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1. Introduction 

Transformers are one of the key components of every energy supply system as they link between the 

different voltage levels of the network. After the electrical energy is generated in a power station it is 

introduced into the network via a transformer as only with high voltage transmission a low- loss transport of 

electrical energy is possible. Before this energy can be consumed by industry or domestics it has to be 

brought to a usable voltage level, wherefore also transformers are required. 

2. The transformer in the network 

Depending on their application transformers are divided into different categories: 

The “Machine Transformers”, sometimes also named “Generator Transformers”, are directly connected to 

the generator of the power station, thus to introduce the generated energy into the network. 

The “Network Transformers” interlink between different high- voltage levels of the network (e.g. 400 000 V, 

230 000 V, 110 000 V) and also to the so called “Medium Voltage Level” with a voltage between 10 000 and 

36 000 V (in Germany). As this voltage is in most cases too high for a direct use a third category of 

transformers, the so called “Distribution Transformers” are required. These transformers lower the voltage 

down to a usable level. In Central Europe this voltage is as high as 400 V out of which also the 230 V of a 

standard power socket are extracted. The 230 V are the voltage of one phase of the 400 V tri- conductor 

system which allows to transfer electrical energy in a very efficient way. 

Machine and Network Transformers are also summarized as “Power Transformers” with a operational 

capacity above 1 MVA (Mega- Volt- Ampere). Although the degree of efficiency of these transformers is 

very high (98 to 99.5 %) they nevertheless comprise losses. As the operational capacity of some kinds of 

power transformers may even reach the range of GVA (Giga- Volt- Amperes) they constitute thermal losses, 

which result in an elevated operation temperature of about 60 °C. In case of an overload situation or if there 

is a failure in the network the temperature may reach up to 110 °C. In such a situation the insulation stress 

and thus the aging is overstated. 

To dissipate the thermal losses and thus to limit insulation aging an insulating liquid is indispensable. For 

mechanical reasons also a solid insulation is required, that has to consist of a porous material, thus to allow 

the insulating liquid the direct contact with the heat generating conductors and the core. Even today in most 

cases there is still a cellulose based insulating paper together with a pressboard, also consisting of fibrous 

cellulose material and also called “Transformerboard”, in use /MOS79/ 

The insulating liquid of power transformers is to a large extent a naphtenic, mineral based oil as this is very 

economically priced (ca. 0,60 €/kg), well experienced and in most cases of sufficient thermal capability. For 

higher performance and temperatures up to 180 °C also a synthetic Aramid paper (trade name “Nomex”, 

manufactured by DuPont) and ester liquids are used. Other combinations like Nomex and Silicone Liquid 

(“Baysilone”) have lost importance as these comprise difficulties in impregnation and high voltage behavior. 

3. Distribution transformers 

3.1. Distribution transformer designs 
Due to their relatively low voltage and power stress (compared to power transformers) the insulation of 

distribution transformers may also exclusively consist of a solid material. In this case epoxy resin molded 

material is used. Like every solid insulation this material affords a highly skilled manufaction under vacuum, 

thus the price of such a transformer is even higher than that of a liquid filled one, although this transformer 

affords additional fittings like vessel, bushings and gaskets. 
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Another disadvantage of solid insulations is, that they are not self- healing. If voids are diecasted in the 

insulation discharges occur under voltage stress. The reasons for such voids can be a deficient impregnation 

process, cracks between epoxy resin and the filler, that is used in every epoxy resin molded material, or the 

unequal expansion of epoxy resin and conductor metal under thermal stress that leads to secessions. 

In such voids so called “Partial Discharges 

(PD)” /BEY86/ occur, which erode the walls 

of the cavity. This slowly proceeding 

occurrence, which can only be detected by 

sensitive measurements, sooner or later leads 

to a winding short and thus to a destruction of 

the whole transformer. Figure 1 exemplarily 

shows the effects of such an incident. One of 

the elementary quality tests of dry type 

transformers is thus the PD test. Nevertheless 

it has to be kept in mind, that voids (and 

therewith also PD, that act as “insulation 

cancer”) may also be reinduced by transformer 

operation due to temperature stress. 

The insulation of liquid filled distribution transformers is not thus sensitive to PD as any cavity, that occurs 

in the insulation (either in the porous cellulose or in the bulk insulating liquid) is immediately filled with the 

fluid. Also if there are small remainders of the bubble these gas molecules are by time dissolved in the liquid. 

The reliability of the insulating liquid filled transformer is thus superior compared to solid insulations. 

3.2. Typical applications of distribution transformers 
The largest number of distribution transformers operates – just as their name says – in domestic areas for 

distribution purposes. These transformers usually are facing only low loads. In most urban areas the 

distribution network at low voltage level (< 1000 V) is setup in a ring structure as it is depicted by Figure 2. 

If a failure occurs, that leads to a break of the ring, the customer can be supplied from the other branch of the 

remaining network. This is one of the main reasons for the high reliability in electrical energy supply we 

have at home. Usually only in case of a failure the transformer, now supplying a branch of consumers, runs 

at high load. 

In the industry, which is the second field of application for distribution transformers, in most cases a 

branched network is used as this is cheaper in installation especially in conjunction with the limited space, 

that is available at the workshop. The disadvantage of such a structure is, that if one branch of the network 

fails, all consumers behind the failure are deenergized (see Figure 2). Therefore the aspect of reliability 

becomes of prime importance. 

Another problem of distribution transformers in industrial use can be the very variable operation 

temperatures due to the opening hours of the workshop. During labor times maximum load is required while 

after work, at weekends or during holidays transformer load trends to zero. With this fluctuating load and 

thus temperature a continuous equalization of the water dissolved in the liquid and captured by the solid 

insulation is provoked. Under unfavorable conditions such an operation schedule may lead to a aggregation 

of water in the solid insulation. 

Summarizing the stress of a transformer in industrial service is significantly higher than for a distribution 

transformer in residential area use. 

 

 
 

Fig.1: Winding of a dry type transformer distroyed by 

winding short due to PD 



 4/9  

4. Power transformers 

As already mentioned, power transformers, 

comprising of machine and network 

transformers, are irrefutably insulated with a 

liquid immersed solid insulation, thus to 

dispense the thermal losses. Due to cost 

aspects the insulation usually consists of a 

cellulose based paper and pressboard 

impregnated with a mineral based insulating 

oil. 

While distribution transformers are more or 

less standardized devices and thus are low-

priced as the can be acquired “from stock” 

power transformers always are individual 

items. They are especially fit for the network 

position, where they are in use. The 

replacement of a power transformer is a 

laborious and time consuming task which 

can only be performed with a handling time 

of several months /SEI02/. As the 

manufaction of such a power transformer 

also takes up to quite a few months the 

replacement of a power transformer is a task, 

that may last up to a year. If the considered 

transformer has been dropped out due to a 

failure the loss in energy transfer during this 

indispensable outage time may even exceed 

the replacement costs of the transformer, that 

can be in the range of some million Euros. 

The operator of a power transformer is thus 

advised to avoid any outage time and to keep 

the lifetime to its maximum. Figure 3 shows 

the reasons for power transformer outages of 

a large German utility /STA02/. As can be 

concluded out of this Figure the the predominant causes for transformer outage are On Load Tap Changers 

(OLTC), auxiliary drives, bushings and insulation. 

While bushings, OLTC and auxiliary drives can be refurbished by maintenance, a failure of the coil or its 

insulation mostly leads to complete transformer destruction. The basic phenomenon, that is the cause for 

such failures, is the aging of the insulation. The insulating liquid can quite easily be replaced, thus its aging 

can be interrupted by simple replacement. The solid insulation nevertheless is not interchangeable as the 

exchange of this component would require a complete dismantling of the transformer. The expenses of such 

a procedure make in most cases the acquisition of a new transformer favorable. 

5. Aging and lifetime 

The aging of liquid immersed transformer insulation is mainly provoked by three factors as they are air 

(oxidation), temperature (pyrolysis) and water (hydrolysis) /WAS02/. Additionally catalysis contributes to 

the aging process as transformers contain catalyst metals, namely copper. If there is additionally sulfur 

Medium voltage networkTransformers

Low voltage supply

Failure

Ring shaped network

Medium voltage networkTransformers

Low voltage supply Failure

Branched network  
 

Fig.2: Different network structures. 
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present in the insulating liquid like it 

happens for some mineral based insulating 

oils, the creation of mercaptanes and 

organic acids occurs. These acids attack 

the cellulose material, thus increasing 

transformer aging and – especially as the 

main reason for transformer failure due to 

insulation problems are degraded 

conductor insulations – limit transformer 

reliability. When using a synthetic 

insulating liquid like ester liquid, that is 

completely free of sulfur, such 

endangerment is avoided. 

Additionally ester liquid has a beneficial 

influence on hydrolysis. While oxidation 

and pyrolysis are difficult to manipulate as 

they are assigned by transformer 

construction and load, the water especially 

in the solid components of the insulation is 

reduced. The hygroscopicity of ester 

liquids is at least 40 times higher compared to mineral insulating oils. As the relative humidities of ester 

liquid and cellulose insulation equalize during operation the absolute water content of the insulating paper is 

lower than with a mineral insulating oil. With a lower humidity also aging is reduced and thus operation 

reliability is enhanced. 

Recently also natural based esters have been introduced, mainly in the US. The concept of energy supply in 

the US is completely different from the situation in Europe. There the high voltage of the network is brought 

close to the consumer. A so called “pole transformer” (single phase, liquid filled transformer of low 

operational capacity) then reduces the network voltage to a consumer usable level. In these pole transformers 

often natural based ester insulating liquid is used. The electrical and thermal stress of the liquid in this 

application is low, nevertheless up to 3% of inhibitors have to be added to the insulating liquid, thus limiting 

their “environmental friendliness” according to European standards. 

For power transformers reduction of insulation humidity is the favored way to limit aging. This desiccation 

can be performed as a maintenance action where the insulating liquid is drained and the solid insulation is 

dried using vacuum and heat. Such a process can also be performed on site, but inherits several 

disadvantages. Besides the outage time of some days or weeks this drying also leads to a shrinkage of the 

transformer coils. To ensure coil stability also in case of shorts occurring in the network in transformer 

vincinity the fastening clamps of the coil have to be re- affixed. On a transformer on site such a re- fastening 

affords the opening of the vessel and the raising of the core. As this is in most cases not possible the coil 

remains loose so that such a drying leads both to a increase and a decrease of operation reliability /PRE03/ 

With a drying during transformer operation such disadvantages are avoided. Ester liquids allow a desiccation 

of the solid insulation and thus a deceleration of the aging process. For a new transformer, that is insulated 

with ester liquid, water, that emerges from the insulating paper due to depolymerization, is exceedingly 

covered by the liquid /WAS01/. An additional on- line drying unit, that removes the water out of the liquid, 

can also dry the solid insulation of an aged power transformer, that has already aggregated several percents 

of water in its solid insulation. 
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Fig. 3  Causes for power transformer outages of a large German 

utility /STA02/ 
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6. Operation reliability aspects 

The operation reliability of distribution transformers can be of various importance. In a ring shaped network 

structure as it is depicted by Figure 2 the outage of one transformer feeding into the ring usually only leads to 

a short interruption in energy supply or even – if transformer fusing is set correctly – to no outage at all. In 

this case the direct effects of transformer corruption become main attention. 

When the transformer is insulated with mineral oil a so called “pool fire” may occur. After the break of the 

transformer vessel due to the pressure impulse, that is induced by the breakdown flash, the oil spills out of its 

containment and flows into the tray, that is placed underneath each liquid filled transformer due to safety 

regulations. When the breakdown flash has ignited the insulating oil the tray is filled with a burning liquid. 

Such an occurrence may lead to consequential costs high above the value of the transformer and to a 

endangerment of the personal in this area. 

A failure in industrial use distribution transformers may lead to the same consequences of building 

destruction and endangerment. Additionally some other aspects have to be considered. 

Due to the branched network structure, as it is usual in many workshops and especially if they are located 

insularly, the loss of production resulting of the energy outage may exceed all other costs. Any measure, that 

increases operation reliability, is thus appreciated. 

One potential way of increasing the reliability of energy supply is the routine replacement of the 

transformers. Although distribution transformers are standardized items and thus are low-priced as the can be 

acquired “from stock” the substitution is a laborious task comprising high costs and long outage times as 

transformers are heavy and often placed at problematical accessible locations. If the transformer can be 

refurbished on site such a procedure is preferred. The solid insulation is not exchangeable as such a 

procedure would exceed the costs of a new transformer. The insulating liquid can nevertheless be replaced 

easily. Such a practice is named retrofilling. 

The only disadvantage, that liquid filled transformers in industrial use have, is the essential need for a lekage 

tray, that collects liquid spilling from the transformer. Fire hazard aspects can even enforce the use of a 

liquid filled transformer, if the insulating liquid is of high fire point like ester liquids. 

7. Advantages of retrofilling 

The basic aim of a retrofilling is the enhancement of operation reliability and the reduction of endangerment. 

This can be either enforced by transformer constitution or by a new perspective of the endangerment 

resulting from the transformer. Sometimes also novel federal regulations demand a transformer retrofilling. 

The advantage in operation reliability is mainly based on a reduced aging. The insulation characteristics of a 

new insulating liquid are superior to an aged one, although for distribution transformers, that operate at a 

maximum voltage of some tens of kilvolts, this is of minor importance. Only in case of free breathing 

transformers without desiccation of the compensating air the supersaturation with water of a mineral 

insulating oil may make a retrofilling advisable. As a retrofilling with mineral oil would let the water 

problem reoccur soon the use of a ester liquid, that is much more water tolerant, is advantageous. With the 

hygroscopicity of ester liquids and with the cellulose desiccation resulting thereof, solid insulation hydrolysis 

is limited, thus increasing lifetime and operation reliability. 

The aspects of environmental compatibility, although they are not of electrical cause, may also be the 

initiative for a retrofilling /UBA02/. If the transformer has to operate at a location with enhanced 

environmental restrictions such as a nature sanctuary, the use of a liquid “non hazardous to water” is 

indispensable. Also in urban areas, when an oil spillage can lead to the need for extensive ground restoration, 

the use of less hazardous liquids like e.g. ester liquids may be advisable. In these urban areas also the aspect 
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of reduced fire risk due to the high firepoint of ester liquids and the unlikelyness of pool fires may be the 

basis for a retrofilling. 

Especially for transformer applications in the industry two further benefits may support a retrofilling. With 

the introduction of ester liquids the thermal capabilities and thus the overload potential is enhanced. 

Although the transformer should not constantly operate at higher temperatures as the solid insulation is not 

improved through retrofilling, the short time overloadability is enhanced. 

Due to the superior aging characteristics of ester liquids compared to mineral insulating oil also the need for 

maintenance can be reduced. As usually there is almost no maintenance performed on distribution 

transformers this is only of minor profit. 

As already explained in section 5 the use of ester liquids with a high hygroscopicity allows a rapid and 

sustainable drying of the transformer insulation. If a transformer has already aggregated some water in its 

solid insulation during operation with mineral oil, a retrofilling with ester liquid allows a reduction of this 

water and thus an increase in operation reliability. 

8. Retrofilling procedure 

There are mainly two aspects, that have to be regarded in transformer retrofilling. To ascertain electrical 

reliability the new liquid has to be compatible with the previously used one without the creation of any kind 

of emulsion. For thermal sustainability the heat transfer capability of the new liquid has to be at least as high 

as the original one. 

With retrofilling the practice of transformer impregnation is somewhat different from a first impregnation 

after manufaction. For a new porous solid insulation the main focus of the impregnation process is the 

immersion of all fibres of the solid material in the insulating liquid. Experience as well as experiments 

/WAS00/ have shown, that any bubble, that is captured inside the labyrinth of fibres, can only be eliminated 

after another removal of the liquid out of the fibres. The rate of dissolution of the bubble remainder in the 

surrounding insulating liquid is not sufficient to completely remove the gas. Especially as the solid insulation 

is preferably located at insulation spots with high electrical stress any remainder of gas inevitably leads to 

partial discharges, which will be detected during the tests completing the manufaction process. For power 

transformers a vacuum and heat process, in the majority of cases supported by a heat transfer medium 

(Vapor Phase Technology), is thus indispensable for a complete and sustainable impregnation. For lowering 

the viscosity of the introduced liquid an additional heating is advised. 

For distribution transformers this process is often simplified either by only applying vacuum or by aspiration 

for an impregnation without those “complexities”. Distribution transformers are relatively cheap 

components, that are manufactured by many corporations. Especially small companies do not perform such 

an expensive impregnation, thus to keep their prices low. 

For a retrofilling the solid insulation is already impregnated with the previously used insulating liquid. As 

long as those two liquids, the old and the new one, are miscible with each other, no inhomogenity and thus 

no discharges will occur. Such a complete miscibility has been proven for mineral insulating oil and 

Midel 7131. 

The process of a retrofilling of a previously mineral oil insulated transformer can thus be reduced to the 

following steps: At first the old insulating liquid is drained. Shortly thereafter (thus to avoid a drain of the 

coils) the new liquid is filled in from the bottom of the vessel. The remainder of old liquid, that is captured in 

the porous solid materials, on the walls of the vessel or in the rifts of the core, will mix with the new liquid 

by time. This remainder, that is in the range of 3 to 8 % of the whole insulating liquid volume, can only be 

removed with a repeated retrofilling as the two mixed liquids can only be separated with expenses, exceeding 
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their value. As a repeated retrofilling raises extra expenses, additional aspects, enforcing such a procedure, 

have to be established. Such necessities may be environmental or fire hazard aspects. 

9. Conclusions 

The prime advantages of retrofilling transformers with ester liquids for transformer use can be summarized 

as: 

- Ester liquids are of high hygroscopicity, thus the solid insulation immersed therein, is kept dry. The aging 

rate is lower, thus also increasing the operation reliability of the transformer. Also with variable loads the 

risk of accumulation of water in the insulation is minimized. 

- The overloadability of ester liquid filled transformers is superior due to the higher operation temperature 

range of the liquid and the reduced aging of the solid insulation. Hydrolysis looses importance when 

using an ester liquid, the thermal capability of the transformer is primarily assigned by the solid 

insulation. 

- The firepoint of ester liquids is much higher than those of mineral insulating oil. In case of transformer 

vessel rupture due to electrical fault no pool fire occurs. In case of external fire the smoke, originating 

from the ester liquid, is low. 

- As the synthetic ester contains no sulfur or mercaptanes the initiation of organic acids is minimized. Solid 

insulation aging is thus further reduced. 
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