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PREFACE ON POWER TRANSFORMERS 

WHY TRANSFORMERS? 

The invention of the power transformer well over a hundred years ago facilitated the development of the 

modern constant voltage AC supply system, with power stations often located many hundreds of kilometres 

from electrical load centres. 

 
Figure 1 – South Africa is an example of primary energy sources (coal in this case)  

and generation located several hundred kilometres away from the load centres.  

Only extra high voltage (765 kV in this case) requiring the use of very large transformers  

enables transmission across such great distances. 

Pioneers in the electricity supply industry were quick to recognize the benefits of transformers. This device 

could take the high current at relatively low voltage of an electrical generator and transform it to a higher 

voltage level. This enabled electricity to be transmitted via underground or overhead cables of practical 

dimensions to consumers many kilometres away. Transformers are an essential component of modern 

industrial electricity production due to a combination of an elementary law of nature and a significant 

economic fact: 

 The dimension of electrical power is obtained from multiplying the voltage by the current. 

 A cost-effective and reliable electricity supply meeting modern needs requires electrical energy to be 

generated, among others, in large plants. These plants typically have an output in the range of 100 

MW up to—and even exceeding—1 GW. 

Given modern levels of demand, it is no longer just inconvenient but is virtually impossible to generate and 

transmit electricity at the same voltage as it is generally used. To distribute energy at common end use 

voltages between 100 V and 700 V would require conductors as thick as a mature tree trunk and still suffer 

huge losses and voltage instabilities. Therefore, the voltage/current ratio has to be changed several times 

during the energy transmission using power transformers.  
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A LITTLE TERMINOLOGY GLITCH 

The term power transformer requires some clarification, though. In principle—and according to official 

international vocabulary—a power transformer is any transformer meant to transform both voltage and 

current simultaneously. This distinguishes it from voltage and current transformers that transform only voltage 

or only current respectively for metering purposes. (Such transformers regularly operate under no-load or 

short-circuit conditions.) In generally accepted usage however, the term power transformer refers to one with 

a very high power (and primary voltage) ratings. These ratings usually exceed the ranges of the so-called 

distribution transformers that transform power from the medium to the low voltage level, usually directly to 

the consumer. 
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INTRODUCTION 
All power transformers have very high efficiency—the largest are probably the most efficient machines ever 

devised. However, there is scope for improvement in the efficiency of power transformers. Any improvement 

in the performance of large transformers offers the potential of genuine economic benefits because their 

throughput and their continuous duty mean that the energy they waste is likewise enormous. 

 
Table 1 – Efficiencies and losses of larger and smaller utility transformers. 

The largest transformers have the highest efficiencies with figures of around 99.75% at full-load. However, 

since full-load can be as high as 1,100 MVA, the lost 0.25% may exceed 2.5 MW. In devices of proportional 

dimensions, the larger one will have a smaller overall surface in relation to its volume and mass. This makes it 

easier for the smaller unit to dissipate waste heat. At the lower end of the scale among utility equipment, small 

distribution transformers are less efficient, generally somewhere around 98.5%. By the time it is received at a 

consumer’s premises, most electrical energy will have passed through four or five transformers. For this 

reason, it is important to consider transformer losses. 

STRUCTURE OF AN ELECTRICITY SUPPLY GRID 

The renewable energy share of the German grid reached 25% in the second half of 2012, an outstanding figure 

by current standards. However, this still means that even in Germany, 75% is still generated, and thus 

transmitted and distributed in the conventional manner.  

On top of that, and contrary to some assumptions in recent years, it is now evident that dispersed proprietary 

electricity generation will not make the grids superfluous. In fact, precisely the opposite now seems to be the 

case. Note that when a household uses approximately 4,000 kWh of electrical energy in a year, the average 

load is only 450 W. The connection, however, is designed and built to supply fifty times that amount. 

Sometimes this capacity is actually fully loaded. In cases where an instantaneous (tankless) electric water 

heater is used, it may even be exceeded, which is technically possible. Therefore, a supply independent of any 

grid would need to run non-stop all day and night and designed for 50 times the average load while running at 

less than 1% of its capability for about half of the time. This can never ever be economical in any system. Such 

units will need to be interlinked so that their load peaks interlace. 

At the upper end of the scale, huge amounts of electricity already need to be transmitted from North Sea wind 

farms south to the centres of the load. Both points require an expansion of all grids at all voltage levels. This 

increases the need for all types of transformers, from the distribution transformer up to the largest utility 

power transformer. 

Generation in large power plants takes place at a medium voltage level of 10 kV or 21 kV. In nuclear plants, the 

level is 27 kV, three phase, at 50 Hz. The electrical energy passes through a transformer for the first time when 

it leaves the generator housing. It is then fed into high voltage grids (110 kV) or one of the extra high voltage 

grids (220 kV or 380 kV). The choice of voltage level depends upon the rating of the power station and the 

presence of networks, which in turn depends upon the density of population and geographical size of the area 

being supplied. These factors can vary widely. 

Efficiency at Loss at

Transformer type

Rated 

Power

100% 

Rated 

Load

50% 

Rated 

Load

100% 

Rated 

Load

50% 

Rated 

Load

Generator transformer 1100MVA 99,60% 99,75% 4400kW 1375kW

Interbus transformer 400MVA 99,60% 99,75% 1600kW 500kW

Substation transformer 40MVA 99,40% 99,60% 240kW 80kW

Distribution transformer 1MVA 98,60% 99,00% 14kW 5kW
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Operating a generator designed to produce electricity directly at the HV or EHV level is not economically viable. 

This is because rotating electrical machinery with clearances and insulation strengths of the required 

dimensions are not presently feasible. One company—ABB—tried it with their so-called Powerformer, but it 

was not a commercial success. 

The initial generator transformer in the grid feed is usually equipped with a multiple tap switch on the HV 

winding to control the voltage and the load flux in the mains. Such control is also achieved by varying the 

magnetization current in the generator rotor. Although this is a standard practice, transformers are also 

designed to constantly adapt to both actual voltage and the grid load flux. This is done because otherwise, if 

the mains voltage would only be controlled via the generator voltage, generator transformers would have to be 

slightly over-dimensioned. This would result in even larger transformers and increase the already difficult 

problem of transporting them to the installation site. These transformers weigh approximately 580 tonnes. 

They are transported with the oil coolant/insulation drained and the bushings removed. Even so, it requires a 

special 32-axle railway carriage that splits in the middle and lifts the transformer no more than 150mm above 

rail level. 

 
Figure 2 – 32-axle railway carriage for transporting a power transformer. 

 

Figure 3 – 24-axle railway carriage transporting a power transformer (www.lokomotive-

online.de/Eingang/Sonderfahrzeuge/Uaai/uaai.html). 

http://www.lokomotive-online.de/Eingang/Sonderfahrzeuge/Uaai/uaai.html
http://www.lokomotive-online.de/Eingang/Sonderfahrzeuge/Uaai/uaai.html
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In Germany, Austria, Switzerland, Sweden and Norway, railway power is provided by a second, unique 15 kV 

16.7 Hz single-phase railway power system, fed from a dedicated 110 kV transmission grid. Older model 

locomotives employ a multiple-tapped, oil-immersed transformer within the locomotive itself. Recent models 

are inverter driven and equipped with an untapped transformer. At least one transformation step always takes 

place on the train, unless it is operated on DC. 

Using Germany as an example of the route of electrical energy, it first changes from 380 kV to 220 kV and from 

there to the 110 kV level or directly from 380 kV to 110 kV, via a so-called interbus transformer. This couples 

the busbar systems of different HV/EHV levels at grid-supply points. These transformers normally transmit 

energy from the higher to the lower voltage level but under special conditions—especially after an unexpected 

failure of a power plant or part of the grid—may also be used in the reverse direction. They are commonly 

equipped with a multiple tap switch on the high-voltage side and sometimes on both sides. This enables them 

to be able to adapt to this special task in an optimized manner. 

The next step in the transfer from generator to the consumer is the bulk substation. Here the voltage is 

transformed from 110 kV to 20 kV in rural areas or to 10 kV in densely populated urban areas. The voltage may 

also be transformed to 5 kV at industrial premises with some of the electricity converted into mechanical 

energy. The bulk however goes through another transformation stage—the distribution transformer—to be 

converted to a voltage level of 400 V phase to phase and 230 V phase to neutral. This is the European unified 

voltage rating. On some German industrial premises, you also find special mains of 500 V and of 690 V for 

feeding larger motors (approximately 500 kW). The MV and HV levels are subject to national variances (e.g. HV 

70 kV in Belgium, MV 16 kV in Switzerland), but the principle is the same all across the world. 

Total transmission losses when averaged across the former West Germany are about 4.6%. This is a huge 

improvement when compared to 1950 (14.1%), the UK and against most other countries, where 10% is a 

common rating even today. 

DOES LOSS REDUCTION MAKE ANY SENSE? 

Despite everything cited above, transmission losses still exceed 24 TWh/a. Approximately half of this figure can 

be presumed to be transformer losses. Hence, there should still be room for further improvement, even under 

conditions like those found in Germany. Likewise, it is reasonable to assume that emerging countries will not 

repeat the same mistakes that modern industrialized countries made in the past. While the efficiency of each 

individual transformer is extremely high, it should be remembered that the losses during the various steps of 

transformation do not add but multiply. Indeed, every kilowatt lost in a later transformation stage has already 

been transformed upstream and has incurred losses at each stage. 
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THE NATURE OF TRANSFORMER LOSSES 
Transformer losses fall into three categories: 

1. No-load loss, or iron loss 

2. Load-loss, copper loss, or short-circuit loss 

3. Stray-loss (that is largely load related) 

For some larger transformers there are also losses due to fans and pumps providing forced cooling. This will be 

discussed in a later example. 

NO-LOAD LOSS OR CORE LOSS 

In an ideal transformer, the no-load current or magnetizing current will not cause any losses, although a 

voltage is applied and a current flows. As already noted however, no transformation is perfect. First, iron is an 

electrically conductive material, and current is not only generated in the loaded (or shorted) secondary coil but 

also in the core. This is true whether the output winding is loaded or not. For this reason, the core is not made 

from solid iron but rather of laminations of sheet iron. These are about 0.28 mm to 0.35 mm thick, equipped 

with an insulating oxide layer and with additives to reduce conductivity. This suppresses the so-called eddy-

currents in the core to a very low but not zero level. Second, some magnetism—known as hysteresis—remains 

within the core after the current has dropped to zero, and energy is needed twice per each full wave to remove 

this residual magnetism before re-magnetizing the iron with reverse polarity. The sum of these two effects is 

known as core loss. Core loss is present whenever the transformer is energized. Hysteresis losses rise linearly 

with the applied frequency and eddy-current losses rise by the square of the product of frequency by 

magnetization (flux density). Note that the highest possible frequencies and flux densities are a desirable 

objective, as will be shown later. 

Efficient operation of a power transformer requires the greatest possible flux linkage between primary and 

secondary windings. Optimal exploitation of the core material requires that the core be operated at as high a 

flux density as possible, while avoiding entering the range of magnetic saturation. Flux density is measured in 

Tesla [T; Vs/m²]. Losses increase in the iron as flux density increases. Nevertheless, modern core steels 

operating at 1.7 T can exhibit losses only slightly more than 10% of those associated with the steels available 

the 1920s at 1.5 T. In addition, 1.7 T represents a normal working flux density for modern steel; whereas those 

of the 1920s could really only operate at about 1.35 T because of the lower levels at which saturation occurred. 

Steels of that quality and at a thickness of 0.5 mm are still used today in small trans¬formers, but these are not 

a subject of this paper. If large transformers were made with steel qualities that represent the common 

practice for small ones; a large transformer would overheat even under no-load conditions. 

The early transformer designers saw the reduction of core loss as the key area for improvement in efficiency, 

and where the greatest economic gains could be made. However, even a brief review of progress in this area 

underlines the advances that can be made in a parameter that might have been considered as having little 

room for improvement. After all, by the 1920s transformer efficiencies of 98% were fairly commonplace. 

The first major step forward took place around 1900 when it was recognized that the addition of small 

amounts of silicon or aluminium to the iron greatly reduced the magnetic losses. By this time, the iron wire 

cores had already been replaced with laminations approximately 0.35 mm thick. This brought the same 

benefits as reducing eddy-current losses while making core fabrication simpler than it had been using wire. 

The addition of silicon reduces hysteresis loss, increases permeability and increases resistivity, thus reducing 

eddy-current losses. The presence of silicon did however have the disadvantage that the steel became brittle 

and hard so that, for reasons of workability and ease of core manufacture, the level had to be limited to about 

4.5%. There followed a period of more gradual improvement arising from the discovery that eliminating 
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impurities and certain metallic alloying elements, including carbon, also had a significant effect in the reduction 

of losses. Although the first steels containing silicon had specific loss values of around 7 W/kg at 1.5 T, 50 Hz, 

similar high purity alloys now have reduced these loss levels to less than 2 W/kg. 

The next major development took place in the USA in the 1940s. Until this time, steel for the laminated cores 

was produced by a hot rolling process that resulted in the random orientation of the grains, or crystals, of 

magnetic material within the steel. The steel was thus isotropic, that is, its properties were similar, irrespective 

of the directions in which they were measured. 

It had been recognized in the 1920s that the steel crystals were themselves anisotropic. In 1934, the American 

N. P. Goss patented an industrial process that aligned the grains along the rolling direction, thus combining the 

most favourable magnetic properties of these grains in that direction. The Goss patent was commercialized by 

the American ARMCO Corporation in 1939. They produced the first commercial grain-oriented cold-rolled 

silicon steel. It had a thickness of 0.32 mm with a loss of 1.5 W/kg at 1.5 T, 50 Hz. 

The incentive for the next step in improving core steels resulted from the rapid increase in energy costs arising 

from the oil crisis of the 1970s. This was the introduction of high permeability steels, or ORIENTCORE HiB, by 

Nippon Steel Corporation. 

The Goss process for the cold reduction of the silicon steel resulted in the majority of the grains being aligned 

within 6° angular of the rolling direction. The Nippon Steel process involves the use of aluminium nitride in the 

melt as a grain growth inhibitor at the initial ingot stage, together with a simplified but more closely controlled 

cold-rolling process. The result was a material having most grains aligned within 3° of the ideal. Its major 

advantage is its high permeability and higher saturation, enabling its use at higher flux densities. 

As in the case of the previous cold-rolled material, this advance was quickly followed by a period of further 

improvement. These included the addition of a so-called stress coating that reduces eddy-currents and the 

production of reduced thicknesses, which further reduced eddy-currents in the built-up core. 

The most recent phase in development in what is generally referred to as conventional core steel was the 

introduction around 1985 of domain refined high permeability steel. This is commonly known as laser-etched 

steel, but the laser etching process is simply the means adopted by Nippon Steel Corporation. Other methods 

of domain refinement are possible and have been used commercially by other manufacturers. Such domain 

refined steels at thicknesses of 0.23 mm can achieve losses as low as 0.85 W/kg at 1.7 T, 50 Hz. 

In addition to the development of these conventional core steels, there has recently been a totally new 

electrical steel produced which has specific losses of only around one tenth of those of the best conventional 

steels. This is amorphous steel. There are currently limitations in its manufacture and use; it is excessively thin, 

around 0.05 mm thick, and can only be produced in sheets up to 200 mm wide. Its saturation flux density at 

about 1.56 T is lower than that of modern conventional steels. It is also very brittle, making it difficult to handle 

and build into complete cores and the thickness tends to vary across the width of the sheet. These limitations 

can be overcome for smaller transformer cores, so that amorphous steel can be of very real benefit in reducing 

the losses of distribution transformer cores. In the USA in particular, many hundreds of thousands of 

distribution transformer cores with an average rating around 50 kVA have been built using amorphous 

material. The use of the material in Europe has been on a far more limited scale, with the main impetus being 

in The Netherlands, Sweden, Switzerland, Germany, and Hungary, although marketing obstacles have not yet 

been overcome. 

Due to the its limitation in strip width, the amorphous core has unfortunately not yet managed to achieve any 

relevance for the power transformer range being discussed in this paper. 
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LOAD LOSS 

The flow of a current in any electrical system also generates loss dependent upon the magnitude of that 

current. Transformer windings are no exception, and these give rise to the load loss of the transformer. Load 

loss is present only when the transformer is loaded, and its magnitude is proportional to the square of the load. 

Load loss, or copper loss, has tended to receive less attention than iron loss in the pursuit of energy efficient 

transformers. One reason is that the magnitude of the loss varies in accordance with the square of the load. 

Most transformers operate at less than half-rated load for much of the time, so the actual value of the load loss 

might be less than one quarter of the nominal value at full rated load. Only in the case of generator 

transformers is it usual practice to cost load losses at the same value as no-load losses, since normally it will be 

operating at or near full load. 

The placing of a lower value on load loss than that on no-load loss has tended to create the view that load loss 

is not important. This, of course, is far from the case. Load losses are at their maximum at the time of 

maximum demand on the system and so place an extra drain on the system at the very time when it is least 

able to meet it. At such times, it is the most expensive generating plant which is called into operation, and any 

savings in network losses that can be achieved will result in savings at an exceedingly high system marginal 

rate. In many countries, expensive fuels such as mineral oil, as well as pump-fed power stations are used to 

match the day’s peak demand. Awareness should be kept of the fact that pump-fed power stations operate 

with duplicate losses, loading the turbine, the generator, and the transmission system—including 

transformers—twice.  

It has already been noted that there has been significantly less concern regarding energy efficiency in 

distribution transformers compared to large units. This may be accounted for by another reason. Table 1 

below, shows that the energy density increases strongly in relation to the size of a transformer. This is 

demonstrated here with copper content as an example, but the same applies for core, tank, oil, et cetera. 

 
Table 2 – Power density in transformers. 

The table reveals that there is no linear coherence between the rated throughput of a unit and the amount of 

copper (iron, construction material, et cetera) needed to manufacture it. Rather, each kilogram of copper 

transmits a significantly larger magnitude of power in a large unit than in a small one. The last column shows 

that an approximately exponential coherence can be presumed, more clearly illustrated in the diagram Figure 5 

with duplicate logarithmic scales. 

What is referred to as a Minimum Transformer here is a representative of the smallest units used, ranging 

around 1 VA. 

Example Transformers 

Found
S [kVA] Cu [kg]

S/Cu 

[kVA/kg]

S/Cu4/3 

[kVA/kg4/3]

Current 

Density 

[A/mm²]

Energy 

Efficiency

Miniature Transformer 0,001 0,014 0,070 0,291 7,000 45,00%

Small Transformer 0,100 0,500 0,200 0,252 3,000 80,00%

Industrial Transformer 40,000 48,200 0,830 0,228 3,397 96,00%

Distribution Transformer 200,000 200,000 1,000 0,171 98,50%

Bulk Supply Point Transformer 40000,000 10000,000 4,000 0,186 3,000 99,50%

Generator Transformer 600000,000 60000,000 10,000 0,255 99,75%

Geometric Mean Value --- --- --- 0,227 --- ---
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Figure 4 – Copper content versus rated throughput. 

 

 
Figure 5 – Eddy-currents in a solid conductor and in continuously transposed conductors. 

This may have led to the assumption that each kilogram of extra copper was able to save a great deal of the 

copper losses with very large transformers, but only a minuscule amount with small ones. However, this does 

not address the aspect that current density stays within the same range of about 3 A/mm² all across the scale 

(except for the very low end), and that copper loss largely relates only to current density. A kilogram of copper 

always causes a certain magnitude of copper losses, depending mainly on the square of the current density and 

on the length of time this current flows. The large variance of copper content from small to large units is 

compensated by a large variance of ohmic voltage drop, which ranges from about 45% with the 1 VA unit to 

about 0.25% with the 1 GVA unit, quite precisely relating to the copper loss. 

20%

30%

40%

50%

60%

70%

80%

90%

100%

1E-02kg

1E-01kg

1E+00kg

1E+01kg

1E+02kg

1E+03kg

1E+04kg

1E+05kg

1E-03kVA 1E-01kVA 1E+01kVA 1E+03kVA 1E+05kVA

E
ff

ic
ie

n
c
y
  
→

C
o
p
p
e
r 
c
o
n
te

n
t 
 →

Transformer rated throughput  →

Specific copper content
of transformers

Example Transformers Found

Theoretical Deduction

Energy Efficiency



 

Publication No Cu0144 

Issue Date:     May 2013  

Page 11 

 

STRAY LOSS 

EDDY CURRENTS IN WINDINGS 
Copper loss arises mainly because of the resistance of the transformer windings; that is, it is the I²R loss 

produced by the flow of the load current within the windings. However, eddy-current loss is a significant 

additional component. Winding eddy-currents are produced as a result of the alternating leakage flux cutting 

the windings. These flow within the conductors perpendicular to the load current path. The eddy-current losses 

are a fixed proportion of the load-losses for a particular winding. They do however vary as the square of the 

frequency, so that the presence of any harmonics in the load current leads to significant additional eddy-

current loss. 

For decades, eddy-current losses have presented an obstacle to reduction of I²R losses within transformer 

windings. This is because increasing the conductor cross-section—with the objective of reducing winding 

resistance—had the effect of worsening the eddy-current component, and little overall benefit was obtained. 

Since the mid-1960s, continuously transposed conductors which consist of a large number of individually 

enamelled insulated strands to increase the resistance of the eddy-current paths have been available and have 

largely eliminated this problem (Figure 6). Its use, coupled with flux shunts to control the distribution of 

leakage flux, means that eddy-current losses can now normally be contained within 10% to 15% of the I²R loss. 

Therefore, the reduction of load loss depends simply on the amount of materials—copper and iron—that is 

considered economical to put into the transformer. 

EDDY CURRENTS IN MECHANICAL METALWORK 
Stray losses are those that occur in leads and tanks and other structural metalwork. Until the recent 

development of computer calculation techniques using finite element analysis, the magnitude of stray losses 

was usually determined empirically. The tolerances on guarantees took care of instances where designs did not 

quite conform to previous experience. Modern computer programmes have removed the uncertainty from this 

aspect of design and have facilitated improvements in the designs themselves. They enable designers to 

calculate and compare losses for differing arrangements as well as enabling suitable flux shields to be placed in 

critical areas. Stray loss, which is load dependent, has thus been reduced from perhaps 10% of the load losses 

to approximately half this value. 

  



 

Publication No Cu0144 

Issue Date:     May 2013  

Page 12 

 

LOSS EVALUATION 

GENERAL REMARKS 

Standardized designs are not common in the design and manufacture of power transformers. The majority of 

new power transformers are built to the customer’s particular technical requirements and to a loss level that 

reflects the importance that the user places on energy efficiency. This is the case even for distribution 

transformers, which are manufactured in relatively large quantities. 

Most utilities, and a few industrial users, quantify the value of energy efficiency when transformers are being 

procured by evaluating losses based on marginal cost of producing or buying one extra kilowatt. This is then 

paid back over a depreciation period (often 10 years) and taking into account the expected inflation and 

interest charges. 

In plain words, the term loss evaluation means that, when ordering a transformer, certain acceptable levels of 

iron and copper losses are agreed upon between the client and the manufacturer. However, actual loss levels 

are subject to some variation in the production process. The solution is a purchasing contract that provides not 

only a fixed price for the finished product but also a reduction for each kilowatt in excess of the agreed loss 

level. In many cases there are also additional premiums for each kilowatt falling below this level. 

RATES 

Listed below are the historical agreed upon loss evaluation rates between transformer manufacturers and 

German electricity utilities. 

 From 1986 to 1989: 1,000 €/kW for Cu-losses,  and 4,000 €/kW for Fe-losses 

 From 1990 to 1993: 2,000 €/kW for Cu-losses, and 11,500 €/kW for Fe-losses 

Loss evaluation practice is primarily based upon economics and long-term profitability. During the years that 

followed the loss evaluation rates reported above, rates dropped considerably against the above mentioned 

values. This is partly due to the slight decreases in primary energy prices on the world market but more 

substantially to lower interest rates. As mentioned earlier, capital costs are one of several constituents of loss 

evaluation calculations. 

In 2012, a survey across Europe yielded the values in Table 3. 
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Table 3 – Loss evaluation rates across Europe from 2012  

(Source: ABB Switzerland). 

UTILITY EXAMPLE: LOSS EVALUATED TRANSFORMER BY SCHORCH FOR BADENWERK 

A striking example of the economic benefit of efficiency-optimized transformers is presented below. While the 

underlying financial parameters, including electricity prices, interest rates, and metal prices, have fluctuated 

since these figures were noted, the technology has changed very little. Therefore, the comparison remains 

valid as an example for how far modifications and their consequences may reach. 

THE DIFFERENCES 
A comparison is made below of two equivalent transformers assembled at the Schorch transformer plant, (now 

Areva) in Monchengladbach (Germany) around 1992. Both were of the YNd5 vector group connection, rated 

110 kV/20 kV, 40 MVA. One was ordered by a client in Dubai in the United Arabic Emirates and one by 

Badenwerk, now EnBW, and a German electricity utility renown at that time for their far-reaching outlook: 

 
Table 4 – Comparison of two transformer designs—lowest first cost versus life cycle cost at equal ratings. 

These two transformers may have approximately the same number of turns per coil and volts per turn, but this 

is virtually all they have in common apart from their ratings. It is obvious that the customer’s decision to 

arrange loss evaluation or not has a great influence upon the design as well as the investment for materials.  

At first sight, an efficiency improvement of only 0.2% does not appear to justify the initial additional 

investment. Closer examination however reveals that this avoids a loss of no less than some 80 kW. This is an 

obvious long-term benefit for the client, who is able to sell significantly more kilowatt-hours, energy that would 

otherwise have disappeared as heat into the environment.  

Average transformer loss rates

from a total of 385 replies

No-load 

loss

Load 

loss

Austria 9,62€/W 2,41€/W

Belgium 5,37€/W 1,69€/W

Denmark 9,86€/W 3,05€/W

Finland 7,66€/W 2,39€/W

France 7,21€/W 2,35€/W

Germany 6,12€/W 1,81€/W

Hungary 10,41€/W 2,85€/W

Ireland 6,34€/W 1,14€/W

Italy 6,20€/W 2,97€/W

Latvia 1,44€/W 0,23€/W

Netherlands 7,71€/W 2,59€/W

Norway 5,75€/W 3,03€/W

Portugal 6,12€/W 0,89€/W

Romania 3,65€/W 1,94€/W

Slovenia 8,50€/W 4,00€/W

Spain 5,86€/W 1,64€/W

Sweden 8,60€/W 2,20€/W

Switzerland 11,97€/W 3,03€/W

UK 7,68€/W 1,67€/W

Commission: 

transformer 40 MVA, 

110 kV / 20 kV, YNd5

Fe 

mass
Fe Loss

Cu 

mass
Cu Loss

Effi-

ciency

Method 

of 

Cooling

Dubai (Standard) 17t 18kW 0,045% 11t 192kW 0,480% 99,48% ONAF

Badenwerk (efficient) 29t 13kW 0,033% 22t 120kW 0,300% 99,67% ONAN
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Moreover, this is a practical example of the fact that after a certain size is reached, additional energy is needed 

for cooling. Of course, the limit for the need of forced cooling is determined by the amount of heat to be 

dissipated and only in the second place by the size of the device. The highly efficient Badenwerk transformer 

operates just below the limit and is ONAN cooled (oil—natural convection; air—natural convection). The 

equally rated but initially cheaper Dubai transformer requires forced ONAF cooling (oil—natural convection; 

air—forced). In fact, the Dubai model was designed to be operated as an ONAN transformer loaded up to 31.5 

MVA and ONAF when loaded above that level (at rated ambient temperature). The additional energy required 

by the fans is added to the copper loss. This becomes visible as a step in Figure 7 and Figure 8 at the point 

where the fans are set into operation. However, additional energy consumption is not the primary factor here. 

Rather, it is the fundamental design law that any surplus degree of sophistication should be avoided wherever 

possible: Fans need a fan control and require additional maintenance cost, they add to the initial cost and to 

the unit susceptibility to failures, and therefore reduces availability in the end. 

 
Figure 6 – Total losses of two transformers—lowest first cost versus life cycle cost. 

 

 
Figure 7 – Efficiency of two transformers—lowest first cost versus life cycle cost. 
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THE ECONOMIC PAYBACK 
Based on the transformer data shown in Table 4 above, electricity pricing, and the initial costs of each of the 

transformers, it becomes fairly easy to calculate which one provides the lower life cycle cost. Other factors 

must also be considered: 

 The actual useful life of a transformer is normally longer than the 20 years commonly used for 

carrying out lifecycle cost calculations. A transformer does not have any moving parts (apart from a 

tap switch that is operated only sporadically) and does not wear out. As a rule, a transformer is 

withdrawn from operation because it is technically over-aged and no longer state-of-the-art 

concerning energy efficiency, noise level, current environmental requirements, or it is struck by 

lightning or a short circuit. During its rated life expectancy, its dielectric strength is expected to 

withstand certain surge levels, and mechanical tightness is designed to survive the magnetic stresses 

of a full three-phase short circuit. After the rated period of life, both electrical and mechanical 

strength may have deteriorated below these levels due to ageing processes, but it may be many more 

years—if ever—before accidental damage occurs. 

 Since most transformers are usually operated at relatively low load levels and at ambient 

temperatures below their rating, the working temperature will usually be far below the rated value. A 

reduction in operating temperature of between 6 K and 8 K will generally double the lifetime 

expectancy of insulation. A good transformer will rarely if ever fail due to insulation ageing without an 

extraordinary spike impact or the like occurring. 

 Taking this fact into account, the Badenwerk transformer will have a useable lifetime longer than that 

of the Dubai one, as its temperature rise is lower at the same load level. 

 In liquid-cooled insulation Class A transformers, copper losses are normally rated at 75 °C. However, 

the conductivity of copper drops at a rate of 0.39%/K as temperature rises. The cooler transformer 

therefore provides an additional reduction of copper loss compared to the warmer one at the same 

degree of loading. 

 The power lost at later transformation stages causes further losses, since it has already undergone 

transformation in earlier stages causing losses of its own (as mentioned in the section dealing with 

network losses). 

 Electricity prices are likely to rise at a rate above the average inflation. 

 Inflation rates were not taken into account in the example. (When dealing with debt, the inflation rate 

should be subtracted from the interest rate, since a fixed sum of debts in effect decreases in real value 

at the rate of inflation.) 

It is obvious that the cost of losses over the standard 20 year lifetime far exceeds the procurement costs. 

Therefore the difference in initial cost between the cheap and the efficient version does not substantially 

matter, be it relatively high or relatively low. Rather, this should be seen relative to the total life cycle costs. 
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Table 5 – Comparison of lifecycle costs of the two example transformers. 

 

 

Figure 8 – Comparison of cost progression of the two example transformers,  

the purchasing cost level of each marked as a line. 

Here, cost development is shown for an actual device life of 40 years. The considerable decrease in steepness 

is due to the expiration of capital payments after 20 years. The return of the scrap metal value after the period 

of use could not be included, since the actual lifetime of an individual transformer is not known in advance. 

Even if the payback period appears to be very long under these conditions, the transformer was in fact 

designed and built in this way according to the client’s desires. 

THE ECOLOGICAL PAYBACK 
Economists calculate their payback rates from the price divided by the annual cost savings of an efficiency 

improvement measure or a device with improved efficiency. Accordingly, ecologists will ask how long it takes 

An Example of Loss Evaluation without with

Transformer Manufacturing Cost: 700.000 € 1.000.000 €

Electricity Price (for industrial users): 0,21€/kWh 0,21€/kWh

Scrap Steel Price: 0,30€/kg 0,30€/kg

Scrap Copper Price: 4,50€/kg 4,50€/kg

Interest Rate: 3,50% 3,50%

Depreciation period: 20a 20a

Period of use: 20a 20a

Annual Capital Cost of Transformer: 49.253 € 70.361 €

Total Capital Cost of Transformer: 985.055 € 1.407.222 €

Service hours at 60 % of rated load 4000h 4000h

Service hours at 40 % of rated load 4760h 4760h

Total Annual Loss: 580387kWh 378072kWh

Total Lost Costs during a 20 Years' Period of use: 2.437.626 € 1.587.902 €

Scrap Metal Value at the End of Period of use: -54.600 € -107.700 €

Total Running Costs during a 20 Years' Period of use:4.068.081 € 3.887.424 €

0M€

1M€

2M€

3M€

4M€

5M€

6M€

7M€

0 5 10 15 20 25 30 35 40

C
o

s
t 
 →

Operating time  →

Total life time cost of a transformer

without Loss Evaluation

with Loss Evaluation



 

Publication No Cu0144 

Issue Date:     May 2013  

Page 17 

 

to recover the additional energy consumed during the production process of the additional material needed to 

achieve the improvement. The question is a valid one. However, the relationships described above make it 

easy to find an equally valid answer across the entire spectrum, regardless of appliance size. Copper 

production from ore requires about 50 GJ/t of primary energy; while the recovery of copper from scrap 

consumes between 10 GJ/t and 20 GJ/t
1
. Let us therefore proceed with a figure of 15 GJ/t. It is generally 

understood that only about half of Germany’s copper is produced from scrap, so the actual total value is 

approximately 32.5 GJ/t, or 9 kWh/kg. With the overall efficiency of generation and distribution being 

approximately 33%, this requires a 3 kWh saving of electrical energy in any additional kilogram of copper to 

balance the primary energy consumption used in producing that kilogram. Since specific loss depends upon the 

conductivity of copper and the square of the current density, the ecological payback period can easily be 

calculated and is presented in Table 6. The table reads as follows: a current density of 1 A/mm² causes as much 

energy to be lost as heat within 1,520 hours in an electrical conductor as was necessary to produce the 

respective quantity of copper in the conductor. At a current density of 8 A/mm², it takes only another 24 hours. 

 
Table 6 – Energetic Amortisation time of additional copper consumption  

(full-load operating hours). 

However, regarding the recycling rate of copper, it should be noted that copper products, be it transformers, 

building wire, copper roofs or water tubes, are very long-lasting products. Subsequently, what is scrapped 

today was most likely installed 40 years ago when the market was only half as large as today. It can rightly be 

inferred that some 90% of former copper consumption is re-used. Therefore, the true recycling rate of copper 

is something in the range of 90%. 

Note also that the calculations in Table 6 were carried out with the electrical conductivity at 20 °C, not at 

operating temperature. Both items contribute to making the energetic payback even shorter than the values in 

the table. 

                                                                 

 

1
 www.copper-life-cycle.org 

‘Energetic payback’ from using 

more copper (operating hours 

at full load)

Specific loss in

copper magnet wire

at 1,00A/mm² 1,96W/kg 1520h

at 1,50A/mm² 4,41W/kg 676h

at 2,00A/mm² 7,84W/kg 380h

at 2,25A/mm² 9,92W/kg 300h

at 2,50A/mm² 12,25W/kg 243h

at 2,75A/mm² 14,82W/kg 201h

at 3,00A/mm² 17,64W/kg 169h

at 3,50A/mm² 24,01W/kg 124h

at 4,00A/mm² 31,35W/kg 95h

at 4,50A/mm² 39,68W/kg 75h

at 5,00A/mm² 48,99W/kg 61h

at 6,00A/mm² 70,55W/kg 42h

at 7,00A/mm² 96,02W/kg 31h

at 8,00A/mm² 125,42W/kg 24h
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CONCLUSIONS 

DESIGN ACCORDING TO THE LOAD PROFILE 

To recapitulate points made earlier in this article, the common practice of evaluating iron losses substantially 

higher than copper losses should be reconsidered, since copper losses are predominately peak losses. More 

specifically, it should be considered in every single case what structure of loading is to be expected. With 

transformers that are energized for only a minor portion of their life, there is little justification for employing 

more costly energy efficient designs but these are, in fact, quite uncommon in public and industrial power 

supply systems. The difference between an interbus transformer and a generator transformer has already 

been explained. In principle, transformers should be designed with the knowledge that the quality of core 

steels is described as the specific loss, measured in watts per kilogram at a defined flux density and frequency. 

In other words: More iron—more iron losses. In principle, the same applies to copper: For a fixed current 

density, the copper loss of a transformer will be proportional to the amount of copper used. 

But remember that the current density is not fixed. While iron losses are related to the voltage and frequency 

(which are supposed to be constant), copper losses are related to current, which is not constant. Hence, 

enlarging the core cross-sectional area, depending on winding design, may provide benefit in two different 

manners: 

 You can leave the number of turns as it is, thereby reduce the flux density and with it the iron losses. 

Copper loss will stay as it is or with only a slight increase on account of the higher average winding 

length. 

 You can reduce the number of turns to an amount that will generate the same flux density as before. 

The total wire length decreases, allowing the use of a larger copper cross-sectional area when the 

same amount of copper is used. Either factor contributes substantially to the reduction of copper 

losses, but the larger core will have higher iron losses. 

The most reasonable path to loss reduction lies between these two extremes. It is obvious that transformers 

with the same ratings and the same total loss level can be designed using a great deal of steel and less copper 

or more copper and less magnetic steel. Traditionalists among transformer designers say that, as a rule of 

thumb, the economic optimum is obtained using about twice as much iron as copper. However, the 

optimization curve, if displayed in a diagram, reveals a very flat optimum, and the rule of thumb does not 

address which criteria optimization should be carried out. The reason is that this cannot be answered in 

general. To optimize for lowest life cycle cost, an estimate of the load profile is required. A device like a 

generator transformer that is primarily operated under full load conditions for as long as it is energized at all, 

will have a high copper loss. It should therefore be equipped with as few turns of wire as possible; that is, it 

needs to have a very large core cross-section that is operated very close to the limit of magnetic saturation. 

Assuming the other extreme, a transformer that spends most of its time idling in a stand-by state of operation 

or with a low permanent load, and which has an extreme load for only short periods, should be made with 

little iron and more copper. 

AN OVER-SIZED TRANSFORMER IS AN ENERGY-EFFICIENT TRANSFORMER 

Apart from the above considerations, what distinguishes the principle of an energy-efficient transformer from 

a standard one? The answer is: very little. Obviously, the best available steels should be used. In the Table 4 

example, it was decided to use a very much enlarged core cross-section but with a much lower flux density, 

thus reducing iron and copper losses by about the same ratio. But this need not be so. Rather, this has to be 

decided on a case-by-case basis, depending on the style of operation. 
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The easiest and at the same time the key step in purchasing an energy-efficient transformer is to buy a 

standard model but to overrate it. Designing a high-efficiency transformer, in principle, may mean nothing else 

than designing one for a higher output, load it less and, in return, leave out some of the cooling sophistication, 

if any. Care should be taken with poorer cooling on account of the reduction in life expectancy and the rise in 

winding resistance. Designing an energy-efficient transformer is much more than simply over-rating a standard 

one. This reduces copper loss only, and may even heighten iron loss because of operating a larger core at the 

same flux density. However, as can be seen from Figure 8, an average transformer reaches its best efficiency at 

around 30% of its rated load. This means that it must be most efficient to dimension it to be operated slightly 

above this point at peak time and a little below that point at slack time. 

Another two considerations should be added to this in favour of over-rating any newly installed standard 

transformer: 

 Power demand is likely to increase very rapidly in certain conditions, especially in emerging markets. A 

transformer which is appropriately dimensioned today, working close to the limit after 5 years, 

overloaded after 10 years and replaced by a larger unit after 15 years will certainly be life cycle 

inefficient in comparison to a device that is initially highly over-dimensioned but anticipates future 

demands. 

 In several situations, transformers are protected against short-circuit but not against overload. It may 

not be known how highly the transformer is/will be loaded. 

Whatever decision is made – a simple over-rating of a standard transformer or a special design with increased 

iron cross-section and reduced flux density as reported in the example above – the user will surely benefit. 

Since the operating temperature will be lower, the standard transformer with full cooling facilities, loaded at a 

fraction of its rated output, may even be advantageous compared to the special design with reduced losses 

and reduced cooling, so long as only passive cooling systems are involved. The conductivity of metals is subject 

to a rise in temperature, reducing eddy current loss in the core but adding to the copper loss which usually 

represents the larger part of the total loss. The dual advantage obtained is a reduction in both the loss of 

energy and the ageing of insulation. 

 

Figure 9 – Two equal transformers, called Willie and Barry shown here working together… 
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Figure 10 – … at a bulk supply point substation near Stellenbosch in South Africa. 

Such conditions are often already implemented in the design of sub-stations for reasons of availability and 

resilience. Two equal transformers usually work in parallel, particularly at bulk supply points. Each is designed 

large enough to carry the load alone in the event the other one fails or has to be switched off for routine 

maintenance. Such events create relatively short periods of time when the remaining transformer is running at 

full load or—at peak times—even a bit more. This does not affect the average efficiency balance because years 

can pass before such an event occurs. Some overloads for limited periods does not harm a transformer; a 

transformer is a resilient component. 

CONDUCTOR MATERIAL 

Aluminium is a very good electrical conductor. Its conductivity is nearly 
2
/3 that of copper, but its density is only 

1
/3. In addition, its price per mass is only about half that of copper. Hence, aluminium provides a dual cost 

benefit, since only 
1
/2 of the quantity has to be used for an equivalent conductor. Yet the term aluminium loss 

is virtually unknown in transformer technology, while everybody dealing with transformers knows what copper 

loss is. 

Of course, this does not mean that aluminium has no losses. Rather the opposite is actually: 

A conductor of equal cross section costs roughly 
1
/6 of a copper conductor but causes 50% more heat loss. A 

conductor of equal heat loss costs just roughly 
1
/4 of an equivalent copper conductor but uses 50% more space. 

However, there is no convincing argument for copper in applications such as high voltage overhead lines where 

weight is a critical issue. These lines are always made of aluminium. However, it is a prohibitive argument with, 

e.g. motors, since using aluminium for magnet wire would make the motor larger, increasing the demand for 

both mechanical and magnetic steels. 

Transformers are somewhere in between. A bit of empty space is always required between the HV and LV 

windings in order to provide: 

 Insulation 

 Cooling 
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 A certain limitation to the magnetic coupling (main stray channel—stray inductance) to achieve a 

defined level of short-circuit voltage 

This also yields some scope for balancing between designs with more space and those with thicker conductors. 

In LV windings in particular, manufacturers tend to use aluminium as soon as copper becomes prohibitively 

expensive. This represents a compromise, though, because copper has some technological advantages beyond 

its superior conductivity. It is extremely malleable and can easily be soldered, brazed, and welded. These are 

difficult with Aluminium. Since the techniques and skills are unevenly spread across different geographical 

areas, the choice of conductor material is also a question of habit and tradition. There are indeed so-called alu-

minium countries, but the general perception is that the material of choice for transformers is overwhelmingly 

copper. 

 


