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Abstract—Distribution transformers are present in large quantities in the electrical system, in addition to being essential equipment for
delivering energy with quality and reliability to consumers. These distribution transformers have a dielectric insulation and a cooling
system, with Insulating Mineral Oil (IMO) being the most used. However, the large-scale use of IMO carries a very high environmental
risk, because in addition to its fossil origin (petroleum), it also has low biodegradability and is highly toxic and polluting to the environment.
In view of this, substitution alternatives for the IMO began to be sought, where, over the years and with technological advances, Insulating
Vegetable Oil (IVO) with characteristics similar to the IMO emerged, besides being highly biodegradable and providing an alternative
sustainable development for the construction of transformers. Thus, the objective of this work is to carry out an analytical study on the
characteristics and benefits of using the vegetable fluid for the equipment and the environment, in addition to comparing the efficiency
and cost parameters of IVO and IMO according to current standards. As a contribution, this paper seeks to provide a broad theoretical
foundation on IVO and IMO in order to provide conceptualization to agroenergy researchers.
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I. INTRODUCTION

owadays, the comfort and convenience brought by
N the daily use of electric energy have made it a
necessity, whether at homes, in commerce or in industry.
For consumers to be served with quality and reliability,
energy goes a long way, including the stages of generation,
transmission, distribution and commercialization, added to
human effort and countless equipment [1]. Among these
pieces of equipment, one of those considered essential for the
proper functioning of the system is the transformer, present
in enormous quantities, mainly in the electricity distribution
networks. As they are located in the final stage of delivering
energy to the customer, the distribution transformers must
have a satisfactory level of performance in order to ensure
the quality and reliability of the energy supplied [2]. It
is also worth mentioning that they are present in large
quantities, which involves a considerable cost, as it is an
equipment that uses induction, them faults and defects end
up interrupting the energy supply, resulting in undesirable
levels of Equivalent Interruption Duration per Consumer
Unit (DEC) and Equivalent Interruption Frequency per
Consumer Unit (FEC) and operating costs [3]. Therefore,
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maintenance for the proper functioning of this equipment and
its optimized management are considered essential measures.

Among the components that make up the transformer is
the insulation and cooling system [4, 5]. The function of this
system is to promote the dielectric insulation of the internal
components of the transformer, as well as the cooling by
heat transport, both functions performed by the use of an
insulating oil. Of fossil origin, Insulating Mineral Oil (IMO)
is the most used by manufacturers, and it can be paraffinic
or naphthenic [6,7,7]. Since it comes from a non-renewable
source, the use of IMO causes damage to the environment, in
addition to emitting polluting gases in case of combustion or
network failure. Like other sectors, the electric sector started
to create an environmental awareness in its activities. In this
parameter, the need arose to seek alternative sources such
as the use of oilseeds for the production of insulating oil,
in this case, Insulating Vegetable Oil (IVO) [8]. Its use in
substitution to IMO has been studied, since IVO comes from
a renewable source and has biodegradable characteristics.

Given the above, this work will explore updates in studies
that refer to the use of IVO to replace IMO in transformers
in order to define or guide whether its use is beneficial to
the equipment and, consequently, to the electrical system.
In this way, it will be argued about the importance of
insulating oil with regard to the constructive and operating
aspects of the transformer, as well as presenting the origin,
manufacture and aspects of the IMO and IVO. It will address
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the environmental impacts caused by the use of IMO in
order to bring information about technological development
and the use of IVO’s, and also, the parameters of efficiency
and cost of IVO’s will be compared taking as reference the
commonly used IMO.

Based on the premise that currently the main contributors
to the high levels of pollution and contamination of
air, soil and water in the world are products from
non-renewable fossil fuels (petroleum), it can be said that
the IMO, widely used in the manufacture of conventional
transformers, presents itself as a highly polluting agent since
its manufacture [6]. Then, this work presents the proposal
to elucidate the knowledge with regard to the technological
advances for the manufacture of insulating oils substituted
to the IMO that start from a renewable and biodegradable
source and that bring an ecological proposal and less harmful
to the environment, in this case, the IVO’s.

II. METHODOLOGY

This is a bibliographic review based on scientific works
published by recognized higher education institutions that
deal with the subject in question and that correlate with
the main thematic axis of this work. The methodical
organization of this paper will start from the study of the
characteristics of the transformer, more specifically the use
of insulating oil in the composition of its dielectric insulation
and refrigeration system. In sequence, the types of insulating
oils commonly used in the manufacture of transformers will
be presented, as well as their characteristics and peculiarities.
Soon after, a more in-depth analysis will be made about the
IVO’s as an ecological proposal to replace the IMO. Finally,
a comparison will be made between the parameters of the
IVO’s and the operation of transformers use using the IMO
as a reference for the analysis.

II1. THEORETICAL FRAMEWORK

In sequence, the theoretical framework used to develop the
theme of this work will be presented.

a. Distribution Transformers

Distribution transformers have the function of lowering the
voltage to levels that can be used by the final consumer.
According to [9] distribution transformers represent one
of the last stages for the generated energy to be used by
the consumer. Thus, for the reliability of the electricity
supply system to be completed, the required quality of
large equipment must also extend to distribution transformers
[10-12]. Figure 1 will depict the main components of a
transformer. Two important points in Figure 1, regarding
the insulating oil, is that it is stored in a reserve tank for
temporary storage at the top. This tank has the purpose of
expanding the transformer oil volume due to the temperature
variations to which the transformer is subjected. Another
important point is the purpose of the main tank, which in
addition to the mechanical protection of the active part, it
serves as a tank to be filled with insulating oil [13].

As described by [15], the composition of the transformer
is made by means of a core, usually made of silicon steel and
consisting of ferromagnetic material with characteristics of
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Fig. 1: Transformer Composition. Adapted from [14].

high magnetic permeability (greater than air permeability).
In the internal components, aluminum or copper is used in
the windings, and the coil is insulated by Kraft paper and
fixed by wooden blocks [16,17]. All of these materials are in
contact with the insulating oil [12, 13, 18]. Figure 2 shows
the composition of the dielectric insulation system of the
transformer and the flow direction of the insulating oil.

Qil level

Insulating
Qil Flow
Direction

Fig. 2: Transformer isolation system. Adapted from [19].

The isolation system of a transformer is considered to be
its main part, being basically constituted by an insulating
liquid and a solid insulation [11]. This solid part is
Kraft paper, which is practically the element responsible
for defining the life of the transformer, as it does not have
regenerative characteristics, different from the oil in use that
can be treated or regenerated until it can be used again
[12,16,17,20].

In addition, according to [18], in the center of the
transformer core, heat exchange occurs through conduction,
which can be through air or oil. This heat exchange occurs
between the outer surfaces of the core, windings, insulating
fluid, between the insulating liquid and the inner walls of the
tank and between the radiators and the external environment.
There is also the so-called heat exchange for radiation, which
occurs between the outer walls of the tank and the radiators
and the air [12]. In addition, the most used transformer
model is the one that uses oil inside the equipment, usually
mineral oil, making it circulate through the materials with the
function of cooling through heat exchanges, and isolating the
internal components [10, 13,21].

Reference [22] addresses the deterioration caused by the
operation of the equipment, where during the operation of
the transformers, various wear and aging processes can occur
in the insulation system. To avoid machine downtime and,
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consequently, increase costs, and to guarantee the efficiency
of the equipment, it is extremely important that preventive
and predictive maintenance is carried out in order to ascertain
the effects of thermal, chemical, electrical and mechanical
fatigue, such as, hot spots, overheating, over-tension and
vibration that are responsible for changes in the insulating
system [20,23,24].

Based on this, Brazilian electric utilities are increasingly
concerned with the maintenance of transformers, seeking
to meet the requirements of the National Electric Energy
Agency (ANEEL) [25], in addition to trying to reduce costs
with repairs and replacements. Therefore, good resource
management and the preservation of equipment through new
techniques and effective maintenance, such as the simple
collection of a small amount of oil from the network
transformers for testing, appear as the best options in this
scenario, as the characteristics presented by the oil can say a
lot about the condition and the useful life of the equipment,
being a parameter for intervention or not.

b. Insulating Mineral Oil (IMO)

The history of the transformer began in 1855 with a patent
granted to Addenbrooke and Ferranti, and since 1890 the
IMO has been used in transformers and remains, today, the
most used liquid dielectric in transformers in association with
insulating paper [8, 10,26]. General Electric produced the
first recognized application of the IMO in transformers in
1892, turning the attention of the industry to determine the
properties necessary for it to be used [26,27].

The popularity of the use of this oil occurred due to its low
cost and its wide availability, obtained from the fractional
distillation of oil, in addition to its excellent dielectric
properties [10,26]. According to [28], IMO has been used
as an insulating liquid in transformers for over a hundred
years, reaching billions of liters of oil being used in electrical
equipment worldwide.

The IMO consists basically of hydrocarbons [6]
(molecules composed of Hydrogen and Carbon) with
concentrations of other compounds, such as Sulfur, Nitrogen,
among others [29]. Because of this composition, its leakage
or spill can have significant environmental impacts, since
it contaminates the soil and the water system, bringing
economic impacts to the electric utilities [10,26]. Currently
the mineral oil used can be naphthenic or paraffinic based,
where naphthenic based is the most used, because it has good
characteristics of thermal conductivity, high flash point, low
cost of large-scale production, high regeneration capacity,
great amount of physical-chemical tests, facilitating their
maintenance, among others [10, 21, 24]. With regard to
chemical parameters and their connections, the [7, 29, 30]
show that the average oil molecules have between 19
to 23 carbon atoms arranged in a naphthenic structure.
Naphthenes or cycloalkanes are closed-chain saturated
hydrocarbons containing one or more rings, which may
contain one or more side chains. The hydrocarbons present
in the mineral oil composition are in the form of benzene
rings combined with aliphatic rings. The structure of the
naphthenic chain is depicted in Figure 3.

According to [7,26,29], the paraffins or alkanes material
are saturated hydrocarbons of straight or branched open
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Fig. 3: Naphthenic Chain. Adapted from [30].

chain, thus, the paraffin-based oil has molecules arranged in
a different structure from the naphthenic base. The structure
of the paraffinic chain is shown in Figure 4.
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Fig. 4: Paraffinic Chain. Adapted from [30].

The parameters of mineral oil applied in transformers
are divided into electrical (dielectric strength, electrical loss
factor), chemical (water content) and physical (interfacial
tension, viscosity, flash point and pour point) [10, 24, 30].
These mineral oils tend to form short-chain organic acids
with by-products of degradation consisting of hydrocarbons
that are harmful to the environment regardless of whether
the oil used is paraffinic or naphthenic [27, 29]. These
hydrocarbon compounds can migrate to the water table with
rainwater infiltration, where one liter of oil can contaminate
millions of liters of water, making it unfit for consumption
[21,26]. The [29] show that the potential for contamination
of a fluid is measured by its level of biodegradability,
governed by the standard that determines these values, the
Organization for Economic Cooperation and Development
(OECD 301) [31], where for mineral oil, its level of
biodegradability is around 10%, that is, it is not very
biodegradable. Another major problem observed in mineral
oil is the flammability, because the ignition temperature is
relatively low. For example, in transformer short-circuit
failures, the product of oil combustion becomes dangerous
and causes great air pollution [26,29].

After being put into operation inside the transformer, the
IMO can still be influenced by factors such as temperature,
oxidation and the presence of oxygen [24, 27, 32]. Such
factors lead to physical-chemical changes in the properties
of the oil, that is, deteriorations such as the loss of dielectric
properties and the acceleration in the degradation of the
insulating paper. So, according to [21,24,26,27,32], mineral
oil can undergo an oxidation process, during the use of
the transformer, damaging the Kraft insulating paper and
resulting in the formation of acids, which can be measured
using the neutralization index or acidity index [16, 17].
Moreover, such compounds can polymerize and form sludge,
which reduces the equipment’s efficiency when deposited in
the active part or in the heat exchangers [6,29].

The moisture in the insulating liquids is also observed, in
which the dielectric strength of the oil will decrease when
the relative water saturation in the oil reaches 50% [27]. For
the IMO, saturation occurs in small concentrations in a range
of 30 to 35 mg/kg of water [26]. In this way, moisture in
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the IMO acts as a catalyst in the decomposition of cellulose,
reducing the useful life of the Wilhelm electrical equipment
[26,27]. This moisture can also cause a corrosion process,
since the composition of the IMO contains concentrations
of corrosive sulfur compounds and this insulating fluid is
in constant contact with the metallic part of the transformer
[33].

Based on the aforementioned problems, attention was paid
to the environmental issue, in addition to concern about
the fact that oil is a finite resource [26]. In addition
to this, even though it is cheap and quite efficient when
new, the degradation of the IMO causes it to generate
harmful by-products to the equipment and significantly
lose its dielectric and refrigerant efficiency, thus losing
its functionality and being able to mediate failures and
losses [30]. It is worth mentioning that distribution
transformers are subject to all types of weather, a factor that
further contributes to the degradation of oil by temperature,
humidity, occurrence of natural phenomena, among other
factors, directly or indirectly [20]. Therefore, due to
its large-scale use around the world, new less aggressive
possibilities for the replacement of the IMO were then
investigated [34].

c. Insulating Vegetable Oil (IVO)

Around 1999, IVO’s suitable for use in electrical equipment
(transformers) were developed [35]. This development was
mainly driven by the environmental issue. Over the years,
IVO has been adapted through specific processes and has
received antioxidant additives in addition to pour point
depressants, [27,28]. Chemically, IVO, used in transformers,
is formed by molecules of acylglycerols, which originate
from the condensation between fatty acids and glycerol
(tri-alcohol), forming esters of fatty acids [8, 12, 36, 37].
In the case of IVO, three fatty acid molecules covalently
associate with glycerol, forming esters of fatty acid called
triacylglycerol [12, 12,37-40]. Figure 5 shows the chemical
structure of triacylglycerol.
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Fig. 5: Chemical structure of the triacylglycerol that makes up
vegetable oil. Adapted from [30].

According to [10], the neutralization rates typical of the
IVO are higher than those of the IMO, causing them to form
long chains of fatty acids, which is less aggressive to the
environment. Vegetable oils (crude) are always obtained
from grains, by stripping, peeling, crushing, rolling, cooking,
mechanical pressing or solvent extraction. Subsequently, this
oil goes through the degumming, neutralization, bleaching
and deodorization processes, obtaining the refined oil [8,
41]. The IVO has a much lower environmental impact
compared to the IMO, as they come from a renewable source
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(soybeans, sunflower seeds, rapeseed and corn) and have
high biodegradability. Therefore, in the event of a leak,
the product degrades within a few days (28 days), which
decreases the cost of electric utilities in relation to damage
repairs [29,35,42,42].

According to the Ministry of Agriculture, Livestock and
Supply, the grain production trend only tends to increase
in Brazil, with emphasis on corn and soybeans. According
to the ministry’s projections, highlighted by Table 1, the
cultivated area of these grains, mainly soybeans, will
increase even more in the coming years, further leveraging
this market niche and emerging as an opportunity for greater
investment in IVO’s [43].

TABLE 1: BRAZIL: PLANTED AREA AND PROJECTIONS FOR
THE 5 MAIN GRAINS (THOUSAND HECTARES).

2018/19 2019/20 2020/21 ... 2024/25 2025/26 2026/27

Rice 1.697 1557 1516 1.092 989 882
Bean 2978 2853 2.748 2329 2224 2119
Corn 17242 17.366 17.490 17.984 18.108 18.231

Soy  35.802 36.678 37.596 41.452 42424 43.395
Wheat 1974 1996 2.017 2.101 2122 2.143

TOTAL 59.694 60.450 61.367 .. 64.958 65.867 66.771
Source: Adapted from[43]

As can be seen from Table 1, Brazil has the capacity to
generate renewable resources on a large scale and rich in
oilseeds. The justification for the low use of IVO in the
manufacture of transformers is due to its oxidation stability,
pour point, permissiveness and distinct viscosity [8, 32,44].
However, this scenario has changed due to the environmental
issue that has been of increasing concern to the world
community [33].

The first commercial product launched on the market was
BIOTEMP® [45], whose patent was applied for in the
United States of America (USA), in September 1999, by
the company Asea Brown Boveri (ABB). This product had
sunflower oil based fluid with an oleic acid content greater
than 80%. Waverly Light & Power and Cooper Industries
have won two other patents for the development of insulating
fluids obtained from soybean oil [33]. In the beginnin
of 2007, using 100% Brazilian technology, BIOVOLT
oils were produced and commercialized by the company
Mineraltec [27]. Later, in the same year, it was notified that
around 410 isolated transformers with IVO were in operation
in the primary voltages of 440 to 230.000 volt (V) and of
nominal power between 10 to 40.000 kilo-volt-ampere (kVA)
[38].

An important chemical characteristic of IVO are natural
esters, which have a high affinity for water, contributing to
the increase in the useful life of solid insulation, which is
directly related to the reduction of costs for electric utilities
[26, 28, 37, 39, 40, 46, 47]. This statement regarding the
chemical characteristics of IVO was made through the results
of IVO aging studies, which showed that the insulating paper
has its life extended in the presence of vegetable-based oils
[23, 28, 48]. Another study conducted by [38], shows that
the insulating paper has its life extended in the presence
of vegetable oils over the years. In 2009, [27] produced
test results using a hydrolysis mechanism that favored the
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displacement of more water molecules from the paper to
the insulating fluid, promoting the drying of the insulating
Kraft paper and maintaining its chemical balance, resulting
in the extension of its useful life [16, 17,48]. And yet,
according to [28, 49], the fluids of natural esters present
different dielectric performance, with a dielectric strength of
the same magnitude as that of IMO. However, water does not
significantly affect the dielectric strength of IVO, unlike IMO
due to its chemical properties, giving superiority to IVO with
greater resistance to high temperatures [8, 28, 35,39,40,49].

Another important characteristic of the IVO is that it is
only considered flammable at temperatures above 340°C,
therefore, it is conceptualized as a safety fluid with less
fire incidence, and with the smoke from its combustion
being less dense, and less harmful, when compared to
mineral oil [8, 27, 50]. Therefore, the fossil origin of the
IMO further strengthens its superior contamination capacity
compared to the IVO, as well as its aging, which is much
more detrimental to the useful life and performance of
the equipment than that of the IVO [8, 21, 23]. Another
important parameter of vegetable oil is electrical permittivity
[35]. In a transformer, the winding insulation system makes
the distribution of requests inversely proportional to the
material’s electrical permittivity [4,45]. Thus, the greater
the electrical permissiveness of the esters, the lower the
electrical demand on the windings as the winding insulation
system consists of paper and oil [39,46]. This characteristic
allows isolated transformers with IVO to withstand greater
overloads than those using IMO [35, 36]. Contributing to
environmental sustainability, another possible factor of the
IVO is that at the end of its useful life, it can be reused for
the production of biofuels [29].

One of the characteristics that can be seen as negative of
the IVO is that it has slightly higher viscosity in relation
to the IMO, reducing the cooling power of the IVO, since
the heat exchange with the environment becomes slower
[4]. However, commercial IVO’s have additives that, despite
increasing their prices, make the IVO to match the IMO in
this regard [27].

Because it is highly toxic, disposal of the IMO cannot
be carried out in any way. The process requires high
costs to those responsible, in addition to the fact that any
failure results in serious punishments with the environmental
agencies. The IVO at the end of its useful life, on the
other hand, becomes a raw material for the production of
biofuels, in addition to being highly biodegradable, reducing
environmental risk and its cost in the long run [27].

Most electric utilities use vegetable oil in transformers, for
example Companhia Energética de Minas Gerais (CEMIG)
[51], Companhia Paulista de Forca e Luz (CPFL) [52]
and Group Energisa [53]. One of the main characteristics
of these transformers on the market is the green color
used by the manufacturers in order to give strength to the
ecological and sustainability message [8, 35]. Figure 6a
shows a model of distribution transformer manufactured by
Ecological Transformers Itaipu using vegetable oil in its
composition [54]. Figure 6b shows a 25 Mega Volt Ampere
(MVA) transformer installed in the CEMIG electric utilities
substation, filled with vegetable oil from BIOTEMP®, and
produced by ABB [51].

As can be seen, the use of IVO in transformers, does not
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Fig. 6: Transformers that use vegetable oil as an insulator.

result in power limitations and has no usage limits, and can
be used for both low power (distribution systems) and high
power (transmission systems).

d. Standardization for insulating oils

The Brazilian Agency for Technical Standards (ABNT) is the
body responsible for presenting guidelines for the use of IVO
in electrical equipment in Brazil. The NBR 15422 [55,56] it
specifies the acceptable chemical and physical parameters of
the IVO, before coming into contact with the equipment.

Most manufacturers of IVO’s meet the specification of
the ABNT NBR 15422 standard [55], however, the same
performance is not expected for these oils against aging
agents, since oxidation stability is related to the chemical
composition of the base oil, the concentration and type(s)
of additive(s) added by the manufacturers [23, 27, 32, 48].
Therefore, the IEEE published a document entitled as IEEE
Guide for the acceptance and maintenance of fluids from
natural esters in transformers (C57.147-2018) [46]. This
guide is intended to standardize the indexes for maintaining
the IVO after using and energizing electrical equipment
containing oil [46]. This IEEE Guide also includes the
description of the tests to be carried out, filling practices,
handling and maintenance of insulating fluids during use,
in addition to bringing all the reference values for the IVO
specifically after energizing new equipment, such as also
during use [27,39,40,46,49,56].

It is possible to notice in Table 2 that some characteristics
change from the reference value compared to the new IVO
without contact with the equipment. They are: dielectric
strength, dielectric loss factor and water content.

For dielectric strength, the limit values shown apply to
insulating vegetable oils [8, 13, 56]. Due to differences in
their chemical composition, certain values are significantly
different from the limits for the IMO. Typical values for
each fluid can be obtained from the manufacturer. If the
test results, although in accordance with this table, are
significantly different from the typical published values,
it is recommended that the oil manufacturer be contacted
[35,46,48].

Table 3, on the other hand, makes references to desired
values during the maintenance of equipment in operation
with the use of IVO, since changes outside this standard
are indicative of the need for intervention in this equipment
[35,46].

The main factors to be monitored are: viscosity,
neutralization index and dielectric loss factor [46]. And for
transformers where IMO is replaced by IVO, in addition to
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TABLE 2: TEST LIMITS FOR NEW NATURAL ESTER FLUIDS
RECEIVED IN NEW EQUIPMENT.

Value for voltage class

Test and ASTM method
<69 kV 69kV230kV
Dielectric strength
ASTM D1816kV,minimum,
Imm gap 25 30
2mm gap 45 52
Dissipation factor, ASTM D924, 05 05
%, maximum,25°C . .
C()'l(?r, ASTM D1500, ASTM L1.0 L1.0
units, maximum
Visual examination, ASTM D1524 ~ Drightand - Bright and
clear clear
Neutralization number (acidity),
ASTM D974, mg KOH/g, maximum 0.06 0.06
Water conteflt, ASTM D1533, 300 150
mg/kg, maximum
Fire point, ASTM D92, °C 300 300
Kinematic viscosity, ASTM D445, 50 50

mm2/s (cSt)at 40°C, maximum
Source: Adapted from[46]

TABLE 3: CHARACTERISTICS OF THE IVO IN USE IN THE
EQUIPMENT.

Test and ASTM method Value for voltage class

<69 kV  69kV230kV 230kV and above

Dissipation factor,

ASTM D924, in 25°C, % 23 23 23
‘Water content,

ASTM D1533, mg/kg 2400 2200 2150
Viscosity increase

ASTN D445, at 400C,% 210 210 210
Neutralization Index,

ASTM D974, mg KOH/g =03 20,3 20,3
Fire point, ASTM D92,°C <275 <275 <275
Inhibitor Content Y b4 V4

Y - Varies by manufacturer.
Source: Adapted from[46]

the factors mentioned, it is important to monitor the flash
point of the oil due to IMO impregnation from previous use
and the water content in the oil [13,57].

e. Technology and research developed

There are some important studies done in Brazil on the use
of IVO replacing of IMO. This subsection will address the
main studies that achieved important results.

In a dissertation presented to the master’s program in
agroenergy at the Federal University of Tocantins, entitled:
“Estudo de viabilidade técnica na utilizagdo de 6leo vegetal
como agente isolante e refrigerante em substituicao ao 6lea
mineral em transformadores de distribui¢do” [34], sought
to carry out the direct replacement of IMO by IVO (with
commercial soy-based insulating fluid: Envirotemp FR3)
in a 15 kVA, 220/380-13800 V three-phase distribution
transformer, without constructive adjustments after carrying
out the cleaning and drying process of the tank and internal
components. Three types of tests were carried out according
to the current regulations [46, 48, 55], seeking to visualize
the physical-chemical and electrical characteristics, such as
the kinematic viscosity, neutralization index and dielectric
strength of the IVO after the replacement of the IMO in the
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transformer. All tests were performed in triplicate, that is,
they were repeated 3 times with the final result being the
arithmetic mean of the values obtained in the measurements
and shown in Table 4.

TABLE 4: RESULTS OF REPLACING IMO WITH IVO.

Tests performed

Kinematic Neutralization Dielectric
viscosity index strength 40°C
1'st measurement 35 ¢St 0.05 mgKOH/g 58.5kV
2nd measurement 35.3 ¢St 0.05 mgKOH/g 47.1kV
3rd measurement 34.9 ¢St 0.05 mgKOH/g 329kV
Average 35.06 cSt 0.05 mgKOH/g 46.16 kV

Source: Adapted from[34]

When comparing the results obtained with the ABNT and
IEEE standards, it is possible to see that they are all in
compliance with the regulations and that this insulating fluid
meets the necessary requirements for use in replacement
of the IMO in the distribution transformers. It is worth
mentioning that in this study, the kinematic viscosity refers
to the fluidity of the oil, that is, its ability to move inside
the equipment and, consequently, to transport the heat from
the active part to the walls of the transformer tank. The
neutralization index refers to the presence of acids in the oil
resulting from its degradation, which can damage the Kraft
paper and consequently negatively reach the efficiency of
the insulation and decrease the useful life of the equipment,
that is, the lower the amount of harmful acids, the smaller
the amount of hydroxide needed to neutralize it in the test
and greater equipment longevity [16, 17]. As for dielectric
strength, this parameter refers to the electrical insulating
capacity of the fluid, which provides safety and protection to
the equipment, especially when working with high voltage
levels. In this last parameter, when observing the three
measurements, it is possible to notice a drop in the obtained
value. This is due to the short oil rest interval between
one measurement and another (4 minutes), but still the
arithmetic mean of the measurements exceeded the 30kVA
[34], recommended by NBR 15422 [55] and the IEEE Guide
- C57.147-2018 [46].

Another relevant point, presented by [34,50], are the high
flash and combustion points of the IVO used (Envirotemp
FR3), around 330°C and 360°C respectively. This brings
him the classification of safety fluid or high combustion fluid,
with a very low level of fire risk, even compared to Askarel,
widely used in the past as an electrical insulating fluid, but
banned in Brazil since the 1980s, due to its high toxicity and
for being a carcinogenic product.

Presented to the Postgraduate Program in Engineering
and Materials Science at Federal University of Parand,
the dissertation with the title: “Avaliacdo do potencial
de aplicacdo de O6leos vegetais como fluidos isolantes
em transformadores de distribui¢do da rede elétrica” [10],
shows test and results made through vegetable insulating
oils without the presence of additives, commercial IVO’s,
as well as mineral oil itself. The oils tested were:
vegetable oil based on soy, vegetable oil based on sunflower,
vegetable oil based on rice, vegetable oil based on castor
oil, commercial vegetable oil based on soy, commercial
vegetable oil (mixture of oils) and commercial mineral oil.
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With all tests duly standardized, [10, 21, 58] observed that
only commercial items met the regulatory requirements for
use as an insulating fluid. All IVO’s without presence of
additives in the constitution (non-commercial) failed in one
or more parameters, where sunflower oil was the closest to
the ideal, failing only in the water content in its constitution,
a characteristic related to the tendency to oil oxidation
[10,21,32].

With regard to the costs of dielectric fluids, the work
of [58-60], carried out with the Cooperativa Energética
Cocal (COOPERCOCAL), compares the costs of new
and regenerated mineral insulating oils, in addition to an
imported brand (IVO A) and another (IVO B) of insulating
vegetable oil. Table 5 shows the purchase costs for the
insulating fluids mentioned. It is worth mentioning that
these values may vary according to the characteristics of the
market and the price of the dollar.

TABLE 5: GENERAL COSTS OF INSULATING OILS.

OIL TYPE COST (R$/L)
Vegetable oil A (new) 22,75 Source:
Vegetable oil B (new) 6,00 ource:
Mineral oil A (new) 5,00
Mineral oil B (regenerated) 3,00
Adapted from[59]

When analyzing the costs of purchasing, with two
COOPERCOCAL suppliers, new transformers using IMO
and IVO, it was found that the costs of new equipment
supplied with IVO have a higher cost compared to those
supplied with IMO. For a more detailed analysis, with the
information provided by COOPERCOCAL, [59, 60] made a
forecast of the cooperative’s investment for the acquisition of
new transformers with IVO insulation, and it was possible to
observe that the acquisition costs predicted were 22% higher
for transformers supplied with IVO.

Also based on data provided by COOPERCOCAL, [59]
estimated costs for replacing the IMO with regenerated
IMO and IVO during the maintenance of the distribution
transformers. It was possible to note that the cost of replacing
with IVO is double the use of regenerated IMO, a factor that
can be corrected by the benefits of using vegetable oil for the
life of the equipment and safety for the environment. The
Table 6 shows the cost related to products and services of the
insulating fluid replacement process.

TABLE 6: COST RELATED TO PRODUCTS AND SERVICES OF
THE INSULATING FLUID REPLACEMENT PROCESS.

Transformer Mineral Oil (1) Vegetable Oil (2) Investment (3)

(Power) R$ R$ R$

30 KVA 700,00 3.200,00 2.500,00

45 KVA 900.00 5.580,00 4.680,00

75 KVA 500.00 3.760,00 3.260,00
1112.5 KVA 100,00 1.438,00 1.338,00

TOTAL 2.200,00 13.978,00 11.778,00

(1) Amounts obtained from the responsible service provider.

(2) Estimated values based on the case study values.

(3) Investment difference in the replacement of IMO by IVO.
Source: Adapted from[59]

It was then concluded that the IVO replacement process
is much more expensive, since emptying, cleaning, drying
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and thermo-vacuum filling of the transformer that previously
contained the IMO are necessary, processes that are not
necessary for filling with the regenerated IMO [59].

In a case study carried out by a company that works with
the direct handling of IMO, it was possible to attest, through
the answers in an interview, with the person responsible for
the environmental issues of the company, in addition to the
observations made in the workplace, that the possible risks
to soil, water and air contamination, as well as accidents
during handling are underestimated. That is, even with
all the mobilization focused on environmental issues, it is
possible to note that there is a lack of greater awareness
of the market involved around the IMO. This happens also
because of the price difference which is still very large (note
Table 6). As described by [60, 61], even taking into account
and following the recommendations in the event of an oil
spill, the environmental impact caused is still very large, and
just trying to minimize the damage is not enough, because
in addition to the environmental damage, there is a great
financial loss of damage recovery.

The last work highlighted here was done by [62],
who highlights the advantages of using IVO, as well as
its limitations such as the need for viscosity correction.
However, what draws attention is the questioning of the
author about competitiveness with the food industry. It really
is something to consider, but it cannot be said that this would
be an obstacle, because as shown in table 1 the forecast of
grain production, mainly of soybeans, increases year after
year, in addition to the fact that studies and techniques for
the production of IVO be developed from the reuse of edible
oils, which would solve other problem: the disposal of used
oil and the availability of raw material for IVO’s.

IV. DISCUSSION

In view of what was observed in the course of the work,
it is possible to note that the central treatment always
revolves around sustainable development, in this case for the
production and use of insulating fluids that are less harmful
to the environment. This theme fits more than perfectly in
the reality faced by humanity today, where each advance
obtained and innovation implemented can mean another
relief for nature and consequently for humanity. The IVO
presents itself with an interesting ecological proposal since
its origin, unlike the IMO, of fossil origin, highly polluting
and toxic to the environment. In addition, the fact that the
latest technological advances applied to the production of
IVO have made it more efficient and superior to the IMO in
some parameters, making it gain more space in the market,
even though it initially has a higher commercial value.

The use of IVO gives the equipment a longer useful life
due to its greater affinity for water, acting indirectly to
dry Kraft paper through hydrolysis, in addition to having a
greater resistance to moisture saturation, unlike the IMO. It
is also worth mentioning that the IVO does not contain sulfur
and petroleum derivatives in its composition like the IMO,
with the oil degradation process it will not polymerize and
form conductive and corrosive sludge that ends up damaging
the Kraft paper and the active parts equipment, reducing its
useful life and acting as a catalyst for accident failures.

Another characteristic in which the IVO is superior to
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the IMO is its flash and combustion points, above 300°C,
which end up giving it the classification of safety fluid for
use at high temperatures. Because it has low flash and
combustion points (around 150°C), IMO is a fluid that is
very susceptible to accidents, where any network failure or
external interference that causes an increase in temperature
can cause the transformer to combust and even an explosion
is caused, which may result in even greater losses to the
electric utilities than just replacing the equipment, in addition
to the simple fact that burning the IMO releases harmful
gases into the atmosphere. In terms of biodegradability, a
small amount of IMO spilled into water or soil has a highly
polluting and toxic effect, which can drain and contaminate
millions of liters of water from the springs, making them
unfit for consumption and taking years for partial degradation
to occur, very different from IVO, which practically does not
offer environmental risk, being totally degraded in nature in
a maximum of 28 days. Some normative parameters cause
most of the natural vegetable oils to fail because they do
not meet all the criteria for use, the main ones being their
kinematic viscosity higher than the reference values and the
large amount of water in their chemical composition [50,58].

However, manufacturers developed techniques for treating
these oils and producing commercial IVO’s with the addition
of additives for drying and fluidity gain by the oil,
which, in addition to adapting it to the normative indices,
made it competitive with the IMO in terms of efficiency.
Unfortunately, the additions of these additives together with
the cost of production make their market value higher than
that of the IMO, serving as a barrier to large-scale adhesion.
But before generating any conclusions about unfeasibility
due to high implementation costs, it is necessary to raise
some interesting points observed with the use of IVO:

e The useful life of the equipment is prolonged, being
able to increase the intervals of intervention in the
maintenance, thus reducing costs;

e The classification as a safety fluid provides more
reliability to the equipment, which can reduce losses
due to failures and accidents with the occurrence of
fire, which collaborate to improve the DEC and FEC
indicators;

e As they withstand higher temperatures than IMO,
transformers supplied with IVO tend to withstand
overload work for longer;

o The use of IVO brings the environmental risk to almost
zero, as its biodegradability is approximately 90%, in
addition to being able to be used as a raw material for
the production of biofuels at the end of its useful life,
unlike IMO which generates disposal costs.

In addition, Brazil is a country that has a gigantic oilseed
production that tends to grow even more, making it more
viable for the market and energy electric utilities to develop
and implement the IVO, as well as greater investment in
research that allows the appearance of further advances in
this field.
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V. CONCLUSIONS

Given what has been presented, it can be said that even
with high initial implementation costs, the use of IVO is
feasible and quite interesting for both electric utilities and
industries in the electricity sector and for those who work
with products from oilseeds. In terms of efficiency and
functionality, IVO’s meet the normative criteria and even
surpass them in some parameters discussed during the work.
Based on this, it can be inferred that the long-term cost
of using IVO’s outweighs its cost of implementation, given
the increase in the useful life of the equipment and mainly
the reduction of environmental risk. In addition, in view
of all the mobilization in favor of the environment that
has been taking place in recent decades, the use of IVO
gives the company a positive socio-environmental image, as
well as promoting the creation and greater environmental
awareness by the electric utilities, affiliated , staff and even
the customers themselves.

Finally, the main objectives of this paper were achieved,
serving as a basis for reflecting on the theme and creating
new discussions on a topic current and comprehensive as this.
It is worth mentioning that it is necessary to invest more in
research, improvement and development of new technologies
in view of the great importance of the theme, but this will
only happen when there is a greater awareness of all the
involved environment and the population for the need for
sustainable development.

It is suggested, for future work, to carry out an in-depth
analysis of costs and long-term compensation for the use of
IVO in comparison to its cost of implementation.

As noted, the discussion of the use of insulating oil is
not limited to engineering. Thus, it is important to expand
your study in all directions, allowing great contributions to
society, a fundamental role of the scientific community.
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