enter the inner part of the insulation paper. These nanoparticles
developed a trap area in the insulation system interfaces, and this reduces the velocity of
the fast-moving electrons by continuous trapping and de-trapping in the trap area. Yuan
et al. [175] worked on the effect of montmorillonite nanosheets on the breakdown voltage
of Kraft-oil insulation. They reported that the optimal concentration of montmorillonite
nanosheets improved the breakdown voltage of the insulation system by 13.1% relative
to the pristine oil-paper insulation. Revathi et al. [194] examined the influence of SiO2
on the AC breakdown voltage of a 3 mm pressboard impregnated in mineral oil and rice
bran oil. In their work, the breakdown voltage of 0.02% by volume of SiO2 in mineral
oil-pressboard insulation improved by 6.25% compared to the pure mineral oil-pressboard
insulation, while the breakdown voltage of 0.02% by volume of SiO2 in rice bran oil-
pressboard insulation improved by 4.71% compared to the pristine rice bran oil-pressboard
insulation. It was also observed that the pressboard impregnated in rice bran oil has a
higher breakdown voltage than mineral oil. He et al. [99] measured the AC breakdown
strength in kV/mm of oil-impregnated insulation paper modified with Al2O3 nanoparticles
at different concentrations according to IEC 60243-1. They reported an optimum breakdown
strength at 2% by weight concentration of Al2O3 nanoparticles, after which the breakdown
strength decreased drastically. Xiang et al. [177] investigated the AC breakdown strength
in kV/mm of oil-impregnated insulation paper reinforced by Al2O3 nanoparticles by the
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liquid doping method according to GB/T1408-2006. The surface of Al2O3 nanoparticles
was modified with a KH550 coupling agent. They found that the AC breakdown voltage
Al2O3-modified paper improved by 17.2% compared to the pristine paper. Chen et al. [179]
worked on the DC and AC breakdown strength of pressboard modified with SiC and Al2O3
nanoparticles. They confirmed that the AC and DC breakdown strength of nano-modified
pressboard initially increased and eventually decreased as the concentration of both SiC
and Al2O3 increased. They concluded that the optimal breakdown strength was observed
at 2 wt% for both nanoparticles. However, the Al2O3-modified pressboard breakdown
strength is higher than SiC-modified pressboard at all nanoparticles concentration. They
attributed their result to the fact that the interface all around the nanoparticles is made
up of two layers, which are the transition and bonded layers, that independently create
shallow and deep traps. This trap serves fundamentally as the localized state that restrains
ions in the forbidden band, making breakdown voltage improve with trap level. El-refaie
et al. [195] investigated the influence of Al2O3 nanoparticles on the AC breakdown voltage
of pressboard impregnated in mineral oil. In their report, the breakdown voltage of 0.01 g/L,
0.04 g/L, 0.07 g/L, and 0.1 g/L of Al2O3 in oil-pressboard insulation improved by 8.3%,
11.5%, 7.5%, and 3.9%, respectively, compared to the pure oil-pressboard insulation. They
explained that as the insulating oil passes over the pressboard surface, there exists an
interaction that leads to static electrification. Due to the interaction, the OH groups of the
cellulose acquire a negative charge from the oil moving over them while the insulating oil
is left with a positive charge since the surface on which the insulating oil travels determines
the charge on it. Al2O3 nanoparticles have OH groups on their surface caused by the
natural absorbance of dissociated water, which makes them possess positive surface charge.
Therefore, at a positive half cycle of the AC voltage applied, they have all their breakdown
events. The improvement in their experiment was a result of Al2O3 nanoparticles being able
to hold the disassociation of negative charges as the principal reason for electrical discharge
is the disassociated negative charge agglomeration. Therefore, the reduced breakdown
strength at a higher weight fraction of Al2O3 nanoparticles was connected to nanoparticles’
agglomeration. Huang et al. [196] experimentally measured the DC positive and negative
breakdown voltage of oil-impregnated insulation paper (0.12 mm thickness) modified
with TiO2 nanoparticles at different concentrations according to IEC 60243 with 25 mm
and 1 mm electrodes diameters and gaps, respectively. They found that the optimum
breakdown voltage was noticed at 0.02 g/L TiO2 nanoparticles’ concentration and the
breakdown voltage reduces with an increase in concentration. The negative and positive
breakdown voltage of oil-paper modified with TiO2 nanoparticles at 0.02 g/L was improved
by 3.6% and 22.5%, respectively, compared to the unmodified oil-paper sample. They
explained that negative voltage induces more interface charges as polarization currents
under a positive voltage are lesser than that under a negative voltage. These charges
accumulated at the interface under a negative voltage lessen the strength of the electric
field in the sample, which makes a higher negative voltage necessary for breakdown,
more so than a positive voltage. Liu et al. [197] worked on the breakdown voltage of
oil-impregnated insulation paper (1 mm thickness) modified with TiO2 nanoparticles at
different concentrations according to IEC 60243 under accelerated ageing at 158 ◦C. They
found that the optimum breakdown voltage was noticed at 5 wt% of the TiO2 nanoparticles
concentration. The nanoparticles have been said to have enhanced heat dissipation in the
insulating paper. Shan et al. [198] experimentally studied the effect of TiO2 nanoparticles
with a particle size of 5 nm on the negative DC breakdown voltage of oil-pressboard
insulation according to ASTM D 149 and ASTM D 3755. They reported in this work
that the negative DC breakdown voltage of oil-impregnated pressboard modified with
TiO2 nanoparticles at 0.075% percentage concentration is increased by approximately 13%
compared to the pristine sample. The nanoparticles decrease the charge injection quantity
as a result of the enhanced charge injection of the Schokky potential barrier as well as the
captured space charges accumulation that is weakened due to the reduction in deep trap
density that favours a decrease in distortion of the electric field. Abd-Elhady et al. [199]
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measured the AC breakdown strength of oil-impregnated insulation paper modified by
three different nanoparticles with the same particle size of 25 nm. They found that the
AC breakdown voltage of oil-paper modified by SiO2, Al2O3, and Pb3O4 is maximally
improved by 30%, 33%, and 37%, respectively, at 0.2 g/L concentration compared to the
pristine oil-paper sample. The improved breakdown strength was explained to be due to
the nanoparticles hydrophilic nature that helps to decrease the diffusion of moisture in
insulation by absorbing the surface moisture content. In addition, more surface charge,
which enhances free electrons that can be trapped, is held due to the high permittivity of
nanoparticles. The result obtained shows that Pb3O4 has a higher permittivity than SiO2 and
Al2O3 nanoparticles. Du et al. [200] experimentally measured the DC and AC breakdown
voltages of oil-paper modified with Fe3O4 nanoparticles according to ASTM D3755 and
ASTM D149, respectively. They reported that the optimal DC and AC breakdown voltages
of Fe3O4 oil-impregnated paper were improved by 10% and 9%, respectively, compared to
the pure oil-impregnated paper sample. Perez-Rosa et al. [201] studied the AC breakdown
voltage of oil-impregnated cellulose paper modified with 0.2 g/L concentrations of Fe3O4
nanoparticles according to IEC 60243. They found that the AC breakdown voltage of the
sample modified with Fe3O4 nanoparticles is improved by 26% compared to the pristine
sample. The improvement was said to be a result of a change in permittivity that caused
the sample maximum electric field to decrease, thereby reducing the chances of streamer
formation. Furthermore, streamer mobility was inhibited by nanoparticles as a result of
charges accumulating around them. Table 4 presents the summary of some breakdown
strengths of cellulose paper impregnated in nanofluid.

Table 4. Summary of breakdown strength of cellulose paper impregnated in nanofluid.

Ref. Year Nanoparticle Average Size Cellulose
Material

Optimal
Loading Standard Percentage Improvement

[65] 2013 TiO2 <60 nm pulp paper 3 wt% IEC 60241 +20.8% of DC BDV at 3 wt%
[194] 2015 SiO2 Not specified pressboard 0.02% Not specified +6.25% AC BDV
[99] 2016 Al2O3 20 nm pulp paper 2 wt% IEC 60243 Increase in AC BDV
[177] 2016 Al2O3 + KH50 30 nm pulp paper Not specified GB/T1408 +17.2% AC BDV
[195] 2017 Al2O3 13 nm pressboard 0.04 g/L Not specified +11.5% AC BDV
[196] 2021 TiO2 25 nm Kraft paper 0.02 g/L IEC 60243 +3.6% (negative)and +22.5% (positive) DC BDV
[198] 2019 TiO2 5 nm pressboard 0.075 wt% ASTM D149&D3755 +13% DC BDV
[199] 2021 Al2O3/SiO2/Pb3O4 25 nm Kraft paper 0.2 g/L ASTM +33% (Al2O3), +30% (SiO2) and +30% (SiO2)
[200] 2020 Fe3O4 42 nm Not specified Not specified ASTM D3755& D149 +10% (DC) and +10% (DC) and
[201] 2022 Fe3O4 10–15 nm Kraft paper 0.2 g/L IEC 60243 +26% (AC) BDV

5.3. Creeping Flashover Voltage

The weakest and most delicate insulation path is the oil-pressboard interface, which
is a result of insulating oil and impregnated pressboard permittivity disparity [202].
When undergoing high electrical stress, sudden flashover or electrical breakdown is
experienced due to surface streamers propagating with an approximated average velocity
of 2 km/s [203,204]. The degradation of the pressboard surface structure can be caused
by surface creeping discharges, which creates traces of carbon materials at the oil-
pressboard interface. The applied voltage waveform, water level of solid substances, and
localized electrical stress are used in detecting this creeping discharge [205–208]. There
are four phases in an entire surface flashover process [209]. The centralized electric field
at the oil-paper and electrode junction causes electron inception as a result of cathode
field emission at the inception phase. With an increased applied voltage, the streamer
traveled onward through the oil-paper interface at the streamer phase. The streamer
moved toward the electrodes along the interface at the intermittent breakdown phase.
Finally, at the surface flashover phase, a discharge channel is created and the bubbles in
the oil are aroused, thereby degrading the paper surface [210–213]. Figure 7 shows the
diagram used in carrying out a test on a creeping flashover test [214].
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Lv et al. [215] worked on the effect of TiO2 nanoparticles on the oil-pressboard creeping
flashover voltage under an AC electric field. They reported that the creeping flashover
voltage of the TiO2 oil-pressboard interface is improved by 11.6% compared to the pristine
oil-pressboard interface voltage. The presence of TiO2 nanoparticles was said to have
resisted the surface discharge as the oil-pressboard surface space charge influenced the
creeping flashover voltage. Furthermore, according to the electron scavenging model,
nanoparticles can capture and turn fast-moving electrons in the insulating oil to slow-
moving negative charges. The concentration of space charges at the oil-pressboard interface
is connected to the surface creeping flashover. The streamers can move further as dissipation
time for space charges is not sufficient. However, nanoparticles can help to speed up the rate
of dissipation of the impregnated pressboard surface charge. This fast dissipation of surface
charge can be accredited to the nanoparticles’ ability to create a high and shallow trap
density. The faster electrons captured hopping in the shallow traps created by nanoparticles
are turned into slower electrons and are then quickly freed to the surrounding area. The
authors also worked on negative and positive impulse creeping flashover voltages of oil-
pressboard modified with TiO2 nanoparticles. At a 30 mm needle-plane electrode gap, the
negative impulse and positive impulse creeping flashover voltages of TiO2 oil-pressboard
were increased by 19.1% and 28.2%, respectively, compared to their respective pristine
oil-pressboard voltages. It was observed that positive impulse creeping flashover showed
a pronounced improvement over negative creeping flashover voltage and also the gap
was directly proportional to the creeping flashover voltage. Abdul-Aleem et al. [216]
investigated the creeping flashover voltage for oil-pressboard insulation modified with
three nanoparticles (SiO2, Al2O3, and Pb3O4,) of the same particle size of 25 nm. It was
reported that optimal enhancement was observed in oil-pressboard reinforced with Pb3O4
nanoparticles as the maximum increase in oil-pressboard insulation reinforced with SiO2,
Al2O3, and Pb3O4, was approximately 12%, 14%, and 23%, respectively, relative to the
oil-pressboard insulation. Furthermore, they considered nanoparticles’ concentration
range of 0.1 g/L to 0.4 g/L and they confirmed that SiO2 and Al2O3 have their optimal
concentration value at 0.1 g/L while Pb3O4 is at 0.2 g/L. It was explained that higher
relative permittivity of Pb3O4 nanoparticles compared to the relative permittivities of
SiO2 and Al2O3 nanoparticles were the principal reason for its maximum enhancement
in oil-pressboard insulation. The high relative permittivity of nanoparticles enables high
electrical field intensity at both interfaces of pressboard-nanoparticles and insulating oil-
nanoparticles. Streamer charges are to a greater extent likely to stretch out in a zigzag
manner as electric field intensity increases the streamer’s force of attraction at the interface
of oil-nanoparticles. Ge et al. [217] experimentally studied the surface flashover voltage
for oil-impregnated paper-modified TiO2 nanoparticles. It was found that TiO2 oil-paper
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insulation was enhanced by approximately 35% compared to pure oil-impregnated paper. It
was said that the positive streamer’s average velocity at the surface of the oil-impregnated
paper was significantly changed by TiO2 nanoparticles. The nanoparticles create more
shallow traps, which help in fast dissipation of surface charges, and which decreases
the accumulation of charge on the streamer tip as it restrains electric field distortion and
reduces the streamers’ propagation length. Therefore, streamers at the nanoparticles
oil-impregnated paper surface find it difficult to develop, leading to improved surface
flashover voltage. Huang et al. [218] examined the effect of TiO2 nanoparticles with
two different shapes on the creeping flashover voltage of an oil-impregnated 2 mm thick
pressboard. The two shapes of TiO2 used were spherical and 18 nm long, and were
both rod-like with a diameter of 5 nm. They reported in this work that the creeping
flashover voltage of 0.075 vol% spherical and rod-like TiO2 oil-impregnated pressboard
improved by 18.8% and 17.8%, respectively, compared to the reference oil-impregnated
pressboard. They explained that creeping flashover is connected with the accumulation of
space charge and its interface dissipation between the insulating oil and the pressboard.
The accumulation and rate of dissipation of space charges are associated with trap densities
and their corresponding energy levels. These trap densities are noticeably increased by the
addition of both spherical and rod-like shape nanoparticles, which leads to the escape of
charges from the shallow traps (created by the void on TiO2 nanoparticles surface), which
remarkably dissipate and decrease the accumulation of space charge on the nanofluid-
impregnated pressboard surface. Large specific surface yields higher density and aids
enough interaction between the two media. This makes the enhancement of the creeping
flashover voltage in spherical shape nanoparticles to be more noticeable than in rod-
like nanoparticles. Spherical shape nanoparticles have a specific surface area of about
1.3 times greater than rod-like nanoparticles. Therefore, spherical shape nanoparticles have
shallow traps of higher density and lower energy levels. Shan et al. [219] experimentally
investigated the effect of Fe3O4 nanoparticles on the creeping flashover voltage of oil-
pressboard insulation at three different electrode gaps under positive lightning impulse. It
was found that at 0.2 g/L concentration of Fe3O4 nanoparticles in the pristine oil-paper
sample, the creeping flashover voltage was improved by 13.9%, 19.2%, and 15.8% at 20 mm,
30 mm 40 mm electrode gaps, respectively, relative to the pristine sample. It was observed
that at the three electrode gaps used in this work, the oil-paper modified with Fe3O4
nanoparticles has shown high resistance to creeping discharge than the pristine oil-paper
sample. The addition of Fe3O4 nanoparticles noticeably increased the shallow trap density
in the nanofluid/pressboard sample, which enhanced the surface charges mobility and
prevented the accumulation of charges. El-Refaie et al. [220] investigated the flashover
strength for oil-pressboard insulation modified with TiO2 and Al2O3 with particle sizes
of 21 nm and 13 nm, respectively, at different flow conditions. At static conditions, it was
reported that the optimal enhancement of flashover strength in oil-pressboard modified
with TiO2 and Al2O3 nanoparticles was 11% and 8%, respectively, compared to the pristine
sample. At dynamic flow conditions, the sample modified with Al2O3 nanoparticles
experiences a decrease in percentage improvement while the sample modified with TiO2
nanoparticles shows an increase in percentage improvement. They concluded that the TiO2
nanoparticles electron trapping capacity and Al2O3 nanoparticles interface double layers
enabled them to enhance the sample flashover strength under static conditions. The Al2O3
nanoparticles interface double layer lost its effectiveness under dynamic flow conditions,
which led to a decrease in percentage improvement.

5.4. Partial Discharge

Partial discharge takes place in dielectric materials when the electric field exceeds the
breakdown strength at a particular localized region, leading to discharges that partially
bridge the dielectric insulation material between conductors [221,222]. It can be detected
by ultra-high frequency sensors, optical fibre sensors, and piezo-electric sensors [223]. The
lowest voltage that occurs as applied voltage is increased gives rise to partial discharge,
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known as partial discharge inception voltage [224]. The activity of a partial discharge over a
long period increasingly damages the insulating pressboard/paper as it creates conductive
trees, which results in the failure of power transformers [225].

Lv et al. [215] studied the effect of TiO2 nanoparticles on the partial discharge charac-
teristics of oil-pressboard under an AC electric field. In their work, the partial discharge
signals were monitored using a Doblelemke LDS-6 partial discharge detector device. The
partial discharge inception voltage of a TiO2 oil-pressboard is increased by 6% compared to
the pristine oil-pressboard. Revathi et al. [194] examined the influence of SiO2 nanoparticles
on partial discharge inception voltage of a 3 mm pressboard impregnated in mineral oil
and rice bran oil. In their work, the partial discharge inception voltage of 0.02% by volume
of SiO2 in mineral oil-pressboard insulation improved by 27.27% compared to the pure
mineral oil-pressboard insulation, while a partial discharge inception voltage of 0.02% by
volume of SiO2 in rice bran oil-pressboard insulation improved by 10.61% compared to
the pristine rice bran oil-pressboard insulation. It was also observed that the pressboard
impregnated in rice bran oil has a higher partial discharge inception voltage than mineral
oil. Huang et al. [218] examined the effect of TiO2 nanoparticles with two different shapes
on the partial discharge inception voltage of oil-impregnated 2 mm thick pressboard. The
two shapes of TiO2 used were spherical and 18 nm long and were both rod-like with a
diameter of 5 nm. They confirmed in this work that the partial discharge inception volt-
age of 0.075 vol% spherical and rod-like TiO2 oil-impregnated pressboard improved by
12.2% and 1.9%, respectively, compared to the reference oil-impregnated pressboard. They
said that the shallow trap’s lower energy level and higher density at the nanoparticles’
interface significantly assisted dissipation of space charges and then decreased the space
charge accumulation. Therefore, rod-like shape nanoparticles possess a steady charge
twice that of spherical shape nanoparticles and a very slow charge dissipation rate, making
its improvement insignificant. Liu et al. [226] experimentally studied the effect of TiO2
nanoparticles with different diameters of 5 nm, 10 nm, 20 nm, and 30 nm on the partial
discharge inception voltage of oil-paper insulation according to IEC 60243. In their work,
the partial discharge inception voltage of the sample was observed to have an optimum
value at TiO2 with a particle size of 10 nm, with its partial discharge inception voltage
enhanced by 22.8% compared to the pristine oil-pressboard sample. The enhanced value
shows a decrease in the discharge channel on the surface of the insulating oil-paper sample,
and this is due to the ability of the nanoparticles to fill the gaps between the cellulose.

5.5. Space Charge

Space charge brings about electrical field distribution distortion as it improves lo-
calized electrical stress, which has a remarkable influence on ageing, conductivity, and
breakdown [227–229]. Insulation paper space charge behaviour depends mainly on the
accumulated and dissipated charges. The enhanced behaviour of space charges is then
considered to be less accumulation and faster dissipation of space charges [230,231]. An
oil-paper insulation system’s properties are in relationship with the space charge accumu-
lated within oil-impregnated paper [232]. These accumulated space charges weaken or
strengthen the localized field strength, and this can precede early failure in insulation in
the case of the electric field strength being strengthened [233–235]. The dynamics of space
charges in oil-paper insulation can be affected by water content, temperature, and voltage
level [236]. Space charges can be in homo-polarized, hetero-polarized, and non-polarized
dielectric interfaces. At the start of polarization, the amount of interfacial charge change
in a homo-polarized interface is small, but there is a quicker increase in interfacial charge
in a hetero-polarized interface than in a non-polarized interface [237]. In addition, by
integrating the charge density, the total amount of charge trapped in oil-impregnated paper
insulation can be found by [238,239].

Q(t) =
∫ d

0
|ρ(x, t)|Sdx. (21)
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where d is the sample thickness in m, ρ(x, t) is the sample internal charge density in C/m3,
and S is the electrode surface area in m2.

Several materials such as Benzotriazole (BTA) have been used in oil-pressboards to
enhance the behaviour of space charge due to their capacity to inhibit the charges accrued on
the pressboard by shielding the surface charge adsorbed. However, superfluous molecules
of BTA affect the insulating properties of the oil negatively. Therefore, insulating nanofluids
by nanoparticles dispersion have been looked into [174].

Liao et al. [240] studied the internal electrical field and behaviour of space charge
distribution in oil-impregnated paper insulation modified with semi-conductive TiO2
nanoparticles at two different concentrations of 1% and 3% detected by the pulsed electro-
acoustic (PEA) method. The maximum space charge density measured in C/m3 at 1% and
3% TiO2 nanoparticles was reported to have decreased by 29.9% and 55.1%, respectively,
compared to the pure sample. The space charge density at the anode and cathode electrodes
decreased and was irregular as stressing time increased. As detected by PEA when the
electric field (DC) is applied, they explained the outcome of their result was a result of
two different spaces charges, which are slow charges captured by deep traps and the fast
charges captured by shallow traps. Therefore, the number of shallow traps indicates the
number of fast charge. When the electric field is removed, PEA can only detect slow charges
as fast charges are de-trapped and dissipated. Therefore, the amount of fast charges in
space charges can be known by subtracting the amount of space charge when the field is
removed from the amount of space charge of the oil-impregnated paper when the field is
applied. The introduced nanoparticles created more shallow traps as well as converting
some deep traps into shallow traps. This decreased the positive amount of space charge
in the centre of oil-impregnated paper as well as increased the negative amount of space
charge in oil-impregnated paper close to the cathode. Hollertz et al. [176] compared
the space charge on pulp paper with nanofibrillated cellulose paper. In their work, the
total space charge on nanofibrillated cellulose paper is 53.3% lesser than the total space
charge on the pulp paper used. Liao et al. [241] investigated the influence of aluminum
nitride (AlN) nanoparticles’ surface coated with KH550 on cellulose paper space charge
behaviour. A pulsed electroacoustic (PEA) instrument, which is made up of a digital
oscilloscope, electroacoustic pulse measurement, DC voltage source, and impulse source,
was employed to measure the space charge distribution. Semiconductor film was used to
wrap the higher potential electrode (cathode) of the PEA instrument to obtain an improved
acoustic match and the acoustic waves were identified and converted into electrical signals
by a piezoelectric transducer fixed to the ground electrode (anode). They reported the
charge injection inhibition effect according to paper space charge distribution by PEA
to firstly improv and gradually diminish as AlN nanoparticles concentration increased
from 0 wt% to 6 wt%. Furthermore, improvement of space charge behaviour was said to
be more prominent in cellulose paper at 2 wt% AlN nanoparticles. It was noted that at
4 wt% to 60 wt% AlN concentration, more deep traps were present inside the cellulose
paper, which has a detrimental consequence on dissipation and charge inhibition, while
at 1 wt% and 2 wt% AlN concentration, more deep traps were present on the cellulose
paper surface, which facilitates dissipation and charges inhibition. They also explained
that AlN nanoparticles effect on cellulose paper space charge behaviour can be made clear
using some facts about the trap in relationship with agglomeration and interfacial effects.
Nanoparticles developed traps that moved to the surface of the paper as a result of the
interfacial effect, which wipes out the shallow traps and more deep traps are formed due to
the agglomeration. Thus, when the interfacial effect that leads to the migration of charge
surpasses the agglomeration effect that leads to the generation of charge, the space charge
behaviour of nano cellulose paper is enhanced. In cellulose paper, the interfacial effect
takes place in the preeminent task as the whole performance of nano-modified paper is
affected by competition between the interfacial effect and the agglomeration effect.
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6. Challenges and Future Directions

The probability of adopting nanofluid in a few years to come is high due to the
efforts and promising research output on nano-based fluids. However, the compatibility
of these fluids with insulating cellulose paper has not been well examined. Among the
pertinent areas of composite nanofluid-paper insulation systems that need proper and
further investigations include:

Nano-structuring of solid/liquid materials to improve the reliability and performance
of power equipment and to delay ageing, which is still of interest. Another important spin-
off from this field of research concerns the optimization of voltage withstand, which should
allow the design of more compact transformers. Indeed, the possibility of reducing the
thickness of the insulating papers through the use of more efficient materials would make
it possible to increase the conductor’s size and consequently the power to be transported.

The effect of nanoparticles on insulation paper has been studied by many researchers.
However, the evolutionary study of nanofluid-paper composite insulation should be given
attention by the scientific community. In addition, investigation of the effect of surfactant
used in nanofluid preparation on paper must be carefully examined.

The addition of nanoparticles has shown some diverging results on the tensile strength
of insulation paper. Therefore, mechanical examination on the accelerated aged nanofluid-
impregnated paper should be carefully investigated for better clarity on the strength and
failure rate of the composite insulation system over a long time.

In a nanofluid-paper insulation system, infusion of fault is paramount to simulate the
degassing tendency and the nature of gas generated by the composite insulation.

Corrective steps to be taken on a transformer are sometimes an issue as many reactions
of solid/liquid insulation in transformers yield almost the same byproduct. Therefore,
ambiguity set in when trying to identify the specific reaction that led to a particular fault.
Researchers should give attention to these reactions by carrying out additional tests for
exhaustive comprehension.

Online measurement of the degree of polymerization of insulation paper via an optical
sensor to replace the offline measurement via the viscometric method is a new promising
research area [174]. However, the use of this device is not yet generally accepted. Therefore,
further study should be done on the use of the optical sensor method to validate and
modify their proposed work for wide acceptance.

7. Conclusions

Insulation and cooling systems are very important to a power transformer’s opera-
tional performance and life expectancy. Thus, proper monitoring of paper-oil composite
insulation conditions is mandatory as an increase in moisture, temperature, and oxygen (air)
accelerates insulation paper’s hydrolytic, pyrolytic, and oxidative degradation, respectively.
Nanoparticles added directly into insulation paper/oil display good enhancements on the
electrical properties of the composite insulation and have to a large extent decreased the
concentration of CO, CO2, methanol, and furanic compounds generated in the insulating
fluid, which significantly reduced ageing activities. Although the degree of polymerization
and tensile strength are parameters used in explaining the mechanical strength of paper
insulation have shown a slight decrease with an increase in nanoparticles concentration,
studies on insulation paper ageing have revealed that nano-modified paper subjected to
ageing in terms of both temperature and time showed an improved degree of polymer-
ization and tensile strength, compared to pristine paper throughout the ageing period.
Mineral oil, which is the most used insulating oil in power transformers, has shown good
compatibility with nano-impregnated paper. However, to mitigate the effect of environ-
mentally unfriendly mineral oil, more studies need to be carried out on the compatibility of
natural ester liquid with cellulose paper insulation.
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