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Executive Summary

Improving the efficiency of distribution transformers in electricity networks around the
world can be achieved and will yield substantial net gains for the world’s economy.

Why focusing on distribution transformers?

Energy losses throughout the world’s electrical distribution networks amount to 1 279
TWh. They vary from country to country between 3.7% and 26.7% of the electricity use,
which implies that there is a large potential for improvement.

After lines, distribution transformers are the second largest loss-making component in
electricity networks. Transformers are relatively easy to replace, certainly in compari-
son with lines or cables, and their efficiency can fairly easily be classified, labeled and
standardized. Moreover, modern technology exists to reduce losses by up to 80%.

The worldwide electricity savings potential of switching to high efficiency transformers
is estimated to be at least 200 TWh, equivalent to the Benelux electricity consumption.
This savings potential is not only technically advantageous, but also brings economic and
environmental benefits. Taking the full life cycle cost into account, selecting high efficiency
transformers is normally an economically sound investment decision despite their higher
purchase price. As a result, high efficiency transformers yield a net economic gain for
global society. A reduction of energy consumption is also an important advantage for
the world’s environment — not least because of the resulting reduction in greenhouse gas
emissions.

Existing Programmes

With this savings potential available, seven of the largest economies in the world have
been taking actions to improve transformer efficiency: Australia, China, Europe, Japan,
Canada and the USA. They have set up programs — mandatory or voluntary — based on
minimum standards or efficiency labels. Up to now, the programs in Australia, China,
India and Japan are the most advanced.
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Recommended actions

Based on the above data and experiences, this report recommends:

e setting the global objective of removing transformers of the lowest efficiency category
from the market

e identifying and implementing a worldwide benchmark on efficiency standards, in
order to raise all countries to a similar level

e designing regulatory regimes that encourage the use of high efficiency transformers

e setting up programs combining mandatory minimum efficiency standards with a
voluntary scheme to promote ’best of class’ transformer designs.
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Chapter 1

Introduction

1.1 Electricity networks

Transformers convert electrical energy from one voltage level to another. They are an
essential part of the electricity network. After generation in power stations, electrical
energy needs to be transported to the areas where it is consumed. This transport is more
efficient at higher voltage, which is why power generated at 10 — 30 kV is converted by
transformers into typical voltages of 220 kV up to 400 kV, or even higher.

Since the majority of electrical installations operate at lower voltages, the high voltage
needs to be converted back close to the point of use. The first step down is transformation
to 33 — 150 kV. It is often the level at which power is supplied to major industrial
customers. Distribution companies then transform power further down to the consumer
mains voltage.

In this way, electrical energy passes through an average of four transformation stages
before being consumed. A large number of transformers of different classes and sizes
are needed in the transmission and distribution network, with a wide range of operating
voltages. Large transformers for high voltages are called system transformers (see figure
1.1). The last transformation step into the consumer mains voltage (in Europe 400/230
V) is done by the distribution transformer.
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Figure 1.1: Overview of the electricity distribution system

1.2 Network losses

According to table 1.1, losses of the electricity network world-wide can be estimated at
1 279 TWh, or 9.2% of electricity use ¥'2. While some level of losses is inevitable, tables
1.1 and 1.2/ show a variation in losses from less than 4% to more than 20%. This variation
cannot be explained alone by size of country, size of the electricity system or population.
According to table 1.2 network losses in certain countries have decreased steadily over the
past decades. The data shows that there remains a large potential for improvement.

I'Network losses are difficult to assess for a variety of reasons. At any given moment, a utility knows
how much power goes into the network, but it does not know how much is consumed at the user side.
Meters are read on annual basis, but not all at once, and not all on the 1% of January. So a distribution
company has to assign billed consumption over the years. The difference between billed consumption and
power entered into the system is the system loss. Sudden drops in losses from one year to the next can
be an accounting artifact, to come back the next year, with a vengeance.

2These are technical losses, including losses in power cables and lines, power and distribution trans-
formers, metering losses. Non-technical losses, such as electricity theft (see section [3.4)), or revenue loss
due to poor bill collection is not included.
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Electricity Network Network
Country use (TWh) [2] | losses losses (%) [1, 3]
(TWh)

Europe 3 046 222

Western Europe 2 540 185 7.3
FSU 1135 133 11.7
North America 4 293 305 7.1
Latin America 721 M

Brazil 336 61 18.3
Asia 3913 1381

Japan 964 [4] 98 9.1

Aus, NZ 219 21 9.5

China 1312 94 7.2

India 497 133 26.7
Africa / ME 826 83 10.0
Total 13 934 1279 9.2

Table 1.1: Estimated network losses in the world

Country | 1980 | 1990 | 1999 | 2000
Finland 6.2 4.8 3.6 3.7
Netherlands 4.7 4.2 4.2 4.2
Belgium 6.5 6.0 5.0 | 4.8
Germany 53| 52| 50| 5.1
Italy 10.4 7.5 7.1 7.0
Denmark 9.3 8.8 5.9 7.1
United States 10.5 | 10.5 7.1 7.1
Switzerland 9.1 7.0 7.5 7.4
France 6.9 9.0 8.0 7.8
Austria 7.9 6.9 7.9 7.8
Sweden 9.8 7.6 8.4 9.1
Australia 11.6 8.4 9.2 9.1
United Kingdom | 9.2 8.9 9.2 9.4
Portugal 133 98] 10.0| 94
Norway 95| 71| 82| 98
Ireland 12.8 | 10.9 9.6 9.9
Canada 10.6 8.2 9.2 9.9
Spain 11.1 | 11.1 | 11.2 | 10.6
New Zealand 144 | 13.3 | 13.1 | 11.5
Average 95| 9.1 75| 7.5
European Union 79| 73| 73] 7.3

Table 1.2: Transmission and distribution losses in selected countries [1]

February, 2005 — Page 11 of 50
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Network losses are important for several reasons. They represent a global economic loss
of US$ 61 billion”, adding unnecessarily to the cost of electricity. Especially in developing
countries, losses use scarce generating capacity. Over 700 million tonne of greenhouse gas
emissions can be associated with these losses.

Table 1.3 shows an indicative breakdown of transmission and distribution losses, based
on a limited number of case studies:

e Typically, a third of losses occur in transformers, and two thirds in the rest of the
system.

e Approximately 70% of losses occur in the distribution system.

The remainder of this paper addresses the potential for high efficiency distribution trans-
formers, as a technology to improve network losses. There are several good reasons for
such a focus:

e Distribution transformers represent the 2"¢ largest loss component in the network
e Replacing transformers is easier than changing cables or lines

e Transformers have a large potential for loss reduction. Technologies exist to reduce
losses by up to 80%*.

% of total Transformers Lines Other
Case T D T D
USA - example 1 [5] 4.0 16.2 | 32.3 | 45.5 2.0
USA - example 2 [5] 2.2 36.5 | 10.5 | 43.0 7.8
Australia - example [6] | 2.0 40.0 | 20.0 | 38.0
UK - example 1 [1] 8.0 24.0121.0 | 45.0 2.0
UK - example 2 [1] 10.0 32.0 | 15.0 | 43.0
Market assessment [7] | 10.0 35.0 | 15.0 | 35.0 5
Average | 6.0] 306[19.0[416] 28

Table 1.3: Breakdown of Transmission (T) & Distribution (D) losses

1.3 Losses in distribution transformers

Losses in distribution transformers are listed in table1.4. A total of 285 TWh of losses oc-
curs in the 6 economies for which transformer losses have been studied. These 6 economies
represent 70% of world consumption, with network efficiencies above the world average.
The electricity savings potential from higher efficiency transformers in these 6 economies
can be estimated at 161 TWh per year. Extrapolating to the global economy, the savings

3In this paper, one billion is used as 10°, i.e. 1 000 million
4This is an economic potential from a lifecycle costing viewpoint.
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potential in distribution transformers can be estimated as more than 200 TWh/year®.
This figure may even be conservative for several reasons:

e The estimates are based on the current situation. Load growth and network ex-
pansion are not yet fully taken into account, except for the studies in the US and
China.

e The assumption is made that current efficiency levels are maintained in a liberalised
market. In practice, a strong tendency towards ’'lowest-first-cost’ can be observed,
i.e., losses tend to increase.

e Additional losses from non-linear loads are not taken into account®.

e Additional losses in the electricity network, induced by the reactive component of

the no-load current, have not been taken into account”.

Annual  losses . Annual reduction ‘in
Country ‘0 transformers | rmual savings | greenhouse gas emis-

(TWh) potential (TWh) | sions (million tonne

CO4¢eq)

EU-25 [9] 55 22 9
USA [10] 141 84 60
Australia [6] 6 3+ 3
India [11] 6 3 3
China 33 18 13
Japan 44 [4] 31 12
Total 285 161 100

Table 1.4: Energy savings potential from high efficiency transformers in the world

According to table 1.5, these six economies have 83 million transformers installed, with a
combined capacity of 5 850 GVA. Various parts of the world have adopted very different
approaches to distributing power. Europe has about 1 transformer per 80 citizens, whereas
USA & Japan have 1 unit per 5 — 10 citizens, due to power being transformed much closer
to the final user, with implications on average unit size and loading. There is a trend to
evaluate transformer efficiency at 50% load ([11], 12, 13]).

5230 = B%l or 19% reduction in network losses in table [1.1.

6Non-linear loads are for example computers, energy saving lights, office equipment, variable speed
drives. Nowadays, over 50% of load is non-linear, adding substantially to transformer losses|§].

"We can assume that 1 kVar of reactive power, drawn from the electricity network generates a loss
of about 0.1 kW of active power. The transformer no-load current induces additional network losses.
These losses are relatively higher in older and smaller units. Typically, no-load losses are 80% higher for

transformer sizes between 100 and 630 kVA. Load losses for the same range are 50% higher.
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Transformers| Transformers| Annual Annual
Country installed installed market market
(’000s) (GVA) (’000s) (M$)
EU-15 [9] 4 000 600 125 700
USA [10] 56 000 3 000 2 000 1 550
Australia [14] 600 100 19 125
Japan [4] 15 000 900
China [15] 5 000 1 000 300
India [11] 2 100 250 200
Total 83 000 5 850

Table 1.5: Estimated transformer population in the world
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Chapter 2

Technical aspects

2.1 Basic principles of distribution transformers

A distribution transformer consists of an iron core with a limb for each of the phases
(figure 2.1)).

Around each limb, there are two windings: one with a large number of turns connected to
the higher voltage side, and another with a lower number connected to the low voltage.
The windings are separated by insulating material. A change in voltage in one winding
induces a change in the other. The result is that an alternating voltage applied to one
windings produces a voltage with the same frequency at the terminals of the other one,
with the voltage ratio equal to the ratio of the number of turns (Faraday’s law).

2.1.1 Oil cooled versus air cooled transformers

One of the main subdivisions in distribution transformers is the way they are cooled.
Most transformers are placed in an oil-filled tank. The oil cools the coils and at the same
time functions as electrical insulation.

In the past, polychlorinated biphenyl (PCB) was regarded as one of the most convenient
insulation liquids for transformers, because of its high fire resistance and its excellent
electrical qualities. PCBs are however very difficult to decompose, they can accumulate
in the food chain and may be a danger for public health. In addition, when burning
PCBs, emissions might contain dioxins. Therefore, most countries imposed a program to
take all PCB-filled transformers out of use'. Today, nearly all of the PCB insulation oil
has been replaced by mineral or silicon oil, if no dry transformers are used.

Oil-cooled transformers have the highest efficiency, but are not allowed in environments
with a high fire risk. In those places, air-cooled (or 'dry’) transformers are used. Air
cooling can be combined with an epoxy resin or impregnated paper for electrical insulation.

'PCB can only be safely destroyed by very high temperature incineration - usually at sea.

15
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LV winding HV winding
(400/230V) (10kV)
Iron Core \

Insulating
Separator

Figure 2.1: Schematic diagram of the inside of a three-phase distribution transformer

If a dry transformer is installed in a building, the heat must be dissipated. Natural
convection may have to be supplemented by forced cooling, e.g. a fan.

2.1.2 Industrial versus public distribution networks
There are some major differences between distribution transformers in local, public dis-
tribution networks compared to private industrial networks:

e industrial transformers have a higher capacity; typically 1 000 - 4 000 kVA, while
public transformers generally range from 15 to 1 000 kVA;

e in general, the average load of an industrial distribution transformer is higher than
for a public network distribution transformer;

e in industry, dry transformers are far more common than in public distribution net-
works;

e in industry, high levels of harmonic pollution of the load frequently occur;
e the transformer population in industry is younger;

e load fluctuations are lower with industrial transformers.

February, 2005 — Page 16 of 50
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2.2 Losses in transformers

There are three different types of losses:

1. No-load loss (also called iron loss or core loss): Caused by the hysteresis and eddy
currents in the core. It is present whenever the transformer is connected, and
independent of the load. It represents a constant, and therefore significant, energy
drain.

2. Load loss (or copper loss or short circuit loss): Caused by the resistive losses in
the windings and leads, and by eddy currents in the structural steelwork and the
windings. It varies with the square of the load current.

3. Cooling loss (only in transformers with fan cooling): Caused by the energy con-
sumption of a fan. The bigger the other losses, the more cooling is needed and the
higher the cooling loss. These losses can be avoided if operational temperature is
kept low by different loss reduction measures discussed in section 2.3.

An estimation of the total energy loss can be calculated from:

Enoss[kW] = (Py + Py, + 1%) % 8760 (2.1)

In which:
e [ is the no-load loss [kW].
e P is the load loss [kW].
e [ is the rms-average load of the transformer?.

e 8 760 is the number of hours in a year

2.3 Improving efficiency

To reduce losses in transformers, two elements can be adapted: core and windings. Trans-
former design is complex, with many of the characteristics of distribution transformers
specified in national or international standards.

2.3.1 No-load losses

The no-load losses can be reduced by selecting a high performance steel for the core
(Figure 2.2). Over the years, better steels for transformer cores have been developed.

2] is the root-mean-square of the instantaneous loads, accumulated over a period of time. It is typically
about 10% higher than the arithmetic average of the instantaneous load.
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Figure 2.2: Different types of magnetic steel

1. Around 1900, hot-rolled steel became the basic material for the core, made up of
individual sheets separated by insulating layers to reduce no-load losses. Cold-rolled
steel and more sophisticated insulation techniques were progressively developed for
improving the performance.

2. Cold-rolled grain oriented silicon steels ("CGO’) became available in the 1950’s and
were the first big leap forward in the reduction of no-load losses.

3. Various processing and coating techniques and a reduced silicon content led to the
creation of high permeability grain oriented steels ("HiB’). They remain the current
standard material for manufacturing distribution transformers in Europe.

4. During the 80’s, techniques were introduced to refine the domains of the iron crystals
by laser etching.

5. More recently, the development of amorphous iron introduced a significant new
evolution for reducing iron losses.

Next to the choice of the steel, the way in which distribution transformer cores are de-
signed, cut, fabricated and assembled, plays an important role in energy efficiency. In-
creasing the size of the core reduces the density of the magnetic field, and in this way
improves energy efficiency.

Amorphous iron deserves a special mention. Distribution transformers built with amor-
phous iron cores can have more than 70% lower no-load losses compared to the best
conventional designs, and achieving up to 99.7% efficiency for 1000 kVA units. Amor-
phous iron became commercially available in the early 1980’s. These transformers have
cores wound with amorphous ribbon made from a ferric metal alloy produced by very
rapid quenching to avoid crystallisation. This technology has been used in several hun-
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dred thousand distribution transformers in the US, Japan, India and China. Amorphous
technology has been demonstrated for transformer sizes up to 10 MVA, and its application
range is expanding.

2.3.2 Load losses

Load losses are proportional to the square of the load current, so one should always
consider how the unit will be loaded over time. Load losses can be reduced by increasing
the cross section of the windings. This reduces the current density and consequently the
loss, although at a higher construction cost.

The materials for windings have not experienced the same significant improvements in
recent years as the core steels. However, the continuous cold rolling process that is now
being introduced for strip production, can lead to more consistent quality.

The process of winding the conductor coils and then fitting them into the assembled core
has a very large influence on the energy efficiency of a transformer. It is a labour-intensive
process that requires skilled workers. Mechanised winding, under operator control, is
increasingly used, especially for smaller sizes.

Another interesting technology in terms of efficiency is the transformer with supercon-
ducting windings, cooled with nitrogen. A number of such distribution transformers have
been built. They remain much more expensive than conventional types however, and
seem to be only promising for specialized applications.

2.4 'Transformer efficiency standards

In addition to the main division in transformers is between oil-immersed and air-cooled
(or dry) types, further subdivisions can be made according to location — pole or ground
mounted; single or three phase or ownership — utility or privately owned transformers.
Among these, different energy efficiency standards apply. They can be expressed in terms
of electrical efficiency, at a certain load level, or in terms of maximum values for no load
and load loss. Most standards are voluntary. Table 2.1 presents overview of international
standards.

Standards are not limited to efficiency, or loss levels, but may also include total cost of
ownership or cost capitalisation formulae. Separate documents define testing procedures
and conditions. Reference standards on testing are NEMA TP-2 and TEC 60076, acting
as the basis for national equivalents.
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Country /| Standard Subject
Region
USA Guide for Determining Energy Ef- | Efficiency standards and

ficiency for Distribution Transform- | TOC formula
ers (TP1- 1996). National Electrical
Manufacturers Association. 1996.
Standard Test Method for Measur- | Efficiency testing methodol-
ing the Energy Consumption of Dis- | ogy

tribution Transformers (TP2-1998).
National Electrical Manufacturers
Association. 1998.

International | Power transformers - Application | Design, calculation aspects

guide, 60076-8, IEC:1997 including measurement of
losses
Europe Cenelec 1992, Harmonisation docu- | Efficiency standards and

ments HD 428, HD538 oil and dry | cost capitalisation formula
type transformers
Variety of country standards defining efficiency levels; MEPS in Australia, Canada,

China, Japan, Mexico, proposed in India and New Zealand, non mandatory in Europe

Table 2.1: Main transformer efficiency standards

100.00%

99.50% A —
99.00% // g
98.50%

98.00% | ¥

efficiency at 50% load

97.50%

O H D P DAL PE SN S S
WP RSP LRELEPE SO LSS KVA

—&—NEMA TP-1 [60 Hz] USA, Can == Japan top runner [50 Hz, 40 % load] HD 428 BA'
HD 428 CC" HD 428 CAmdt =7/ India proposed MEPS (3 star)

Figure 2.3: Comparison of international standard efficiencies at 50% of load. "C-AMDT’
refers to an amorphous-core transformer with HD 428 C-class of load losses
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In figure 2.3/ international standard efficiencies at 50% of load are compared. Some im-
portant highlights are:

e In 1997, Oak Ridge National Laboratory [10, [16] performed extensive studies to de-
termine whether energy conservation standards for distribution transformers would
offer significant energy savings, be technically achievable and economically justified.
This has led to the definition of the NEMA TP-1 standard, which became the basis
for the rule making process on minimum standards. NEMA TP-1 has been used as
a guideline by Canada, Australia, New Zealand and (partially) Mexico®.

e In Europe, CENELEC Technical Committee 14 has published standards HD 428
and HD 538 classifying losses for oil (428) and dry type (538) transformers (Tables
2.2/ & 2.3)). Country standards should be in line with CENELEC documents but,
since the standard allows many possibilities, national approaches in Europe widely
differ. Efficiency standards are high in Benelux, Germany, Austria and Switzerland,
but low in France, Italy and Spain. Utilities in certain European countries have
policies exceeding national standards, e.g. Endesa in Spain purchases HD 428 CC’-
level distribution transformers, while the country standard is equivalent to HD 428
AA’. Swiss utilities have been commissioning transformers with efficiencies in excess
of the HD428 classification scheme for already many years.

Rated power Oil-filled (HD428) up to 24 kV Dry type

(HD538)
List A’ List B’ List C’ 12 kV

primary

kVA AW W W W

50 190 145 125 n/a

100 320 260 210 440

160 460 375 300 610

250 650 530 425 820

400 930 750 610 1150

630 (4%) 1 300 1 030 860 1 500

630 (6%) 1 200 940 800 1 370

1000 1 700 1 400 1 100 2 000

1600 2 600 2 200 1 700 2 800

2500 3 800 3 200 2 500 4 300

Table 2.2: No-Load losses for distribution transformers according to CENELEC HD428
and HD538

3Canada follows TP-1 strictly but the mandatory levels apply only for dry type transformers; Mexico
sets the minimum efficiencies at slightly less stringent levels — 0.1% to 0.2% below TP-1 efficiency;
Australia "recalculated” the American 60 Hz efficiency standard to Australia’s 50 Hz frequency and also
interpolated linearly the efficiencies at the size ratings which are different from USA.
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Rated power Oil-filled (HD428) up to 24 kV Dry type
(HD538)
List A List B List C 12 kV
primary
kVA W W W W
50 1 100 1 350 875 n/a
100 1 750 2 150 1475 2 000
160 2 350 3 100 2 000 2 700
250 3 250 4 200 2 750 3 500
400 4 600 6 000 3 850 4 900
630 (4%) 6 500 8 400 5 400 7 300
630 (6%) 6 750 8 700 5 600 7 600
1000 10 500 13 000 9 500 10 000
1600 17 000 20 000 14 000 14 000
2500 26 500 32 000 22 000 21 000

Table 2.3: Load losses for distribution transformers according to CENELEC HD428 and
HD538

e In China, the current standard is S9, and a new standard (S11) is being introduced,
which has losses slightly below Europe’s AC’ level. The standard defines allowable
levels for no-load and load losses.

e The Indian Bureau of Energy Efficiency (BEE), acting under a mandate from the
Indian Ministry of Power, has analyzed the feasibility of a distribution transformer
minimum efficiency standard. BEE classifies distribution transformers up to 200
kVA into 5 categories from 1 Star (high loss) to 5 Stars (low loss). 5 Stars repre-
sents world-class performance. 3 Stars is being proposed as a minimum efficiency
standard, and is being widely followed by utilities.

e Japan has a different type of distribution system, with the last step of voltage
transformation much closer to the consumer. The majority of units are pole mounted
single phase transformers. The driver for setting up minimum efficiency standards
was the Kyoto commitment. Transformers, together with 17 categories of electrical
equipment, should meet minimum efficiencies. In the case of transformers, the
efficiency is defined at 40% load*. Target average efficiency has been defined for
the year 2006 (oil) or 2007 (dry type), based on the best products on the market in
2003. This Japanese standard is currently the most demanding compared to other
regulated standards.

Other technical aspects include size & weight, reliability & harmonics, testing and fre-
quency 50 versus 60 Hz. These are discussed in appendix Al

4different to the most commonly used 50% load factor
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Economic and environmental aspects

3.1 Life-cycle costing

Most company structures separate the purchasing function from operations. This results
in a situation where the purchase of a transformer is often based on the delivery price
only. In most cases however, transformers with the lowest purchase price are also the ones
with the highest losses. Since transformers have a long life span, these extra losses can
add up to a considerable amount, exceeding the initial price by several times.

When comparing two different types of transformers, one should take into account the
total cost during the lifespan of the transformer, in other words, the "Total Cost of Own-

ership’ (TCO).

TCO consists of several components: purchase price, installation cost, value of the energy
losses and maintenance costs over its life, and decommissioning costs. Except for PCB
cooled transformers, the last two elements are relatively insensitive to the type and design
of the transformer, and are consequently seldom taken into account. Purchase price and
energy losses are the two key factors. When different technologies are compared, e.g.
dry-type or oil-immersed, installation costs can be considerably different, and should be
taken into account.

To evaluate the total cost of losses, their Net Present Value at the moment of purchase
needs to be calculated, to put them into the same perspective as the purchase price. This
is done by calculating the Total Capitalized Cost of the losses, T'C'C),ss, calculated from
the estimated average cost per kWh (C), the cost of capital (r) and the life time of the
transformer in years (n), where Ej,; was defined in section 2.2l

(I+r)m—1

choss:Eoss C
: loss * *r*(1+7’)"

(3.1)

While the load profile over time and the future price evolution of energy is not known in
exactly, the use of trend line values can give good estimates of the total cost of the losses.
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3.2 Economic analysis of loss reduction

Tables 3.1, 3.2/ and 3.3/ show that the energy efficiencies of distribution transformers range
from around 94% for a small A-A’ transformer, to more than 99% for an amorphous-core
distribution transformer with HD 428 C-level losses ("C-AMDT"), the most efficient type
available.

On average, the loss in a distribution transformer is around 1.5 — 2.0% of the energy
transferred. Considering that transformers are working continuously, significant losses
can build up. By choosing the right technology, these losses can be reduced by up to 80%.

Efficiency class | Efficiency(%) | Energy  saved | Payback | IRR (% -
(kWh / year) 25 years)

AN 94.71 | - -

C-C’ 96.46 | 996 50 |20

A-AMDT 98.71 | 2 277 7712

C-AMDT 98.77 | 2 310 86 |11

Table 3.1: Energy saving & return for a high efficiency 100 kVA transformer[9]

Efficiency class | Efficiency(%) | Energy  saved | Payback | IRR (% -
(kWh / year) 25 years)

AA 98.04 | - -

C-C 08.64 | 3 143 28 |36

A-AMDT 99.35 | 6 833 5.7 17

C-AMDT 99.40 | 7 085 6.6 15

Table 3.2: Energy saving & return for high efficiency 400 kVA transformer|[9]

Efficiency class | Efficiency(%) | Energy  saved | Payback | IRR (% -
(kWh / year) 25 years)

AA 9851 | - -

C-C 98.99 | 9 759 14 |7

A-AMDT 99.38 | 19 447 55 |18

C-AMDT 99.45 | 20 972 55 |18

Table 3.3: Energy saving & return for high efficiency 1600 kVA transformer[9]

As the tables show, the pay-back period for investing in high efficiency transformers is
relatively short, certainly regarding their long life span (25 - 30 years)*. Changing an
industrial 1600 kVA transformer from a A-A’ type to a C-C’ type will pay back in 1.4

! Tables (3.1, [3.2 and 3.3/ are based on 1999 market conditions for Belgium. Prices may vary considerably
between markets, and from year to year.
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years. The Internal Rate of Return (IRR) for investments in efficient transformers is
consistently above 10% and sometimes as high as 70%?2. Considering the low risk of the
investment, this should make efficient transformers attractive to both industrial companies
and grid operators. But in the case of grid operators, there is at present no incentive to
invest. Loss reduction then remains the only factor, as they have to be covered by the
grid operators, as is the case in most countries.

3.3 Externalities

As shown in the previous section, a higher efficiency benefits the owner of the transformer,
reducing TCO. On a larger scale, those cost savings are beneficial for the whole economy;,
enabling the lower cost of production to result in lower tariffs to customers.

Each kWh also has an external cost, i.e. the environmental and health costs to society
that are not fully reflected in the price of electricity. These externalities originate from
the various types of emissions resulting from the combustion of fossil fuel. Apart from
CO,, the main offenders are SO, and NO, which contribute to the acidification of the
environment. These pollutants have long range transborder effects and have therefore
become a major concern for most European countries.

Fuel External cost [17] | Part of generation [18] | Contribution

US$ / kWh % US$ / kWh
Coal 8.3 39 3.2
Oil 11.6 8 0.9
Gas 3.8 17 0.6
Nuclear 1.0 17 0.2
Hydro 0.3 17 0.1
Renewable 0.3-29 2 0.0
Total 100 5.0

Table 3.4: The external cost of electricity for the world generation mix, based on 63
studies[17]

From table 3.4, the average external cost for the world’s generation mix can be estimated
at 5 US Cents / kWh?. A saving of 200 TWh/year represents, in monetary equivalent, a
reduction of 10 billion US$ in environmental cost.

2IRR is defined as the discount factor at which present value of loss reduction over 25 years equals
the investment premium in high efficiency transformers.

3There is a very wide range in estimates for external costs reflecting, for example, political preferences,
or the use of different technologies for power generation. For this reason, the use of external costs for
energy policy making has been limited so far.
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3.4 Non-technical losses

Distribution losses are calculated as the difference between electricity paid by clients and
energy supplied by a medium voltage transformer to the distribution network. Losses can
be technical, or non-technical. Non-technical losses can be:

e Electricity theft

e Invoicing errors

e Bankruptcies of clients
e Measurement errors

Electricity theft is a social problem, and hard to solve, since it addresses a large portion
of the population in certain countries. It is not the subject of this paper, which addresses
technological solutions to increase efficiency. But care should be taken in interpreting loss
figures to distinguish between technical and non-technical losses.
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Business aspects

This section presents a number of case studies, real or hypothetical, on the financial
impact of purchasing high efficiency transformers.

4.1 Impact of purchasing energy efficient transformers

4.1.1 Pay-back time on a single transformer

A first case is the isolated purchase of a single 400 kVA transformer!. Three different
calculations are made.

1. A stable business situation in which there is a steady demand from the consumers
and none of the parameters are changing in time. This models the most common
case. The electrical energy lost in the transformer can be quantified according
to the purchase price of the electricity (0.045€/kWh). Figure 4.1/ shows that the
investment in a high-efficiency transformer is paid back after three years and from
that moment on, energy savings start to make profit. Over a period of 10 years, the
net cash gain to the investor would be almost 1 000 €.

!The assumptions in the business case are documented in [19], available from
http://transformers.leonardo-energy.org.
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250 4
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Figure 4.1: Calculated in the common case of a stable business situation, a high efficiency
transformer makes profit three years after the investment

2. 'Restricted supply’ would apply when the network is fully loaded, and supply is
restricted. In such a case, every kWh lost in the transformer is a kWh that is not
available for sale. It should thus be evaluated at retail price (0.15€/kWh). As a
result, the investment in high-efficiency transformers is paid back already after one
year (figure 4.2). The cash gain to the investor more than doubles to 2500 €.

2500 1
2000 -
1500
€ 1000

900 1

|/ é
—500 Year

Figure 4.2: Calculated in the situation of a restricted supply, the pay-back period of a
high-efficient transformer is only one year
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3. Variable electricity purchasing prices. If a utility company is purchasing electrical
energy on the free market, the impact of energy efficiency becomes much larger.
Suppose the company has a day, night & peak contract. Since transformer losses
are the highest at peak load (in absolute terms), the investment in efficiency becomes
even more attractive. In such a case, as figure 4.3 shows, a high efficient transformer
will pay itself back within the year of investment, and contribute over 10 years almost
10 000 € net cash to the investor?.

9500 ~
8500 A
7500
6500 -
5500
€ 4500
3500 4
2500
1500 -

o | | |

—500! 2 3 4 5 6 7 8 9 10

Year

Figure 4.3: When electricity prices fluctuate according to the demand, the calculation of
the pay-back period of a high efficiency transformer becomes very complex. In this case,
the high efficiency transformer already makes a profit in the year it was installed

4.1.2 Business model for a transformer park

A second case broadens the study to a transformer park of 20 000 units, roughly the
number of transformers of a municipal utility serving a city of 1 million inhabitants.
The result shows that if the company starts to purchase energy-efficient transformers,
it will need to invest the first two years, but from the third year, energy savings cover
the additional capital required. Break-even is reached after 5 to 6 years (figure 4.4).
Accumulated over a period of 10 years, the utility would gain 3 million € cash from
adopting a purchase policy in high efficiency transformers.

2In practice, no real-time pricing presently occurs for network losses. Grid operators buy the losses in
one overall contract, averaged over the year.
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Figure 4.4: The decision to buy from now on only high efficiency transformers will already
result in a favorable balance after three years (transformer park of 20.000 units).
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4.2 Asset management

High efficiency transformers are usually only attractive as an alternative when a decision
to invest has been made. Sometimes, it can be an option for replacing old transformers
that still use high loss steels before end-of-life. The Lodz distribution company in Poland
has investigated whether it could replace such transformers. The company serves 512 000
consumers by 3 189 distribution transformers. The study concluded that 862 transformers
had very high losses. It would make sense to replace them by higher efficiency types before
their end of life. Those transformers were all built before 1970 and had relatively high
no-load losses.

Another interesting conclusion of this study is that the rise of the load during the life
span of a transformer is an important factor, though seldom considered while making the
purchasing decision. In a distribution network, the load of a transformer increases by
an average 2% a year. This extra load leads to an increase in losses, which should be
taken into account when calculating the pay-back ratio of an investment in high efficiency
transformers.

400 KVA
2000 10000
1800 9000
= 1600 8000
S 1400 7000 E?
@ 1200 6000
@ 1000 5000 @
S 800 4000 §
® 600 3000 ©
o ©
S 400 2000 S
Z 200 1000
0 0

——Po 4—Pk

Figure 4.5: Case study — Lodz

Figure 4.5 shows transformers losses purchased by the Lodz utility from 1951 to 1999.

Area 1 — hot rolled electrical steel

Area 2 — cold rolled electrical steel, first, low grade steel

Area 3 — cold rolled electrical steel, higher grade steel and improved construction of cores
Area 4 — cold rolled electrical steel, laser grade steel and improved construction of cores

Lodz utility replaced all old transformers in Area 1 with cores made from hot rolled
electrical steel and subsequently started gradual replacement of old transformers in
Area 2.
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4.3 Demand-side considerations

The electricity demand of users varies considerably with time. Distribution transform-
ers serving residential customers may be only 15 — 20% loaded, with pronounced peak
demands in morning and evening. Commercial customers use typically 30 — 50% of trans-
former capacity, but only during daytime. Industrial transformers are often even more
heavily loaded, and during more hours of the day.

JEMA (Japan Electrical Manufacturers Association) made a study on the load ratio of
the transformers by collecting the questionnaire from 290 users in Japan. The result is
shown in the table below. The load ratio is much smaller than normally expected.

Valid Daytime | Nighttime Day
responses Average
# % % %

Industry Electric b} 49.8 35.8 43.4
Food 33 474 32.2 40.5

Metal 31 41.5 31.2 36.7

Chemical 29 47.5 25.9 38.3

Machinery 15 39.7 14.5 29.9

Fabrication 14 56.4 YN 57.1

Pulp 5 34.8 35.4 35.1

Transport 4 25.2 0 17.8

Other 56 49.7 27.3 40.1

Services Offices 15 25.0 5.7 18.1
Stores 1 61.0 5 43.3

Public sector | Hospitals 7 30.1 9.1 22.2
Libraries 6 22.8 5.3 16.6

Rail roads 6 20.0 14.1 17.3

Government 4 40.0 10.0 29.2

Other 9 36.5 34.4 35.5

A first issue is load versus no-load loss. A 400 kVA CC’ transformer, loaded at 20%, has
764W losses, i.e., 610W no-load, and 154W load loss®. Hence, almost 80% of loss is at
no-load. This however does not mean that load loss is negligible. At peak load — e.g.,
60% loading, the same transformers will have 1996W losses, i.e., still 610W no-load loss,
1386 W load loss*. Hence, losses are the highest when they are the least affordable.

A pronounced peak in the load adds to losses, compared to a flat demand profile. Load
losses increase with the square of the (instantaneous) load. Hence, average load need to
be calculated as the root-mean-square of the instantaneous load. Experience with load
profiles shows that load losses in a distribution transformer will be approximately 10%
lower if the demand profile is flat rather than peaked [10].

3764 = 610 + 3850 x 0.22 — see table 2.2l and 2.3
41996 = 610 + 3850 % 0.62
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Finally, (3.1) does not take into account annual load growth, which can have a dramatic
impact on lifetime load losses. A growth of 2% /year in the load over 30 years will have an
impact of 35% on the loss-factor. If the growth were 5% /year, typical in some developing
countries, this will have 121% impact. Load growth needs to be taken into account,
not only because of its impact on lifetime losses, but also because it may cause early
transformer failure.

February, 2005 — Page 33 of 50


http://www.leonardo-energy.org�

Chapter 5

Policy

5.1 Liberalisation

The costs and profits of network companies in a liberalized electricity market are in most
countries limited by regulation or regulated tariffs. This may inhibit investments in energy
efficiency measures, for instance high efficiency transformers. The risk is that companies
are more focussed on short term cost savings and fail to invest in systems that would save
more in the long run.

If the correct regulatory framework is developed, investments in improving the efficiency
of a network can also be stimulated under market regulation. The following is a short
description of the 4 main barriers and possible remedies.

1. Most models of regulation rely on a partial redistribution of savings to consumers.
This discourages companies from making investments for efficiency improvements,
since cost reduction from the investment are shared with the consumers.

e Allow some carryover of measurable efficiency gains, so that investing in energy
efficiency becomes more attractive for the network companies.

2. Capital-intensive investments are very sensitive to future changes, e.g. in the regu-
latory regime. This discourages investments in efficiency improvements.

e Give special incentives to promote capital-intensive energy efficiency measures.
Create a stable, long term system of regulation.

3. The regulatory framework tends to concentrate on cost savings in the short term.
These do not encourage companies to take the life cycle costs of equipment into
account.

e Give incentives to network operators to take into account the life cycle cost of
equipment.

4. Energy losses are calculated without consideration of external costs.
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e Take the true cost of network losses into account.

5.2 Labelling

Labeling is an effective way of bringing transparency to the market. A clear definition
of efficiency, a transparent measurement procedure and a labeling system should be the
start of every mandatory or voluntary program to increase transformer efficiency.

5.3 Minimum efficiency performance standards

Mandatory Minimum Efficiency Performance Standards (MEPS) have the advantage that
they achieve immediate effect. From the moment of adopting such standards, the efficiency
of the average unit sold increases. Their success has been proven already in a few countries,
with China as the most striking example.

However, minimum standards will in most cases be set as a compromise between the
requirements of all parties involved. As a consequence, standards are normally not set
high enough to achieve the full economic and environmental benefits.

Another disadvantage of minimum efficiency standards, established in a consultative struc-
ture, is that reviewing the standard is difficult. Carrying out a new consultation process
is time-consuming. Because of that, minimum efficiency standards are rarely adjusted to
the economics of the market or to a new technology developments.

5.4 Voluntary schemes

Voluntary schemes do not have the disadvantages of a mandatory minimum standard.
The targets can often be set at a more ambitious level and reviewing them is less difficult
and less time consuming. Consequently, it is a much more flexible system.

The main difficulty to overcome in voluntary programs is reaching a reasonable degree of
participation often taking a few years.

The goal of a voluntary program should be to make the incentives and the image so im-
portant that it becomes difficult for companies to ignore. High image value, a meaningful
brand presence, and a strong policy context for instance make the Japanese "Toprunner’
program a good example of an effective scheme.
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Ongoing initiatives

6.1 Australia and New Zealand

The Australian program for energy efficiency in distribution transformers, executed by
the National Appliance and Equipment Energy Efficiency Committee (NAEEEC), works
on two levels.

First, there is the Minimum Energy Performance Standard (MEPS), a regulation that
bans transformers which do not meet minimum efficiency levels. The standards are de-
fined for oil-filled distribution transformers between 10 and 2 500 kVA and for dry-type
distribution transformers between 15 and 2 500 kVA, both at 50% load. The MEPS are
mandated by legislation, effective 1 October 2004. Under the stimulus of the National
Greenhouse Strategy and thanks to the strong will of the parties involved, the creation
of the MEPS passed smoothly. The field study to define the scope was started in 2000,
with the minimum standards written in 2002.

The second track, currently under development, is the creation of further energy efficiency
performance standards resulting in a scheme for voluntary ’high efficiency’ labeling.

New Zealand follows the Australian regulation for distribution transformers.

6.2 China

In 1999, China has created mandatory minimum efficiency standards for transformers.
The S9 standard, approved by the State Bureau of Quality and Technology Supervision,
is defined for distribution and power transformers. It stipulates maximum load and no-
load losses for oil immersed types ranging from 30 to 31 500 kVA and for dry types in
the range from 30 to 10 000 kVA. This regulation has quickly changed the market to high
efficiency units.
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6.3 Europe

CENELEC has defined efficiency standards for distribution transformers in the range
from 50 to 2500 kVA. HD428 stipulates A, B and C categories for load and no-load losses.
HD538 advises a maximum for the load and no-load losses of dry type transformers. The
efficiency ranges defined by these standards are relatively wide. The minimum efficiency in
the highest category (CC’) is still far below the efficiency of the best in class and far below
the '5-star’ transformer defined by the Indian Bureau of Energy Efficiency. CENELEC is
currently defining new efficiency categories with lower losses.

In 1999, a Thermie project of the European Union assessed the total energy losses in dis-

tribution transformers. The savings potential in the 15 countries of the EU was estimated
to be 22 TWh.

A mandatory minimum efficiency standard for distribution transformers is not expected
to be introduced in the near future. This is disappointing, given the availability of world-
class transformer technology in Europe.

6.4 India

In India, the Bureau of Energy Efficiency (BEE) has developed a 5-star classification
scheme for distribution transformers in the range from 25 to 200 kVA. The scheme is a
co-operative venture between public and private organizations that issues rules and rec-
ommendations under the statutory powers vested with it. The 5-star program stipulates a
lower and a higher limit for the total losses in transformers, at 50% load. The scheme rec-
ommends replacing transformers with higher star rated units. The 5-star unit represents
world class technology, while 3-stars is recommended as a minimum, and already followed
by many utilities. India historically has a rather poor performance in transformer energy
efficiency, but this 5-star program could become an important driver for change.

6.5 Japan

In Japan, transformers are a part of the "Toprunner Program’ which either defines the
efficiency for various categories of a product type, or uses a formula to calculate min-
imum efficiency. This program, which covers 18 different categories of appliances, has
some major differences compared to other minimum efficiency performance programs.
The minimum standard is not based on the average efficiency level of products currently
available, but on the highest efficiency level achievable. However, the program does not
impose this level immediately, but sets a target date by which this efficiency level must
be reached. A manufacturer’s product range must, on average, meet the requirement. It
is not applied to individual products.
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Labeling of the products is mandatory. A green label signifies a product that meets the
minimum standard, while other products receive an orange label.

6.6 Mexico

As in Australia, the Mexican standard includes voluntary and mandatory elements. The
Normas Oficiales Mexicanas (NOM) define minimum efficiency performance standards
for transformers in the range from 5 to 500 kVA, and a compulsory test procedure for
determining this performance. For each power category, maximum load and no-load losses
are imposed.

6.7 USA

The energy savings potential in the USA from switching to high efficient transformers is
high. In 1997, the National Laboratory of Oak Ridge estimated it to be 141 TWh. One
of the reasons for this high figure is the high number of distribution transformers on the
utility networks in the US.

To reduce these losses, the National Electrical Manufacturers Association (NEMA) cre-
ated the TP1 standard. TP1 defines a minimum efficiency for dry and oil-filled type
transformers in the range from 10 to 2500 kVA. The TP1 standard is likely to become
the mandatory minimum efficiency level in the near future®.

Next to this standard, transformers also are part of the broader EnergyStar labelling
program. EnergyStar is a voluntary program that encourages the participating utilities
to calculate the total cost of ownership of their transformers and to buy the type if it is
cost-effective to do. EnergyStar is based on TP1 because EPA? was looking to set an easy
standard that did not cause protracted arguments, so it may be tightened in the future.

The third program in the US, set up by the Consortium for Energy Efficiency (CEE),
aims to increase the awareness of the potential of efficient transformers in industry. It
consists of a campaign to measure the efficiency of industrial transformers and to stimulate
companies to upgrade their transformer park to the best available in the market.

6.8 Canada

In Canada the Office of Energy Efficiency (OEE) of Natural Resources Canada (NR-
Can) has amended Canada’s Energy Efficiency Regulations (the Regulations) to require

IThe following states have, or will soon have NEMA TP-1 requirements: Massachusets, Minnesota,
Wisconsin, New York, Vermont, California and Oregon.
2U.S. Environmental Protection Agency
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Canadian dealers to comply with minimum energy performance standards for dry-type
transformers imported or shipped accress state borders for sale or lease in Canada. The
standards are harmonized with NEMA TP-1 and TP-2 standards.

Amendment 6 to Canada’s Energy Efficiency Regulations was published on April 23,
2003. The regulation of dry-type transformers is included in this amendment with a
completion date of January 1, 2005. This requires all dry-type transformers, as defined in
this document, manufactured after this date to meet the minimum efficiency performance
standards.

As far as oil transformers are concerned Canada has conducted analysis of MEPS im-
plementation potential and found that the great majority of Canadian oil distribution
transformers already comply with NEMA TP-1 so the standard would almost have no
influence on the market. The yearly MEPS standard impact would only be 0.98 GWh for
liquid filled transformers compared to saving potential at 132 GWh expected for dry-type
transformers.

Also Energy Star products are very actively promoted in Canada.

6.9 Overview

Table [6.1] provides an overview of transformer programs around the world.

Country | Labeling | BAT Efficiency standard Test standard
Mandatory | Voluntary

Australia X

Canada X X

China X

EU X

India X X

Japan X X X

Mexico X X

Taiwan X X

USA X X X X

Table 6.1: Overview of transformer programs in the world (BAT = Best Available Tech-
nology)
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Conclusions and Recommendations

7.1 Conclusions

Replacing all distribution transformers by energy efficient types could save 200 TWh a
year, equivalent to 130 million tonnes of COy emissions (table 1.4). An advantage large
enough to justify the effort.

High-efficiency transformers are a mature technology with their economic and environ-
mental benefits clearly demonstrated. While their higher initial cost can be more than
recovered by reduced running costs, many distribution transformers are still chosen on
the basis of the purchasing price. The report suggests that a new regulatory framework
is required to stimulate change to allow the capture of the available benefits.

While utilities, in general, address energy efficiency in their purchasing decisions, they lack
sufficient incentives to make sound long term decisions. Energy efficiency levels are low
since the cost of energy losses is passed on to their customers, while price cap regulations
make it difficult for utilities to benefit from investment in high efficiency transformers. In
such a system, investments in energy efficiency are not appropriately rewarded.

In the industrial transformer market, high efficiency transformers seem to be more at-
tractive, since the transformer purchasers have to pay for the energy losses themselves.
However, transformers in industry are usually purchased by contractors or third parties,
who in most cases evaluate the equipment on the basis of immediate cost, and who are
seldom asked to focus on energy efficiency by their industrial clients.

Examples of both mandatory and voluntary initiatives prove that the above barriers can
be overcome. In particular the programs in Australia and Japan, which are strongly linked
to achieving the goals of the Kyoto protocol, deserve attention.
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7.2 Recommendations

The principle of Total Cost of Ownership will, in most cases, lead to the purchase of
high efficiency transformers. The steps to promote this principle depend largely on ex-
isting local practices and policies. While there are some successful cases of voluntary
programs promoting transformer efficiency, regulation is required to realise the economic
and environmental benefits available.

The following recommendations for policy makers can be made:

e Set minimum efficiency performance standards to remove the worst products from
the market. International benchmarking can help to define adequate performance
levels. Build a periodic review process into the regulation.

e Set up a voluntary scheme to define premium levels of efficiency, preferrably in
the context of a broader programme for energy conservation. If such a programme
already exists, include distribution transformers in it.

e Whatever program is chose, ensure it contains a clear product labeling requirement.

e Design regulatory schemes to ensure that investment can be made at minimum
life-cycle cost.
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Appendix A

Other technical issues

A.1 Size & Weight

An increase in transformer efficiency goes hand in hand with an increase in weight and
volume, due to an increase in the cross-section and number of windings for reducing
load loss. So when switching from a standard to a high efficiency transformer, one should
investigate if there is enough space and whether the foundation can support the additional

weight.

Reducing the no-load loss is mainly done by enlarging the core and by changing the
steel type of the core, and has another impact on the weight and size of the transformer.

Amorphous transformers have about 50% bigger cores.

The following examples illustrate these changes (table [A.1)). It is the increase in length
and height that increases the total volume of the highly efficient transformer, even though
its depth is in general slightly lower.

100 kVA No-load Load loss | Weight | Width Depth Height
loss [W] (W] [ke] [mm] [mm] [mm]
Standard 240 1680 585 870 670 1200
Low no-load loss | 180 1720 585 870 670 1200
Low losses 200 1200 800 1000 650 1400
400 kVA No-load Load loss | Weight | Width Depth Height
loss [W] (W] [ke] [mm)] [mm)] [mm|
Standard 720 4100 1355 1085 900 1445
Low no-load loss | 530 4100 1520 1210 850 1480
Low losses 460 3200 2000 1200 750 1780

Table A.1: Selected parameters for standard

ABB Global Website)
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A.2 Reliability & Harmonics

The reliability and lifetime of a transformer is affected by the operating temperature.
Above a particular design value, any increase in temperature can seriously shorten the
service life. Designers need to take care to avoid the occurrence of hot-spots within the
operating transformer. Particular care has to be taken when transformers supply non-
linear loads.

Loads such as variable speed motor drives, computers and uninterruptable power supplies
draw non-linear currents from the supply, resulting in substantial currents at harmonic
frequencies. Harmonic currents have a significant effect on transformer load losses. About
5% of load loss is due to eddy currents in the windings and these losses are proportional
to the square of the frequency. As a result, the losses arising from a current at the third
harmonic is nine times that due to a fundamental of the same magnitude. Consequently,
the load losses in a transformer supplying non-linear loads can easily be twice the rated
(fundamental frequency) losses.

Distribution transformers, operating close to the load are most affected by harmonics.
Some of the harmonics are cancelled as the effects of thousands of independent loads
aggregate, mitigating the effects of harmonics upstream in the system.

In reality, there are two strategies for dealing with this: either use a larger transformer
than necessary to allow for the extra losses, or use a transformer especially designed to
minimise losses with non-linear loads. Obviously, from the energy-efficiency point of view,
the latter approach is preferable.

With non-linear loads, the potential energy savings from high efficiency transformers can
be up to 80% higher than under linear load conditions.

A.3 Testing

While suppliers have standard procedures for transformer quality testing, sometimes cus-
tomers have special requirements regarding testing, if transformers are to be installed at
high altitude, in a high ambient temperature, in dusty or high humidity environments
or where there is an increased fire hazard. Acoustic noise levels may be of concern in
some installations. For the measurement of losses and efficiency the most commonly used
procedures are those derived from either IEC60076 or TP-2. Both standards are almost
equivalent — they require testing at ambient temperature (usually 20°C') and temperature
correction to operating conditions.

There are however some differences between these standards:

e Copper temperature correction factor in TP-2 is slightly lower than in IEC60076
(234,5 compared to 235)
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e The acceptable tolerances for losses according to IEC60076 are much higher com-
pared to TP-2. IEC defines +10% total loss tolerance, or 15% of each loss compo-
nent, provided the total losses with tolerance are not exceeded while TP-2 tolerances
are £3%.

The temperature correction factor difference is insignificant, but the higher tolerances in
[EC give the impression that losses are considered a secondary issue.

When establishing a minimum efficiency regulation it will be necessary to establish unit
as well as type test procedures to eliminate higher loss units resulting from manufacturing
variations.

A.4 50 versus 60 Hz

Whether transformers are operated at the European 50 Hz or at the North American 60
Hz frequency, is not really a relevant issue for energy efficiency. Transformers for 60 Hz
tend to have higher no-load and lower load losses, if all the other parameters are kept
the same. However the resulting differences are very small (0.1 — 0.2%) compared to the
range in which iron and copper losses can be varied by changing main design parameters.

A.5 Amorphous core transformers

An amorphous transformer uses amorphous metal alloy strip for its magnetic circuit.
This alloy allows to build transformers with very low no-load loss. Currently the rating
is limited to 10 MVA, because of the flexible structure of the core.

A.5.1 AM-Ribbon

AM-Ribbon or amorphous ribbon is made from a ferric metal alloy. It is produced by
a rapid quench system with quenching speed of minus one million degree per minute
(—10%degree/minute). This speed of quenching is fast enough to avoid crystallisation of
this ferric alloy with a specific chemical composition.

Its thickness is about 25 micron and the normal width, which is commercially available,
is up to 210 mm.

A.5.2 AMT-core

AMT-core for a transformer uses AM-Ribbon as magnetic material. The AMT-core is a
wound core, which reduces iron loss compared to a stacked core. Its best characteristic
is a low iron loss, exploiting the low hysteresis loss and the low eddy current loss of the
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AM-Ribbon. Its disadvantages are its larger size because of the low saturated magnetic
density and the low lamination factor of the material, its flexibility because of the thin
ribbon used, and its higher sensitivity to stress.

A.5.3 AMT

AMT is a transformer using AMT-core. It is also called AMDT when it is used in a
distribution grid and AMIT when it is used in industry, i.e. in factories and buildings.
The best feature of the AMT is its low no-load loss, because of the low iron loss of the
AMT-core. One of the disadvantages is the larger mass of the transformer.

The foot print area of the AMT will be the same as for a silicon steel transformers in
most cases. The biggest disadvantage might be the price difference, although the TOC
(total owning cost) will be smaller because of high efficiency.

The actual load ratio of the industrial transformers is typically 15-35% in developed
countries except for industries operating 24-hours. AMIT fits well to these low load
conditions, because because of its low no-load loss.

A.5.4 Comparison of efficiency

A comparison of distribution transformers is made in the figure below. The horizon-
tal axis is the amount of electricity in kW. The vertical axis is efficiency (= electricity
demand/electricity supplied to the transformer) described in %.

The figure shows that large differences between transformer efficiencies exist, and confirm
the improvement potential.
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Figure A.1: Efficiency comparison for various load conditions
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Appendix B

Promotion Partnership for High
Efficiency Transformers

On September 17, 2002, 50 participants from 20 countries met in Treviso, Italy for the 37
International Workshop on Distribution Transformer Efficiency . A large global electricity
savings potential was identified through the adoption of higher efficiency standards for
transformers, equivalent to the annual electricity use of 30 million families.

Therefore, the workshop participants agreed that further action is needed to improve
transformer efficiency and decided to establish a global forum to work on this issue.
The forum, called "Promotion Partnership for High Efficiency Transformers’ received a
mandate from the participants to work out this position paper on transformer efficiency.
Following individuals and organisations have contributed to the process:
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Name Country Email
Dennis Allan, Merlin Design UK dennis@merlindesign.freeserve.co.uk
Angelo Baggini, ECD [taly angelo.bagginiQecd.it
Andrzej Bagginski, LZE Poland andrzej.baginski@lze.lodz.pl
Ronnie Belmans, KULeuven Belgium | ronnie.belmans@esat.kuleuven.ac.be
Paolo Bertoldi, JRC Italy Paolo.Bertoldi@cec.eu.int
Sergio Bittencourt, ICA India sbittencourt@copper.org
Antonio Bossi Italy antboss@tin.it
Pablo Botteselle, ICA Chile pbotteselleQcopper.org
David Brender, CDA Inc USA dbrender@cda.copper.org
David Chapman, CDA UK UK david.chapman@copperdev.co.uk
Jan Declercq, Pauwels Belgium J.Declercq@pauwels.com
Hans De Keulenaer, ECI Belgium hdk@eurocopper.org
Jan Desmet, Lemcko Belgium jan.desmet@howest.be
Mark Ellis Australia ellism@ozemail.com.au
Andre Even, LABORELEC Belgium andre.even@laborelec.be
Derek Foster, Olsun USA dfoster@olsun.com
Katsuaki Furuya, Hitachi Japan furuya-katsuaki@hitachi-ies.co.jp
Ryusuke Hasegawa, Metglas USA ryusuke.hasegawa@metglas.com
Shane Holt, AGO Australia shane.holt@greenhouse.gov.au
Li Jun Yi China lijunyi@atmen.com
Seydina Kane Senegal skane@senelec.sn
Mayur Karmarkar, ICPCI India mayur_karmarkar@icpci.org
Tony Marker, AGO Australia Tony.Marker@ea.gov.au
Manuel Martinez, University Itajuba Brazil martinezQiee.efei.br
Mike McDermott UK MJMcDermott@Qdial.pipex.com
Alan Meier, ITEA France alan.meier@iea.org
John Mollet, ICA USA jmolletQcopper.org
Pietro Parodi, Europacable - EWWG Italy antonio.martinengo@pirelli.com
Ivo Pinkiewicz, IENOT Poland ienot@rubikon.net.pl
Eiken Shibata, Metglas Japan shibata@metglas.jp
Jerzy Szkutnik, TU Czestochowa Poland szkutnik@el.pcz.czest.pl
Yvan Tits, Electrabel Belgium Yvan. TitsQelectrabel.be
Roman Targosz, ECI Poland cem@miedz.com.pl
Hiroyuki Uchida, Mizuho Japan | hiroyuki.uchida@gene.mizuho-ir.co.jp
Salam Zagha, Nablus Palestine sszagha@nablus.org
Yuejin Zhao, CNIS China zhaoyj@cnis.gov.cn
Victor Zhou, ICA China vzhou@public.bta.net.cn
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