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SUMMARY 

 

In today’s modern transmission and distribution systems 

there are a number of challenges that have not been seen 

in the past.  The proliferation of distributed generation, 

such as solar panels on houses and the need for more 

DC charging systems for electric vehicles is starting to 

impact the way networks are managed.  These new 

challenges also put extra pressure on asset managers to 

find the best solutions and systems to manage their 

equipment.  In addition to new technology connected to 

the grid the introduction of ISO 55000 means that there 

is a renewed focus on asset management and the idea of 

whole life management is coming to the fore.  It is 

therefore vital that the right solution for transformers is 

chosen, in terms of longevity and reliability.   

 

Ester-based transformer fluids have been on the market 

for over thirty five years, since the introduction of 

synthetic esters back in the late 1970’s.  In the 1990’s 

natural esters were also launched onto the market, these 

fluids are manufactured from renewable seed oils and 

were initially targeted at distribution applications.  

 

A large amount of research has been conducted which 

indicates that the life of cellulose can be significantly 

extended by using ester-based fluids in preference to 

mineral oil.  This can be used in one of two ways, the 

first is by lengthening the life of transformers on the 

network, effectively extending the time between health 

index levels.  The second way the beneficial effects of 

ester can be used is by allowing transformers to run at 

higher temperatures.  This means that a higher power 

output can be obtained from a given design, thus 

allowing more flexibility in terms of overloading or 

continuously running at higher powers. 

 

This paper will aim to outline the new techniques used 

by asset managers and how ester-based fluids could 

assist in providing longer life and more flexible 

operation.  It will draw on research data and recently 

published standards to demonstrate the benefit of 

choosing esters both during the installation phase and 

further down the line when assets are nearing the end of 

their life 
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Transformer Dielectric Fluids 

 

There is a need within a transformer to provide effective 

cooling and dielectric strength.  For over 100 years 

mineral oil has been primarily been used as the 

dielectric fluid in power transformers for this purpose.  

Mineral does however have short comings; in particular 

it has a relatively low fire point and is poorly 

biodegradable.  This means that mineral oil filled 

transformers are not suitable for areas of high fire risk 
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and comprehensive containment must be installed to 

prevent spillage into the environment. 

 

To answer the issue of fire safety a number of fluids 

have been developed over the years, including PCBs, 

which were later banned.  In the late 1970’s synthetic 

ester fluids came onto the market, to replace PCBs 

where fire risk was high as a far more environmentally 

friendly alternative.  Since this time synthetic esters 

have been used widely across the electrical power 

industry, from distribution transformers to rolling stock, 

wind turbines and even generator step up transformers. 

 

In the 1990’s natural esters, based on vegetable oils also 

came onto the market, as an alternative to mineral oil.  

These fluids have the advantages of fire safety and 

environmental protection, and are also made from 

sustainable raw materials. 

 

ISO 55000 

 

Effective asset management is key to the success of any 

business and this is especially true for distribution and 

transmission networks, which have very large numbers 

of critical assets.  ISO 55000 is a new standard which 

outlines a framework for effective asset management, 

which includes planning, control and monitoring 

activities.  The intention is that this can applied to any 

business and is to asset management what ISO 9000 is 

to quality management.  The introduction of this new 

standard is bringing more focus on the role of the asset 

manager and the need for systems to help manage 

equipment condition. 

 

Health Index 

 

One tool to help effective asset management is to use 

the principle of a Health Index.  This is a scale, typically 

from 1-5 against which assets are assessed.  When the 

asset is first installed and new it would be given a score 

of 1, as it ages and moves towards the end of service it 

would be given a higher number, until reaching level 5 

just before it is due to be retired from service.  By using 

this benchmarking tool it is possible to assess the 

condition of a whole fleet of equipment and by looking 

at the distribution of results one can get an indication of 

the overall health of the network.  A typical distribution 

of health indices could be shown by the chart in Figure 

1. 

 

The asset manager would then apply interventions, 

based on the health index results, to either slow the 

progress from one condition to the next, or to move 

assets from one level back to the previous one.  Assets 

that are at end of life and cannot be repaired will be 

replaced, ideally with new equipment that will 

outperform the older stock.  By selecting the best 

equipment and processes an optimum return can be 

gained from the asset base.  If the time taken to move 

from 1 to 5 can be increased then this lowers overall 

cost of the asset to the business.  The aim is always to 

get the maximum from the installed asset base. 

 

 
Figure 1 - Health index distribution[1] 

 

There are two fundamental areas where esters can bring 

advantages to asset management.  The first is reducing 

overall installation costs for new transformers, due to 

preferable fire and environmental properties.  The 

second key benefit of esters is helping slow the rate of 

degradation of transformer cellulose. 

 

Fire Properties and Cost Reduction 

 

One key consideration when installing new equipment 

is safety and in the case of transformers especially fire 

safety, since these units can contain large quantities of 

potentially flammable fluid.  In the past mineral oil has 

the fluid of choice for transformers, due to its good 

dielectric and cooling properties.  Unfortunately in 

terms of fire safety transformer mineral oil is 

problematic, as it is has a relatively low fire point.  This 

has lead to transformer fires being a regular occurrence. 

 

Alternative fluids, including esters, exist which can be 

used to substantially reduce the fire risk posed by the 

transformer.  Esters have a much higher fire point than 

mineral oil and this in turn means that they are far less 

likely to ignite.  Under IEC rules there are 

classifications for dielectric liquids according to fire 

point and net calorific value.  Fluids with a fire point in 

excess of 300°C are named K-class.  Table I shows the 

different classes for mineral oil and the two groups of 

ester-based fluids. 

 

Table I - Classification of fluids to IEC 61039[2] 

 

Fluid type Flash Point 

(ISO 2719) 

Fire Point 

(ISO 2592) 

IEC 

61039 

Class 

Mineral oil 150°C 170°C O 

Synthetic 

ester 
260°C 316°C K3 

Natural 

ester 
316°C 360°C K2 



 

These K-class fluids are also known as less flammable 

fluids in the insurance industry and the use of these can 

bring very significant savings in installation costs, 

especially for larger transformers, with a bigger volume 

of fluid. 

 

The increased fire safety of esters can also lead to 

significant reductions in installation costs when taking 

into consideration the reduced spacing to buildings and 

between transformers.  This in turn can lead to shorter 

LV cable runs, reducing losses and due to the ability to 

locate other equipment closer to the transformer will 

also reduce MV cable runs from switchgear.  In terms of 

the civil construction costs the use of an ester fluid may 

remove the need for costly fire barriers. 

 

One well known guidance document for transformer 

installations is FM Global datasheet 5-4[3], this goes 

into a lot of detail with regards to fire safety and is also 

referenced in standards such as IEC 61936.[4] 

 

For outdoor installations a big difference can be made 

between mineral oil and FM approved less flammable 

fluids, which include a range of ester-based liquids.  To 

be classified as FM Approved a product must have a fire 

point in excess of 300°C, i.e. is K-class, and the 

manufacturer must have regular audits to ensure that a 

high standard of quality is maintained.  A summary of 

the spacing differences for less flammable fluids and 

mineral oil is given in table II, in this case the building 

would have a non-combustible construction. 

 

Table II – FM Global spacing guidelines with no fire 

barriers 

 

Fluid Volume (l) Spacing to buildings (m) 

Mineral Oil FM Approved 

0 to 1,900 1.5 1.5 

1,900 to 19,000 7.6 1.5 

19,000 to 38,000 15.2 1.5 

>38,000 15.2 7.6 

 

If the minimum spacing distances cannot be met then 

fire barriers need to be installed between the transformer 

and other equipment, and between the transformer and 

buildings.   

 

An example of how the use of less flammable esters can 

significantly reduce installation costs is shown in Figure 

2, this would apply for transformers with fluid volumes 

between 19,000 and 38,000 litres.  This sort of volume 

would be typical of a medium power transformer in a 

substation. 

 
Figure 2 - FM Global spacing example 

 

It can be seen that by just using a less flammable fluid 

spacing can be significantly reduced and 2-hour fire 

barriers can be eliminated.  This in itself will reduce the 

capital cost of the installation.  The ongoing advantage 

of positioning the transformers much closer to the 

building is that low voltage cable runs will be shorter, 

reducing energy costs associated with losses for the 



 

lifetime of the installation. 

 

Environmental impact 

 

Another big cost factor with oil filled transformers is the 

containment systems that have to be put in place to 

protect the local environment.  This is necessary since 

mineral oil is very slow to biodegrade and can have a 

damaging impact on local flora and fauna.  By selecting 

a more environmentally benign transformer fluid it may 

be possible to reduce the bunding requirements, 

depending on local approval. 

 

One way to assess the environmental impact of any 

chemical is to look at biodegradability to assess how 

long it is likely to persist.  Chemicals which will rapidly 

biodegrade pose a lower risk than those which are 

poorly biodegradable.  The chart in Figure 3 shows a 

comparison of the biodegradation rate of mineral oil and 

ester fluids, when tested to internationally recognised 

standards. 

 
Figure 3 - Biodegradation of transformer liquids 

 

In certain regions of the world the advantage of using an 

environmentally friendly fluid has been recognised in 

regulations.  One such example is Germany where 

chemicals are classified based on their potential harm to 

water by the environment agency, UBA.  The UBA 

non-water hazardous (nwg) rating of ester fluids both 

natural and synthetic means that lower containment 

requirements are placed on these fluids, when compared 

to mineral oil.  This has been used to great effect in 

water protection areas in Berlin, where synthetic ester 

distribution transformers have been used for over 10 

years to reduce bunding.  More recently large power 

transformers containing ester-based fluid have been 

installed for the same reason.  For example 

TransNetBW have commissioned a 420kV natural ester 

transformer to enable them to significantly reduce the 

containment requirements. 

 

Asset Life Extension 

 

Saving capital cost on initial installation is very 

beneficial to organisations, but with the advent of ISO 

55000 focus will also be on continuous monitoring and 

control of assets, with one aim being to extend their 

useful life.   

 

Much work has been done looking at the effect of esters 

on cellulose and how they can increase paper lifetime.  

One key study which looked at both synthetic ester and 

natural ester was conducted by Weidmann Electrical 

Technology, a major manufacturer of pressboard and 

paper products for the electrical industry.[5]  The 

experimental set up was as shown in Figure 4 and in 

total four natural esters, one synthetic ester and four 

mineral oils were tested. 

 

 
Figure 4 - Weidmann paper ageing study experimental 

set up 

 

One key property which is used to assess paper 

condition is the DP value.  DP stands for degree of 

polymerisation and gives an indication of the length of 

the glucose polymer chains in the paper.  After a 

transformer has been through the factory drying process 

the cellulose paper has a typical DP value of around 

1000-1200.  At this level the paper is mechanically 

strong and able to provide good reinforcement to the 

winding structure in a transformer.  As the cellulose 

paper ages the polymer chains are broken and the DP 

value reduces.  At a DP value of 200 the paper has 

reached the end of its useful life and it will be very 

brittle, having lost most of its mechanical strength.  In a 

transformer winding brittle paper is a problem since 

faults such as short circuits place a large mechanical 

force on the structure, if the paper is too brittle the 

winding could collapse, with catastrophic consequences. 

 

The results of one of the experiments at 150°C in a 

sealed configuration are shown in Figure 5. 

 
Figure 5 - DP value of paper 150°C sealed experiment 



 

It can be seen that the results are split into two distinct 

groups, the mineral oils and the ester fluids.  In all cases 

the ester fluids, both synthetic and natural, preserved the 

DP value of the pressboard, leading to a much slower 

ageing than in mineral oil. 

 

There have also been studies carried out looking more 

specifically at natural esters and paper ageing and based 

on the conclusions of these studies, in combination with 

the work of Weidmann, the IEEE and IEC have recently 

issued informative guidance regarding the advantages of 

esters for paper lifetime.  Figure 6 has been created 

from the guidance contained in IEC 60076-14, “Power 

transformers - Part 14: Liquid-immersed power 

transformers using high-temperature insulation 

materials”, published in September of 2013[6].  This 

chart shows the relative ageing rate of kraft paper 

immersed in natural ester and mineral oil, with the y-

axis denoting unit life. 

 

 
Figure 6 - Paper ageing of natural ester and mineral oil 

 

If the results in this chart are followed then there is the 

possibility to significantly increase the lifetime of a 

transformer by using ester fluid.  Alternatively an 

increase in operating temperature of 15°C could be had, 

without a loss of transformer life.  This attribute can be 

used to get more power from the same footprint, by 

allowing the transformer to operate at the higher 

temperature.  This can also be especially useful in 

transformers which are subject to regular overloading, 

since it protects the transformer insulation and could 

help lengthen service life compared to the situation 

today.  The results for thermally upgraded paper are 

even more beneficial, with a possible increase of 20°C 

in operating temperature for the same ageing. 

 

Based on the work from Weidmann seen in Figure 12 a 

similar result would be expected for synthetic ester, so 

either type of fluid would be beneficial to the paper life 

of a transformer. 

 

The reason that both types of ester-based fluid give the 

same benefit is that they interact with water in a similar 

way.  Esters have the ability to consume water through a 

process known as hydrolysis and it is this that keeps the 

cellulose drier than in mineral oil.  It is well known that 

drier cellulose ages more slowly than wet cellulose, so 

this behaviour is key.  Figure 7 show the pressboard 

water content for the mineral oil and ester immersed 

samples in the Weidmann study.   

 
Figure 7 - Pressboard water content 150°C sealed 

Weidmann experiment[5] 

 

The conclusion from this is that the ester fluids keep the 

pressboard much drier. 

 

For asset managers the ability to extend the lifetime of 

the transformer by the use of ester fluid has obvious 

advantages.  Especially in regions where transformers 

are prone to overloading, or subjected to high ambient 

temperatures, lifetime can be short.  By using ester fluid 

it could be possible to significantly reduce invasive 

maintenance, such as coil rewinding, and capital 

expenditure. 

 

The ability to run transformers hotter, while retaining a 

standard lifetime is also very useful.  It would allow 

temporary overloading, without the associated loss of 

life experienced in mineral oil.  The alternative would 

be to increase power output for a given footprint.  This 

could be used to reduce the size and weight of a 

‘standard’ distribution transformer, providing benefits in 

reducing the raw materials required, such as copper and 

core steel.  Alternatively asset managers could have less 

transformers on the network, to supply the same load. 

 

Overall the paper ageing advantages of ester fluid can 

provide the asset manager with increased flexibility in 

how to control power delivery. 

 

CONCLUSIONS 

 

Modern power transmission and distribution networks 

are becoming ever more complex, with the introduction 

of distributed generation and electric vehicles just being 

two examples of new problems to be dealt with.  In 

addition the introduction of the new ISO 55000 set of 

standards will require a new approach to asset 

management. 

 

These factors place added pressure on asset managers to 

choose the best solutions for all their equipment, 

including transformers, which form the backbone of the 



 

network.  Asset managers will also be required to use 

tools such as health indices to continuously monitor and 

control their asset base. 

 

Ester-based transformer liquids have the potential to 

reduce overall capital cost of installations, due to their 

well known fire and environmental benefits.  In addition 

to this following recent extensive research into the 

ageing of cellulose paper in esters it has become 

apparent that significant lifetime extension can also be 

gained.  This offers the asset manager further flexibility 

in being able to either extend the life of transformers, or 

gain higher power output, with a standard life. 

 

Given these potential benefits it is likely that the use of 

ester fluids, in place of mineral oil, will increase in the 

future. 
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