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A Critical Evaluation
of Natural Esters
for Application in Transformers

Due to the depletion of the mineral oil source and environmental impacts, the transformer industry 
has shifted its focus from petroleum-based mineral oil to natural and synthetic esters. Ester fluids have 
been present on the scene for quite some time now, and the environmental advantages and availability 
have the industry moving towards this avenue more strongly as time passes. The gradual move to the 
use of natural and synthetic esters is additionally supported by more data that is forthcoming from 
industry-based studies that are focused on using these fluids in electrical equipment.

This article will focus on environmental concerns, fire safety, physio-chemical properties, and thermal 
and dielectric performance of natural esters.

Finally, we will discuss the fundamental properties of natural esters and material compatibility 
related to electrical design.
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Corné Dames is the Managing Director of 
Independent Transformer Consultants, al-
ways striving to keep on top of new devel-
opments and research. She has expertise 
as Laboratory Manager in the analysis of 
transformer oils and as diagnostician identi-
fying problem areas in transformers, as well 

available results thus empowering the cus-
tomer to take preventative steps in mainte-
nance. Corné has vast practical and theo-
retical knowledge on reliability maintenance 
programs. Coming from a strong chemical 
background she has insight in all the chemi-
cal processes that are part of the transform-
er system. Coupled with technical insight, 
her knowledge and experience help custom-
ers optimize their reliability maintenance and 
electrical asset lifetime.

Due to the depletion of the mineral 
oil source and environmental 

has shifted its focus from 
petroleum-based mineral oil to 

natural esters and esters.
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Introduction

In a transformer, the liquid-cellulose 
system forms the main component 

a trifold role as the dielectric 
barrier, mechanical support and 

lating liquid is the backbone of 
the entire system, as this part will 
have a tremendous impact on the 

The insulating fluid in a transformer 
has three functions — to electrically 
insulate the active parts, to transfer 
heat from the conductors to the 
radiators, and to provide a diagnostic 
medium which enables engineers 
to assess the equipment's health 
through regular monitoring and 

the insulating liquid is used for 
arc quenching (in tap changers, 
for instance) and as an acoustic 

acoustic dampening are essential

related to the use of mineral oil is 

lation of power demand over the 
past few years has led to overloaded 
electrical grids, resulting in failures, 

which government regulatory agents 
are imposing stiff penalties due to 

oils may have a toxic effect on the 
environment that will impact that area 

biodegradable properties, serious 
mineral oil spills can contaminate the 

using mineral oils, especially in 

As petroleum sources are depleting, 
the threat of shortages is becoming a 

used continuously and across many 
applications, we need to guarantee 
the reliability and safety of electrical 
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Table 1. Basic properties of insulating liquids: mineral oil and natural ester [2-6]

Chemistry and the Emergence of 
Insulating Fluids
Natural esters are extracted from crops 
like soybean, sunflower, rapeseed 

International Standards
There is an increase in the use of 
natural esters in the transformer 

primarily in distribution and medium 
power transformers, in new units, 

large power transformer of 420 kV 

ester fluid back in 2013, in the 

Currently, there are around 30-40 
units in this voltage class that are 
already energized or in the process 
of production, including projects in 

Properties Standard Mineral Oil Natural Ester

Material used - Petroleum crude oil Crops, sunflower, 
soyabean, etc.

Principle 
components - Complex mixture of 

hydrocarbons
Plant based natural 
ester

Chemical 
composition -

Visual examination ASTM D 1524 Clear and light Clear and light

Color ASTM D 1500 Pale Yellow Pale Green

Color IEEE 0.5 </=1

Appearance of 
liquid
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The gradual move to the use
of natural and synthetic esters is 
additionally supported by more data 
that is forthcoming from industry-
based studies that are focused 
on using these fluids in electrical 
equipment.

Physio-chemical Properties
Acidity accelerates the oxidation 
process in mineral oil and in cellulose 

the acid can cause rust on the iron 

The acids in mineral oil are mostly 
short-chain carboxylic acids that 
are formed during the degradation 

are more aggressive, having an 

Natural esters have a higher inherent 
acid content, but they are long-
chain free fatty acids that are very 
mild for other materials and soluble 

the formed acids include the well-
known “omega-3”, which is used as 
a medicine for reducing cholesterol 

The interfacial tension (IFT) of a liquid 

required to break through an interface 
between water and oil, thus related 
to the molecular attraction/repulsion 

polar contaminants and oil decay 

oils generally have a relatively higher 
interfacial tension than new natural 

IFT in natural esters does not affect 
the fluid performance, but it limits 
the use of IFT as an indicator of fluid 

Fire Point and Flashpoint

measures of the resistance of the 

The flashpoint 
lowest temperature at which the 

an ignitable mixture with air near that 

 is the lowest 
temperature at which a liquid in an 
open container will attain a vapor 

Mineral oil has a much lower 

is required to classify a liquid as

Up to date, no cases of transformer 

Environmental Impacts
The threat of depletion of crude oil 

Exhaustion of mineral oil would lead 
to severe problems in many areas 

said, petroleum products are poorly 
biodegradable, and they pollute the 

In densely populated areas, mineral 

Water Saturation
Water has a detrimental effect on 
the transformer's overall life and 
on the electrical properties of the 
insulating liquid which needs to act 
as a barrier to ensure there is no 

concentration in mineral oil leads to 
visible effects as the oil will seem to 

Because natural esters
are more hygroscopic
than mineral oils, having
a saturation point
10-15 times higher than
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that of mineral oil, we 
cannot apply the same 

amounts of moisture, the 
ester fluid can still retain 

should be noted that the 
effect of water content 
on dielectric strength as 
a function of percent of 
saturation is the same 
for mineral oil and natural 

Table 2. List of available international 
standards on different insulating oils
[4, 5, 7, 8, 9, 10]

Mineral Oil Natural Ester

IEC 60296 - Edition 4 -2012-02,
Fluids for Electrotechnical 
Applications – Unused Mineral 
Insulating Oils for Transformers 
and Switchgear

IEC 62770 - Edition 1.0 - 2013-11,
Fluids for Electrotechnical 
Applications – Unused Natural 
Esters for Transformers and 
Similar Electrical Equipment

ASTM D3487-09 – Standard 

Insulating Oil Used in Electrical 
Apparatus

ASTM D6871-17, Standard 

(Vegetable Oil) Ester Fluids Used 
in Electrical Apparatus

IEEE STD C57.106-2006, IEEE 
Guide for Acceptance and 
Maintenance of Insulating Oil in 
Equipment

IEEE STD C57.147-2008, IEEE 
Guide for the Acceptance and 
Maintenance of Natural Ester 
Fluids in Transformers

Oxidation Stability
An insulating liquid is prone to 
oxidation due to the presence of 

natural esters, there is a higher 
concentration of carbon-carbon 

Therefore, natural esters are more 
prone to oxidation than mineral 

irreversible but inhibited by the 
use of antioxidants in the product 

will be consumed and incorporated 
into the product of the chemical 

continually exposed to oxygen, 
complex molecules will be formed, 

can also lead to oxygen formation 
containing byproducts such as 
alcohols, aldehydes, ketones and 

to minimize oxygen exposure during 
the manufacturing process and while 

Using sealed units will prevent 

barrier is required for large 
transformers with conservators 
between the internal and external 
venting or a nitrogen headspace 

Density
The relative density is stipulated 
as the ratio of the weights of equal 

a lower relative density than natural 

Pour Point
The pour point of standard mineral oil 

pour point of natural esters is in the 

Dissolved Gas Analysis (DGA) and 
Stray Gassing

formation of gases when insulating 
oils are heated at relatively low 

A substantial quantity of stray gasses, 
like hydrogen and ethane, is observed 
in natural ester for some time after 
energizing a transformer, which can 

stray gassing can differ from batch
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Natural esters have a lower gas 
generation in partial discharge phe-
nomena (hydrogen and methane 
formation with traces of acetylene) than 

Effect of Concentrated Heat Flux
The insulating fluid is heated to 
ensure an increased impregnation 

insulating liquid is prepared in the 
heat exchanger chamber of the 

Natural ester has a higher thermal 
limit than mineral oil to initiate phase 

ester fluids will remain in contact 
with the heating element for a more 

means that the maximum allowable 
watt density for exposure is lower 

would be to limit the maximum watt 
density or heat flux density, or to avoid 
immersion heaters instead of turning 
to plate-to-plate heat exchangers 
to increase the heating surface and 

Change in Fluid Properties
The application of natural ester fluids 
is monitored in a wide application 
range in order to track the changes 
in the fluid properties under actual 

compare well with those found in the 
accelerated aging experiments done 

ester exhibits changes during the 
aging process similar to those seen

As the natural ester ages, the dissipa-
tion factor as well as the acid value will 
increase, while the interfacial tension 

Conclusion

Natural ester has been available for 

it has been established that natural 
ester is safely applied in distribution 
transformers and other transformer 

bution transformers using vegetable 
ester fluids ranging from 10 kVA to 

we gain more practical data and case 
studies from the industry, this fluid 
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