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1.1

1.2

1 INTRODUCTION

Background

istribution transformers are very effident, with losses of less than 0.5% in large units.

Smdller units have effidendes of 97% or above. |1 is estimated that transformer losses
in power distribution networks con exceed 3% of the totd electricd power generated. In
India, for on annud electriaty consumption of doout 500 billion kWh, this would come to
around 15 billion kWh.

Reducing losses con increase transformer efficiency. There are two components that
maoke up fransformer losses. The first is "core" loss (also called no-load loss), which is
the result of the magnetizing ond de-magnetizing of the core during normal operation.
Core loss occurs whenever the fransformer is energized; core loss does not vary with
load. The second component of loss is called coil or load loss, because the effidency
losses occur in the primary ond secondary coils of the transformer. Coil loss is a
function of the resistance of the winding materials ond varies with the lood on the
tfraonsformer.

In selecting equipments, one offen conveniently avoid the concept of life cyde costing. But
the truth is that even the most effident energy tronsfer equipment like a tronsformer,
concept of life cyde oost is very much relevont. The total cost of owning ond operating a
tfransformer must be evaluated, since the unit will be in service for decades. The only
proper method to evduate dternatives is to request the maonufacturer or bidder to supply
the lood ond no-load losses, in watts. Then, simple cdaulations con reved ontidpated
losses af plonned loading levels. Frequently, asmdll inarecse in purchose price will secure a
unit with lower operating costs.

The load profile of elecfronic equipment—from the computer in the office to the
varidble speed drive in the factory—drives both aodditiona losses and unwanted
distortion. Since tfransformer manufacturers test only under ided (linear) conditions, a
substontial gap exists between published loss data and actual losses incurred after
installation. In fact, test results published in a 1996 |EEE Tronsaction paper
documented an admost tripling of transformer losses when feeding 60kW of computer
load rather thaon lineor load. Slightly different proctices are followed in USA and UK to
acocount for harmonics while selecting transformers.

A guide to this guide
This Best Practice Manudl for Eleciric Transformers summarise the opproach for energy

conservation measures pertaning to selection, application and operation of electric
distribution tronsformers.

The detdils of design methodology ond the varied approaches for materids, construction
are not in the soope of this monud. However, some theoreticd aspects are discussed where
ever deemed fit.

Chaopter-2 discusses prindples of tronsformer oction, description of losses and effect of non
linear loads on tronsformer effidency.

Chaopter-3 discusses design aspects of tronsformers to improve effidency
Chapter-4 discusses loss minimisation in application and operation
Chaopter-5 disausses prindples of economic evduation of tronsformers

Chaopter-6 disausses cose studies from Indion ond I nternationd scenario




2 FUNDAMENTALS

2.1 Principle of tfransformer action

A aurrent flowing through a coil produces a mognetic field around the coil. The maognetic field
strength H, required to produce a magnetic field of flux density B, is proportiond to the
aurrent flowing in the cail. Figure 2.1 shown below expladins the adbove prindple

H o Current in

E Switch

Figure 2.1: Relationship between aurrent, magnetic field strength and flux

Magnetic
flux
out (B)

The above prindple is used in dl tronsformers.

A fransformer is a stafic piece of apparatus used for fransferring power from one drauit to
another at a different voltage, but without chonge in frequency. It con raise or lower the
voltoge with a corresponding deaecse or inaeose of current.
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Fig 2.2: Tronsformer schematic

When a changing valtage is applied to the primary winding, the bodk emf generated by the
primary is given by Farodaoy’s low,

EMF = Vp = —NpAg————(])
At




A Current in the primary winding produces a magnetic field in the core. The mognetic field
is dmost totally confined in the iron core and couples around through the secondary ail.
The induced valtage in the secondary winding is dso given by Faraday’s law

At

The rate of change of flux is the same os that in primary winding. Dividing equation
(2) by (1) gives

Vi N

V, N,

In Figure 2.1, the primary and secondary coils are shown on separate legs of the
magnetic drauit so that we can eosily understond how the fronsformer works.
Actudlly, half of the primary and secondary coils are wound on each of the two legs,
with suffident insulation between the two coils and the core to properly insulate
the windings from one another ond the core. A transformer wound, such os in
Figure 2.2, will operate af a greatly reduced effectiveness due to the maognetic
leakage. Magnetic leokage is the part of the magnetic flux that passes through either
one of the cooils, but not through both. The larger the distonce between the
primary and secondary windings, the longer the magnetic drcuit oand the greater the
leakoge.

The voltage developed by traonsformer action is given by
E=4.44xfx NXx BmoxXAcore,

where E = rafted coil voltage (volts),
f = operating frequency (hertz),
N = number of turns in the winding,
Bmx = maximum flux density in the core (tesld), and
Acre. = Cross-sectiond area of the core material in Sg. metres.

In addition to the voltoge equation, a power equation expressing the volt-ompere
rating in terms of the other input parameters is also used in traonsformer design.
Spedfically, the form of the equation is

KVA = 444 x f X N X Bmox X Acore X J X Acond,

where, N, Bmax. Acore ond f are os defined dbove, J is the current density (A/ sg. mm),
aond Agng is the coil cross-sectional area (mm?) in the core window; of the conducting
material for primary winding. J depends upon heat dissipation and cooling.

Sample calculation

A 50 Hz transformer with 1000 turns on primary and 100 turns on secondary,
maoximum flux density of 1.5 Tesla and core area of 0.01 m?. Jis taken os 2
Amps./Sg. mm and Acond aos 30 mm? for this illustration. Voltage developed is given
by

In primary winding,
Eprimory = 4.44 X fX pr Bmo)( X Acore,

4.44 X 50 X 1000 X 1.5 X 0.01
3330 Volts
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Esecor]dary = 4.44 X fX NS X qux X Acore,
4.44 X 50 X 1000 X 1.5 X 0.01
333 Volts

Volt-ampere capaobility is given by the following :

Power rating = 4.44 x f X NP X Bmex X Acore X J X Acong, X 0.00T  KVA.
= 4.44 X 50 X 1000 X 1.5 X 0.01 X2 X 30 X 0.001
= 200 kVA approximately.
Actuadl Rated KVA = Rated Voltage X Rated Current X 10 for single phase
tfransformers.
Rated KVA = V'3 X Rated Line Voltage X Rated Line Current X 107 for three phase
tfransformers.

Losses in Transformers
The losses in atfransformer are as under.

Dielectric Loss

Hysteresis Losses in the Core

Eddy current losses in the Core

Resistive Losses in the winding conductors

Increcsed resistive losses due to Eddy Current Losses in conductors.

For oil immersed fransformers, extra eddy current losses in the tank structure.

SARSIERR

Basic description of the factors affecting these losses is explained below.

Dielectric Losses

This loss occurs due to electrostatic stress reversdls in the insulation. 11 is roughly
proportiona to developed high voltage and the type and thickness of insulation. |t
varies with frequency. It is negligibly small and is roughly constant. ( Generdlly
ignored in medium voltoge fransformers while computing efficdency ).

Hysterisis Loss

A sizeable contribution to no-load losses comes from hysteresis losses. Hysteresis
losses originate from the molecular magnetic domains in the core laminations, resisting
being magnetized and demagnetized by the alternating magnetic field.

Each time the magnetising force produced by the primary of a transformer changes
because of the opplied oc voltage, the domains realign themselves in the direction of
the force. The energy to accomplish this realignment of the magnetic domains comes
from the input power and is not transferred to the secondary winding. It is therefore a
loss. Because various types of core materials have different mognetizing dbilities, the
selection of core material is an important factor in reducng core losses.

Hysteresis is a part of core loss. This depends upon the area of the magnetising B-H
loop ond frequency. Refer Fig 2.3 for atypical BH Loop.




223

[mn ] oo

= =

2 2

[E) m

=) =)

.= o

= =

L L

Field strength. H Field strength. H

Energ__l,l usgd [{a] . Enerngy releazed by
establizh field collapzing field

Fig2.3: B-H Loop: Energy input and retrieval while inaeosing ond decreasing current.
Loss per hdf cyde equals half of the area of Hysteresis Loop.

The B-H loop area depends upon the type of core materiad and moximum flux density.
It is thus dependent upon the maximum limits of flux excursions i.e. Bmx. the type of
materiol ond frequency. Typicdly, this accounts for 50% of the constant core losses
for CRGO (Cold Rolled Grain Oriented)sheet steel with normal design practice.

Hysterisis Losses, Wh =KnhxfxXBm'® Watts /K Q.

Where Ky = The hysterisis constant
f = Frequency in Hertz
Bm = Maximum flux density in Tesla

Eddy Current Losses in The Core

The dlternating flux induces an EMF in the bulk of the core proportional to flux density
ond frequency. The resulting drculating currents depends inversely upon the resistivity
of the material and directly upon the thickness of the core. The losses per unit mass of

core material, thus vary with square of the flux density, frequency and thickness of
the core laminations.

By using a laminated core, (thin sheets of silicon steel insteod of a solid core) the
path of the eddy current is broken up without increcsing the reluctance of the
magnetic drcuit. Refer fig 2.4 below for a comparison of solid iron core ond a
lominated iron core.

Fig. 2.4B shows a solid core, which is split up by laminations of thickness *d,” ond
depth d, as shown in C. This is shown pictoridly in 2.4 A
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Fig 2.4: Core lomination to reduce eddy current losses

2,42
Eady Losses, We = KexBm® xfxt Watts/Kg.
Where Kg The eddy current constant
Frequency in Hertz.
Moximum flux density in Tesla
Thickness of lamination strips.

f
Bm
1,

For redudng eddy losses, higher resistivity core materia ond thinner (Typical
thickness of laminations is 0.35 mm) lamination of core are employed. This loss
decrecases very slightly with increase in temperature. This variation is very smadll and is
neglected for dll proctical purposes. Eddy losses contribute to about 50% of the core
losses.

Resistive losses in the windings

These represent the main component of the load dependent or the varidble losses,
designated as I°R or ocopper losses. They vary os square of the r.m.s current in the
windings and directly with d.c. resistance of winding. The resistance in turn varies with
the resistivity, the conductor dimensions; and the temperature.

R pxl
A
Where R = Winding resistance, Q
P = Resistivity in Ohms - mm?/m.
| = Length of conductor in metres
A = Area of aross section of the conductor, mm?

In oddition, these losses vary with winding temperature aond thus will vary with the
extent of looding oand method of cooling. The winding resistance at a temperature T is
given by the following equation.

T+ 235

To+ 235
227 for Alloyed Aluminium.

RL = Rox( ] The constant 235 is for Copper. For Aluminium, use 225 or

Where Rg = Winding resistance at temperature Tg, Q
RL = Winding resistance af temperature, T, Q




Ther.m.s value of current will depend upon the lood level and dlso the harmonic
distortion of the current.

2.2.5 Eddy Current Losses in conductors:

Conductors in tfransformer windings are subjected to dternating leckage fluxes aeated by
winding aurrents. Leckoge flux paths, which pass through the aoss section of the
oconductor, induce voltoges, which vary over the aoss section. These varying linkoges are
due to self-linkaoge os dso due to proximity of adjocent current carrying conductors. These
induced vaoltoges, aeate draulating aurrents within the conductor causing odditiond losses.
These losses are varying os the square of the frequency.

For on isolated conductor in spoce, the varying self-linkoge over the section, leads to
dustering of the aurrent near the conductor periphery. This is known os Skin Effect. The
same effect, with the oddition of flux from surrounding conductors, (Proximity effect) leads
to extra losses in thick conductors for tfransformer windings. These losses are termed os
Eddy Current Losses in conductors.

The Test Certifioote mentions the load losses, which indude these eddy losses in conductors
at supply frequency (50 Hertz) os dso the eddy losses in tonk structure in generd af the
same frequency in the cose of oil cooled transformers. For dry type tronsformers, tonk
losses are dbsent.

The oconfribution of eddy losses induding tank losses, over the basic copper losses for on
equivdent D.C. aurrent, con be estimated from the difference in measured load losses and
expected copper losses at the test current at the test temperature. For normal designs it
ranges from 5% to 15% . Detadiled subdivision is avdilable only from design data. It con be
taken os 10% of load losses in the absence of spedfic design data. These extralosses vary
with square of frequency ond square of per unit harmonic current.

The eddy losses in the taonk structure are equivdent to the dissipation in a looded
secondary with leokage reactance. The variation is not os the square of frequency, and it is
austomary to take avalue of 0.8 for the exponent.

The Eddy losses in a thick conductor con be reduced by deaecsing the radid thidkness by
sectiondlising the conductors ( multi-stronded) ond increcsing the oxid dimension. The
sectiondlised conductor has to be tronsposed to make it occupy dll possible positions to
equdise the e.m.fs to the extent possible.

A smplified expression for eddy current losses in conductors is given below.

Lc L

W/N —P o

Fig 2.5 : Sectionalised transformer winding - Schematic
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The ftotd radial thickness of conductor of W am is subdivided into N parts of W/N thidkness
each. Keis the ratio of the totd losses induding eddy loss, o the loss due to D.C. current.

2
Ke = 1+(aW/N)“><§

(rx 47 x107 xf)xLc
Where o = where 4n X 10 ~is permedbility of space.

pxL

Where Lc= Axid length of cail.
L = Window Height
W = Rodid totd conductor width in metres
W= Width per subdivision W/N in centimetres.
p = Resistivity, in Ohm-metres

Lc _8
For Copper at 60C, & = 100X T . P= 2X10 " Ohm-metres

If W"is inan, W= W'/100

., [LC 2
Henoce aoW/N = WX T , o is thus proportiond to < .

As the number of subdivisions inaecse, W’ becomes smailer ond Ke comes nearer to 1; but
dways above 1. For agiven geometry, eddy losses incease os square of frequency.

It is importont to tronspose each layer so that each layer is connected in series with a path
in each one of the possible N positions before being pardleled. Thus draulating current is
forced to flow in arelatively very thin conductor.

Extra Eddy Losses in Structural Parts

Some leokoge flux, invaridbly goes in air paths away from the fransformer. Strength of this
stray flux diminishes ond varies inversely with distance. If it links with any conducting
materidl, it will produce eddy losses in that materid. For oil immersed tronsformers, some
stray flux links with some parts of the tonk and causes extra eddy current losses in the
structure. These losses are dosent in dry type fransformers.

Similorly, extra flux due to outgoing L.T. conductors carrying large currents couse extra
eddy aurrent losses in the structural portion surrounding the leads.

Both these losses vary with frequency %%, os stated earlier.
The dbove discussion on tronsformer losses is given only to gain familiarity with the

fundomenta prindples. The most importont losses are core loss ond ocopper loss. The
other losses are descaribed mainly to give a complete picture on losses.




3 TRANSFORMER OPERATION

3.1

3.1.1

Variation of losses during operation

The losses vary during the operation of a tronsformer due to loading, voltage changes,
harmonics ond operating temperature.

Variation of losses with loading level

% Effidency — Output x100
Output + Losses
= P xkVA rating x p.f.x1000x 100
P x kVA ratingxp.f.x1000+NL + LL. xP*x T
Where,
P = Per unit loading
N.L. = Noload losses in Watts
L.L. = Load losses in Watts at full load, of 756 C
T = Temperature correction factor
p.f. = Lood power foctor

The bosic D.C. resistance copper losses are assumed to be 90% of the load losses. Eddy
aurrent losses ( in conductors) are assumed to be 10% of the load losses. Bosic IR losses
inaeose with temperature, while eddy losses deaeases with increcse in temperature. Thus,
90% of the lood losses vary directly with rise in femperature and 10% of the load losses
vary inversely with temperature. Cdaulations ore usudly done for an assumed temperature
rise, and the rise in temperature is dependant on the totd losses to be dissipated.

Operating temperature = Ambient temperature + Temperature rise

To estimate the variation in resistance with temperature, which in turn depends on the
loading of the transformer, the following relationship is used.

Rr- op F + Tamb + Trise
R - ref B F + Tref

Where F= 234.5 for Copper,
= 225 for Aluminium
= 227 for dloyed Aluminium
Rr.op = Resistonce at operating femperature
Tief = Stondard reference temperature, 75 C

Load losses at operating temperature
Load losses at reference temperature

= 0.9x| BT |, g 15[ BT
RT—ref RT—op

If a more redlistic subdivision of load losses is known from design data, the doove
expression con be modified accordingly.

Temperature correction factor, T =

Rr o 234.5+100 ]
Rr_rf 2345475

If operating femperatureis 100 C, 0808
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3.2

3.2.1

Hence T = 0.9 x 1.0808 +0.1/1.0808 = 1.06523

Variation in Constant losses

Theiron loss measured by no load test is constont for a given opplied voltage. These
losses vary os the square of the voltage.

Variation in iron losses due to system voltage harmonics: The system input voltoge
may contain voltage harmonics due to aggregate system pollution in the grid. The current
harmonics of the locd harmonic lood adds to this by causing additiona harmonic voltage
drop depending upon magnitude of a particular harmonic ond the system short draouit
impedonce at the point of supply, ond the fransformer impedonce for that spedfic harmonic
frequency. The combined totd harmonics offect the flux waveform and give added iron
losses. Theinaeose in constant loss is quite small, due to this voltage distortion.

Variation in Load Losses

About 90% of the load losses as measured by short circuit test are due to 12R losses in
the windings. They vary with the square of the current oand also with winding
temperature.

Load Losses = (Per Unit Loading) xLoad Lossesat Full Loadx[%]
+ | ref

F = Temperature coeffident = 234.5 for Copper and 227 for Aluminium.
Ties= 75 °Cusudlly, or s presaibed in the test certificate

Variation in load losses due to load power factor: Any reduction in current for the
same kW load by improvement in p.f. reduces load losses.

Variation in losses due to current harmonics: The system current harmonics incecse
the r.m.s current ond thus inarecse the baosic I2R losses. In addition, the magor incecse
comes from the variation in eddy current losses in the windings (Usudlly 5 to 10% of the
totd load losses), which vary with the square of the frequency.

Loss Minimisation in Application & Operation

Transformers have along life and do not generdly suffer from technicd obsolescence. The
opplication detdils are not dearly known during selection ond the load and the type of load
dso changes with fime. Hence tronsformer rating is likely to be over-spedfied. However,
this is generdly not a disodvantage from the view point of energy consumption. The usud
best effidency point is near 50% load.

Selection of Rating and Number of Transformers

In generdl, selection of only one transformer of large rating gives maximum effidency ond
simpler instdlation. For large plants with long in plont distances, two or more transformers
of equd rating may be selected. Moreover for aiticd confinuous operation plants, power
may be had from two independent feeders at similar or different voltoge levels. In adll such
axses, eadh fransformer may be suffident to run the plont. Thus normd operation may be
at 50% lood. Such a situation con leod to lower than 25% load at times. For non-
continuous operation of plonts with holidays or seasond industries, switching off one
tfransformer to save part load losses is generdly considered.

Planning for growth of loads ond addition of non linear loads is becoming inarecsingly
important. The factors to be considered are:
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* Expected growth of load over around five to ten years
¢  Maorgin for minimum 15 to 20% growth

* 1010 15% margin for non-linear loads

¢ Avdilobility of stondard rating

Generdlly, 30 1o 50% exocess copadty, reduces load losses, but the extra first cost is rarely
justified by energy saving done. On the contrary, a dose rediistic estimate permits extra
first cost on a smdler fransformer designed on the bosis of Least Totd Ownership Cost (
TOO) basis. Economic evaluation of transformers is discussed in chopter 5.

For nonlinear loods, traonsformers with minimum eddy losses in totd load loss is preferred.
Tronsformer losses may be spedfied af a stondard reference temperature of 75 C. They
have to be corrected to expected site operating temperature. Besicl %R losses increcse with
temperature, while eddy losses deareose with incecse in temperature.

For nonlinear loads, the derating foctor may be worked out tcking a K-factor of 20. Details
of K factor evaluation is given in section 3.4 of this chapter. This will need derating of 12%
for 10% nonlinear load to doout 27% for 40% nonlinear lood.

The load factor doffects the load losses materidly ond on estimate of onnud r.m.s. load
aurrent value is useful.

Tronsformers with relatively low no load losses( Amorphous Core Type) will maintain good
effidency at very low loads ond will help in coses where high growth is expected, but risk of
slow growth is to e minimised.

Energy Saving by Under-utilisation of transformers

Toble 3.1 summcrises the variation in losses and effidency for a 100 kVA tronsformer ond
dso shows the difference in losses by using a 1600 kVA transformer for the same. The
1000 kVA tronsformer hos a no lood loss of 1700 watts ond load loss of 10500 Watts af
100% load. The corresponding figures for 1600 kVA transformer are 2600 Watts and 17000
Watts respectively. Loading is by linear loads. Temperatures assumed equd.

Taole 3.1: Comparison of fronsformer losses

1000 kVA, 1600 kVA. Difference
No load losses = 1700 W No load losses = in losses,
2600 W w

Per Load Total Output, Efficiency, Load Total

unit losses, losses, kW % losses, losses,

load W w w w

0.1 105 1805 100 98.23 60 2660 861

0.2 420 2120 200 98.95 265 2865 745

0.3 945 2645 300 99.13 597 3197 552

0.4 1680 3380 400 99.16 1062 3662 282

0.5 2625 4325 500 99.14 1660 4267 -58

0.6 3780 5480 600 99.09 2390 4990 -490

0.7 5145 6845 700 99.03 3258 5853 -992

0.8 6720 8420 800 98.96 4250 6850 -1570

0.9 8505 10205 900 98.88 5379 7979 -2226

1.0 10600 12200 1000 98.78 6640 9240 -2960

The effidency of 1000 kVA tronsformer is maximum at doout 40% load.Using a 1600 kVA
tfransformer couses underloading for 1000 kW load. The last column shows the extra power
loss due to oversized traonsformer. As expected, af light loads, there is extra loss due to
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dominonce of no load losses. Beyond 50% load, there is saving which is 2.96 kW at 1000
kW load.

The saving by using a 1600 kVA transformer in place of a 1000 kVA transformer af 1000
kW load for 8760 hours/onnum is 25960 kWh/year. @Rs 5.0 /kWh ,this is worth Rs 1.29
lakhs. The extrafirst cost would be around Rs 15.0 lakhs. Hence deliberate oversizing is not
economicdly vioble.

Reduction of losses due to improvement of power factor

Transformer load losses vary os square of acurrent. Industrial power factor vary from 0.6 to
0.8. Thus the loads tend to draw 60% to 25% exoess current due to poor power factor. For
the same kW load, acurrent drawn is proportiond to KW/pf. If p.f. is improved to unity aof
load end or tfronsformer secondary, the saving in load losses is os under.

Savingin load losses
l 2

= (Per unit loading cs per kW) 2 X Load losses at full load X [—f -1
p

Thus , if p.fis 0.8 oand it is improved to unity, the saving will be 56.25% over existing level
of load losses. This is a relatively simple opportunity to moke the most of the existing
tfronsformer and it should not be missed. It should dso be kept in mind that correction of
p.f downstream saves on cable losses, which may be dmost twice in vdue compared to
tfransformer losses.

Segregation of nonlinear loads

In new instdlations, non-linear loads should be segregated from linear loads. Apart from
ecse of separation and monitoring of harmonics, it con be supplied from a fransformer
which is spedally designed for handling harmonics. The propaogation of harmonics con be
controlled much more ecsily and problems con be confined to known network. Perhops a
smdler thon usud fransformer will help in coordinating short drcuit profection for network
os well os active devices. The only disadvantoge apart from additiond ocost is the increased
interdependence of sensitive loads.

Effect of operating temperature

The losses have to be dissipated through the surfoce area. When the transformer volume
inadecses, the ratio of surfoce area to volume reduces. Thus, larger tronsformers are
difficult to ocool. Oil cooling uses a liquid insulating medium for heat fronsfer. In ocold
ocountries the ambient temperature is lower, giving a lower operafing temperature.  In
fropicd countries, ambient temperature is higher giving a higher operating temperature.

Qil cooled tfransformers operate at lower temperatures compared to dry type tronsformers.
Every 1Crise in operating temperature gives doout 0.4% rise in load losses. A reference
temperature of 75 C is selected for expressing the losses referred to a standard
temperature. The operating femperature limit is dedded by the type of insulation used and
the difficulties of cooling. This gives on additiond foctor for comparing losses during design.
Higher temperature permits reduction in materid content ond first cost. Operating
temperature beyond the limits presaibed for the insulation, reduces life expectoncy
materially.

Oil cooled tronsformers operate at lower temperatures compored to dry type transformers.
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3.4.1

Assessing the effects of Harmonics
Load loss performonce of a design or on instdled transformer with known data con e done
if the levels of harmonic current are known or estimated.

IEC 61378-1 Transformers for Industria Applications’ gives a generd expression for
estimating lood losses for loads with harmonics. This stondaord is spedficdly meant for
tfransformers ond reactors which are an integrd part of converters. It is not meont for
power distribution tronsformers. The method is opplicdble for estimation in power
distribution fronsformers. It con be used for cil ocooled tronsformers or dry type
fransformers.

The dternative approaches for power distribution traonsformers using K-Factor ond Factor-K
are given |ater.

As per IEC61378-1 the totdl load losses with current harmonics are given os under

2 N 2 N 2
PTZPDC1X(||—L] + Pwe1x Z[ll—h] xh? |+ (Pcet + Pse1)x Z[ll—h] xh?®

1 1 1 1 1

Where PT= Totd load losses and *h'is the order of the harmonic.

Poci= Basic copper losses for fundomentd frequency
Pwe1= Winding eddy losses for fundomentad
Pce1 = Eddy losses in structurd parts due to aurrent leads for fundomentd

Psg1 = Eddy losses in structurd parts for fundomenta

In = Current for harmonic order n

I = Fundamentd current

P and Psgy are not gpplicable to dry type transformers

U.S. Practice - K- Factor

The K-Factor rating assigned to a transformer oand marked on the transformer cose in
acocordance with the listing of Underwriters Laboratories, is an index of the transformer' s
obility to supply harmonic content in its load current while remaining within its operating
temperature limits.

The K-Factor is the ratio of eddy aurrent losses when supplying non-linear loods os
compared to losses while supplying linear loads. In U.S., dry type of fransformers are used
in mgjority of aoplications.

2
k=Y lnn?
n=1

In= Per unit harmonic aurrent , ond n = Order of harmonic

For spedfication in generd, the U.S. proctice is to estimate the K — Factor which gives
ready reference ratio K for eddy losses while supplying non-linear loads as compared to
linear loods.

K = 1 for Resistance heating motors, distribution tfransformers etc.




= 4 for welders Induction heaters, Fluorescent lights
= 13 For Telecommunication equipment.
=2

K
K
K 0 For main frame computers, variable speed drives and desktop computers.
T

he eddy losses in conductors, are ossumed to vary ¢s I”/)z xn’ where | is the totd

r.m.s. current andis assumedto be 100 % i.e. rated value.

|=\/(|12+|22+....+|n2) where |7 is token os 1. Now, since | is defined, loss

variation is taken os (I%)z xn’ induding fundomental.

K is ratio of Eddy losses af 100 % current with harmonics and Eddy losses af 100 %
aurrent with fundomental.

K= g('%fxnz

The K-Factor is used directly to spedfy fronsformers for a given duty. The totdl losses,

if needed con be estimated at ony X % loading os under if the contribution of eddy
losses in load losses at fundamental frequency test is known from design; or assumed
typicdly as 10 % . Copper losses are then assumed to be the balance 90 % .

Total load losses af 100 % load = (0.9 + 0.1 x K )

If K= 11, eddy losses at 100% load with this harmonic pattern are 11 times the eddy
losses at fundamental.

Total load losses af 100% load = 0.92+ 1.1=2
Total lood losses at X % load = X < x 2.

If totdl load losses are assumed to be 100% or 1 for same temperature rise, then

X2= 1k =1/2. X = 1/K%% or 70.7 %. Thus the transformer can work af 70% of
its rated load current spedified for linear loads.

A sample K- factor cdlculation is given for a given set of harmonic measurements,
based on the above relationships.




3.4.2

Toble3 2: Estimation for K factor

No CurrenT

0.6761 0.4571 0.4571

3 0.82 0.82 0.6724 0.5544 0.3073 2.7663
5 0.58 0.58 0.3364 0.3921 0.1538 3.8444
7 0.38 0.38 0.1444 0.2569 0.0660 3.2344
9 0.18 0.18 0.0324 0.1217 0.0148 1.2000
11 0.045 0.045 0.0020 0.0304 0.0009 0.1120
Tota r.m.s | 1.479

Sum 2.1876 11.6138

Irms. = \/ 2.1876 =1.479 =1. K-Factor is given by last column.
K factor = 11.618

A K13 rated transformer is recommended for this load.

European Practice- ‘Factor K’

The European practice as defined in BS 7821 Part 4 and HD 538.3.S1 defines a
derating factor for a given transformer by a ‘Factor-K".

2705

K= [1T+——| - | x) nx l
1+e(] ;z’

e = Eddy aurrent loss af fundamentd frequency divided by loss due to a D.C.
aurrent equad to the r.m.s. value of the sinusoida current,
maognitude of nth harmonic current.
Exponentid constant dependent on type of winding ond frequency
1.7 for round / rectangular section
5 for foil type low voltoge winding.
.S, volue of the caurrent induding dll harmonics

1.
R.M

v, 2
( In ]
The objective is to estimate the totd load losses af 100% aurrent, when that current
contains harmonics. The base current is thus | the r.m.s. current which is 100% . This is
equd to the rated current af which the lood losses are measured at fundamentad frequency.
The basic copper losses vary os the square of the r.m.s. aurrent ond hence are equd to the
measured losses af fundamentd frequency.
Totd lood losses at fundomentad are token os unity i.e. 1.
1= 1 2R+ Eddy Losses, Eddy Losses = ex | 2R losses.

2

1T=1"R(1+e)

Eddy Losses as afroction of totdl lood losses = e x | 2R/ I 2R( l+e)=e/l+e
Eddy Losses of 1 (100% )= (e / 1+ e) xLne1 ( 1n/1 )2 xn?
Since harmonics are expressed os fractions of fundomentd,
2
e \ I ><z”:(I12><1q+I32><3“+...+Inz><n“)

Eddy Losses =
a 1+e | ~— li?




2
e L 0 (|12><1q+|32><3q+...+|n2><nq)
—— x|~ | x|1+ )]

1 + e I n=n+2 I12

| = |12 + I|_|2 where I|_|2 equals the sum of squares for harmonics, but exduding
fundomentd.

Totd losses =

I2R+[ﬁjx(|'2 +|H%_(%]x I;; +[ﬁ]x[ﬂ2xn;2(z—?jan

If the tferm for IH2 is neglected, there is on error on safe side with a totd deviation of only

2% 10 4% depending upon Iy, since e/ 1+ e itself is dbout 9% to 10% of totd losses at
fundomental. The oddition to eddy losses may be 10 to 15 times due to harmonics. The
first fwo terms equd the totd losses of fundomentd ond thus equds 1.The Factor K is
token os the square root of totd losses. The expression thus simplifies to the form stated
earlier. The summation term is for n > 1 ond thus covers harmonics only.

At X% load, Load Losses = X2 K2 and since new load losses should be equd to 1,

X=1/K.

Typical calculation (taking gas 1.7 ond assuming that eddy current loss at
fundamental as 10% of resistive loss i.e. e= 0.1) is given below.

Table 3-1: estimation of Factor K

RMS Current [ 1o/ a1 In? | ndayn2 |
1 1 1 1 1 1

3 0.82 0.82 0.6724 6.473 4.3525

5 0.58 0.58 0.3364 15.426 5.1893

7 0.38 0.38 0.1444 27.332 3.9467

) 0.18 0.18 0.0324 41.900 1.3576

11 0.045 0.045 0.0020 58.934 0.1193
Sum 2.1876 &=15.9653

ms. =V 2.1876 = 1.457.

1+ (0.1/ 1.1)X(1/1.457)2X(15.9653—1 ) =1.641
K = 1.28

=~ —
]

Transformer derating factor = 1/K = 1/1.28 x 100 = 78.06%




4 REDUCTION OF LOSSES AT DESIGN STAGE
41 I ntroduction
The design approaches for reduction of losses are well known ond proven. They consists of
1. Using more materid
2. Befter materid
3. New Materid
4. |mproved distribution of materials
5. Improvement in cooling medium and methods
Each design tries to adchieve desired spedfications with minimum cost of materids or
minimum weight or volume or minimum overdl| ocost of ownership. Worldwide, more and
more consumers are now purchasing tronsformers based on the totd ownership costs, thon
just the first cost.
4.2 Minimising Iron Losses
The evalution of materids usedin tronsformer core is summarised below.
YEAR CORE MATERIAL THICKNESS Loss
(opprox.) (mm) (W/kg at 50Hz)
1910 Waorm rolled FeSi 0.35 2 a.5m
1950 Cold rolled CRGO 0.35 1 a.sn
1960 Cold rolled CRGO 0.3 0.9 a.sn
1965 Cold rolled CRGO 0.27 0.84 a.smn
1975 Amorphous metd 0.03 0.2 (1.371)
1980 Cold rolled CRGO 0.23 0.75 a.5m
1985 Cold rolled CRGO 0.18 0.67 a.smn
There are two important core materids are used in fransformer manufacturing. Amorphous
metd ond CRGO. |t con be seen that losses in amorphous metd core is less than 25% of
that in CRGO. This materid gives high permedbility and is avdilable in very thin formations (
like ribbons) resulting in mucah less core losses than CRGO.
The frade off between the both types is interesting. The use of higher flux densities in CRGO
(upto 1.5 T) results in higher core losses; however, less amount of copper winding is
required, os the volume of coreis less. This reduces the copper losses.
In omorphous core, the flux density is less ond thinner laminations dso helps in redudng
core losses. However, there is relatively alarger volume to be dedlt with, resulting in longer
turns of winding, i.e higher resistonce resulting in more ocopper losses. Thus iron losses
depend upon the materid and flux density selected, but affect dso the copper losses.
It becomes dear that a figure for totd losses con be compared while evaluating operating
cost of the tronsformers. The totd operating cost due to losses and totdl investment cost
forms the bosis of Totd Ownership Cost of atransformer.
4.3 Minimising Copper losses

The mgjor portion of copper losses are I2R losses. Using a thicker section of the conductor
i.e. selecting alower aurrent density con reduce the bosic 2R losses. However, an arbitrary
inaecse in thickness con inarease eddy aurrent losses. |n generd, deaecsing radid thickness
by secfiondisation leads to reduction in eddy current losses. A properly configured foil




winding is useful in this context. The designer hos 1o toke care of the proper buildup of furns
with tronsposition ond dso toke care of the medhanicd strength to sustain short dreuit in
addition to needed insulation and surge voltage distribution.

All the same, designers con dways try to get minimum baosic I2R ond minimum eddy current
losses for a given design ond spedfied harmonic loading.
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5.1

5.2

5 ECONOMIC ANALYSIS

I nfroduction

For ony investment dedsion, the oost of ocopitd has to be weighed ogainst the cost/benefits
acaued. Benefits may be in aosh or kind, tangible or intongible ond immediate or deferred. The
benefits will have to be converted into their equivalent money value ond deferred benefits have to
be oconverted into their present worth in money vdue for a proper evdudation. Similarly , future
expenses have to be acoounted for.

The oost of oopitd is reckoned os the rate of interest, where os the purchasing power of the
aurrency meosured ogainst commodities determines the relative value of money in a given
eoconomic domain. Thus interest rates increcses vdue of oopitd where os inflation degrades the
vaue of copitdl.

The deferred monetary gains/expenses are expressed in terms of their present worth( PW). If Rs
90.91 is invested af on annud interest of 10% , it will yield 90.91x (1+10/100) = Rs 100/- at the
end of one year. Hence the present worth of Rs 100 aoffer one year is Rs 90.91/- , if the annud rate
of interest is 10% .

n
1+a
=

1+1

PW = ———— where PW is present worth.
I—a

a= per unit inflation index, annud
i = per unit intferest rate

n = number of years

Purchose of a tronsformer involves first cost and subsequent payment of energy charges during a
given period. The effective first cost or the totd ownership cost con be had by adding the present
worth of future energy charges. The TOC gec i.e. . Totd Ownership Cost: - Effective First Cost odds
an oppropriate amount 1o acoount for energy expenses ond shows a better measure of comparing
on equipment with higher first cost, but having a higher effidency and thus lower running charges.

The oconcept of evdudtion con be applied to tronsformers with the assumptions that the annud
losses and the load level remain steody af an equivdent onnud vdue, the tariff is constont and the
rates of inflation ond interest are constant. These assumptions have obvious limitations, but the
TOC grc conoept is widely used method for evauation. The period of 'n” years may be 10 to 15
years. The longer the period, greater the uncertainty. Generdly, 'n” will be roughly equd to the
eoconomic life of the equipment governed by the tfechnical obsolescence, physicd life ond
peroeptions of return of copitd of the agency maoking the investment dedsion.

Total Ownership cost of transformers

TOC e = Price + Cost of Core loss + Cost of Load loss
Cost of core loss ¢ = AX Coreloss in Watts
Cost of Load loss grc = B X Lood loss in Waitts

Where A = Equivdent first cost of No load losses, Rs/Watt
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PWxELxHPY
1000

PW = Present worth, explained in previous section 5.1
EL = Cost of electridty, Rs/ Kwh, to the owner of the transformer
HPY = Hours of operation per year

B = Equivdent first cost of load losses
= Axp>xT
P = Per Unit load on tronsformer
T = Temperature correction factor, detdils of cdaulation given in section 3.1.1.

Decisions for changeover to new equipment

In this cose there is on added cost of the existing working equipment. The vdue left in a working
equipment con be evauated either by its technicd worth, toking its left over life into consideration
or by the economic evduation by its depredated vdue os per convenience. For transformers, the
prediction of life is very difficult due to varying operating parometers. Moreover, for ony equipment,
there is asadvage value, which con be tcken as equivaent immediate returns.

Thus TOCgc = ( Present depredated effective cost of old equipment — Sdvage vdue ) + A X Core
loss + B X Load loss
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6 CASE STUDIES

6.1

6.2

I nfroduction

Five cose studies are presented from Europeon data os presented in the publication ™ Energy
Saving in Industrid Distribution Traonsformers’ From KEMA, Netherlonds. One ocose study
from Indion industry is given.

The cose studies from KEMA, assume full details of No Load Loss and Loaod Loss os well
os portion of Eddy Losses in Load Loss os being avdlable from fransformer
maonufacturer or from relevant standard. No tests are conducted at site.

The harmonic content of the load is given for each typica application. The applicability
of Low Loss designs in each rating is analysed and payback period is found out. The
cose studies dso give the energy saving gains in terms of reduction in carbon dioxide
(Co2) emission. The likely pendty/gain per Ton of Co2 in monetary terms are taken os
0.3 kg/kWh to 0.6 kg/kWh with a cost ranging from Euro 10 to Euro 33/ ton. This gives
a monetary factor of 0.003 Euro/ kWh to 0.02 Euro/kWh. The energy price is taken os
0.04 Euro/kWh. Thus Co2 cost con be 15 % to 50 % of Energy cost. This factor
however is not applicable for payboack ond it is thus not considered for payback in the
taobles presented.

The payback is considered for extra price to be paid for the low loss fransformer and it
is around 2 to 3 years. The Lood Loss figures given in the tables give the Lood Losses
considering the harmonics in the load. In the first case study, the factor for enhanced
eddy losses in the first load loss is shown for illustration only for illustrating rough order
of values. All studies are presented in the year 2002.

Case Study 1

The cose study considers a large company in the Iron and Steel sector. The average
loading is 400 MW out of which about 60 MW is through H.T. utilization by H.T. Motors.
The remaining 340 MW is through distribution transformers. Load is constant during 24
hours a day, 7 days a week. Transformer ratings vary from 800 kVA to 4800 kVA.
There are about 400 Traonsformers. About 200 Nos. are of 1250 kVA, and about 100
Nos. of 1600 kVA while the remaining 100 Numbers are of different ratings. Most of the
fransformers are reploced between 1982 to 1990. Aimost dll the transformers are of
Dry Type due to problems faced in the earlier oil cooled transformers.

The company follows the totd ownership cost (TOC) concept ond has used A and B figures
of EUR 2.27/W for no load losses ond EUR 1.63/W for load losses.

The compoarative figures are given for 1250 kVA transformers.

Table 5.1 input data 1250 kV transformer

Transformer |load 65% (oconstant load, 24/24h) with 6 pulse harmonics

Economic lifetime 10 years

Interest rate 7%

Energy price EUR 40/MWh

Harmonic spectrum 1 3 5 7 9 111 13115117 119 121 23] 25
% 100 | O 29 11 0 o) 5 0 3 3 0 2 2
A (no-load loss evaluation) EUR 2,46 /W

B (lood loss evaudtion) EUR 1,04 /W
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6.2.1

6.2.2

Illustrative calculations:

Inflation is not considered and hence the present worth expression is simplified using a

= Zero.
l+al"
1- 1- 1
{l+i} /(1+i)" (1+i) -1

Present worth = = =

i—a i i(1+i)

Interest Rate 7 % i.e. 0.07 per unit. Periodis 10 years

10
P, :(HL” —7.0236
0.07(1.07)
EL = 0.04 EUR/kWh
_ PWXELX8760 _ \jRo 46/ Watt
1000
B=AxP°xT,
P=65%,ie 0.65,
T=1
B=2.46 x0.65x0.65

1.039
EUR 1.04/watt

Factor for Harmonics

h=n
Factor for eddy losses = Z (I%)Z xh?
h=1

If harmonics are absent, this foctor is one, The tested lood losses have eddy losses at
fundomentd. |f data from design is avdilable for percentage of eddy loss af
fundamental, it should be used in the calculation. In the adbsence of spedfic data,

copper losses due to I2R can be faken as 90 % and 10% of the spedfied Load Losses
can be attributed to eddy losses at fundamental frequency.

Thus Load Losses ot fundamental frequency = Load Losses x ( p.u. loading)? x ( 0.9 +
@.HxMn

The Exfra addition is over and above eddy losses due to fundaomental frequency and
hence extra harmonic factor

K, =Z(lhn)z><h2—1 o K, =:Z;:(I%l)th2

For the given six pulse harmonics, the fifth has 29% vdue of the fundamentdl.

Hence K, =(0.29) x5x5 = 2.1025
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6.2.3

6.2.4

K, =(0.29) x25+(0.11) x49 + (0.06 ) x121 + (0.05) x169 + (0.03 )’ x 287
+(0.03) x361 + (0.02) x529 + (0.02 f x 625

=2.1025+0.5929 +0.4356 + 0.4225 + 0.2601 + 0.3249 + 0.2116 + 0.25
=4.6001

Total eddy loss factor = 4.6001 + 1 = 5.6

Percentage of Eddy Losses in Load Losses:

The next step is to evauate full load losses with harmonic looding for the given
fronsformer ond adlso for the relatively low loss transformer of similar rafing being
considered for replacement. This requires data on percentage of Eddy Losses in
conductors in the tofd Lood Losses for the existing transformer ond the nearest low
loss substitute. For 1250 kVA rating, the existing and new low loss design have
following data for the subdivision of eddy losses, the figures are inferred from the final
load loss figures given in the KEMA publication.

Existing 1250 kVA Low Loss 1250 kVA
No Load 2400 W 2200 W
Rated Load Loss 9500 W 8200 W
Assumed % Copper Losses 90.69% 90.69%
Assumed % Eddy Losses 9.31 % 9.31%

Full load losses for Harmonic Loading:
Existing Transformer:

Full load load losses on Harmonic Load = Rated load load losses on linear loads x (p.u.
Copper + K (p.u. Eddy loss))

= 9500x(0.9069 +5.6x0.093)

= 9500x1.42826
= 13568.47 or 13568 watts

For Suggested Low Losses transformer

8200 x 1.42826
11711.73 or 11712 watts.

Full load lood losses

It con be noted that inferred distribution is very dose to assumed distribution of 90% ond
10% . This is not always true as con be seen from tables given in the annexure.

For 1600 kVA transformer, the distribution works out to 88.68% copper losses and 11.32% for
eddy losses. For similar harmonic load factor of 5.6 the multiplier comes to 1.5207. Thus rated
full lood loss (Linear) of 10000 w yields afigure of 10000 x 1.5207 = 15207 w. The low loss
substitute has full lood loss (linear) = 9500 x 1.5207

= 14447 w

The actud figure statedis 14218 w. Thus aslightly different distribution is considered for the
low loss substitute. The method thus illustrates the steps to calculate full load loss (harmonic
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loads) if the distribution is known. |f design datais not available, 90% ond 10% subdivision can
give areasonable vdue.

Incidentally it shows that due to harmonic loods the full lood losses have gone up by 42% in
1250 kVA, ond 52% in 1600 kVA transformer.

The needed derating would be 1/‘%42)= 0.839 ond 1/(% 52)= 0.811

For 1250 kVA and 1600 kVA respectively for harmonic loading. The acfual loading is only 65%
and hence dll dlternatives considered are safe from the view point of temperature rise.

6.2.5 Relative economics for low loss transformers (All Dry type) for 1250 kVA and 1600
kVA transformers.
The data worked out for 1250 kVA and 1600 kVA are given in Table 5.2and Table 5.3.

Table 5.2 1250 kVA transformer

Unit Dry Dry Difference
transformer transformer,
low losses
Transformer rating kVA 1250 1250
Rated no-load loss W 2400 2200 -200
Rated load [oss W 13568 11712 -1856
Total annual losses kWh/a 71241 -8623
62618
CO, emission @ 0,4 28,5 25,0 -3.,5
kg/kWh ton/a
Purchase price EUR 12250 13000 750
Present value no-lood loss | EUR 5907 5414 -493
Present value load 10ss EUR 14108 12178 -1930
Capitalised costs EUR 32265 30592 -1673
Pay back (years) 2,2
I nternal rate of return 45%

Table 5.4 1600 kVA transformer

Unit Dry Dry transformer, Difference
transformer low losses
Tronsformer rating kVA 1600 1600
Rated no-load loss W 2800 2670 -130
Rated lood 1oss W 15207 14218 -989
Total annual losses kWh/ 80809 -4797
a 76012
CO, emission @ 0,4 32,3 30.4 -1,9
kg/kWh ton/a
Purchase price EUR 14451 14990 539
Present value no-load EUR 6891 6571 -320
loss
Present value load 10ss EUR 15812 14784 -1028
Capitalised costs EUR 37154 36345 -809
Pay Back (years) 2,8
Internal rate of return 34%
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Comments:

The figures for 1250 kVA, existing transformer are illustrated first.
Rated No Lood Loss = 2400 w = 2.4 kW

Rated load loss = 13568 W = 13.568 kW (full lood)

Annuadl losses for 65% loading for 8760 hours

2.4 x 8760 + 13.568 x 0.65 x 0.65 x 8760 kWh
21024 + 50216.5
71240.5 = 71241 kWh/annum.

Carbon Dioxide emission af 0.4 kg/kWh = 71241 x 0.4
= 28496 kg
= 28.5 Tons/annum

Purchose Price is given as EUR 12250 (About Rs.673750)
Present value of noload losses 2.46 x 2400 = 5904
Token as EUR 5907
Present value of Load Loss = 13568 x 1.04 = EUR 14110
Token as EUR 14108
Total Copitaised Cost = EUR 32265

A similar figure for low loss transformer is EUR 30592

This figure favours the low loss type with on initial purchose price of EUR 13000 which is EUR
750 of added investment.

Payback for extrainvestment of EUR 750:
The low loss fransformer consumes 62618 kWh/annim, saving thereby 8623 kWh/onnum.

Thus the onnud saving = EUR 0.04 x 8623
= EUR 345

Simple payback = % =2170r 2.2 years. (For about 6.12 % Extralnvestment)

0
Internal Rate of Return = E =459 about.

A similar calculation for 1600 kVA shows a saving of 4797 kWh and a payback of 2.8 years for an
added investment of EUR 539 (about 3.73 % extra cost). IRR 34 %.

6.26 Summary:

1. Due to somewhat higher load loss figures used for TOC during initial purchase, higher
investments have been preferred. Hence it is not very attractive to reploce existing
tfronsformers by scrapping.

2. If atransformer is to be replaced for any reason, the low loss substitutes show on
attractive payback of 2.2 to 2.8 years.

The totd saving potentidl for repladng ALL 400 transformers is given below in Table ______ _

Table 5.5 (Page34)

The totd saving potentia of 2939 Mwh/year is equivalent to EUR 117564 /year andis 0.084%
of the total consumption of 3.5 x 10° Mwh/year.
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6.3

Case Study-2: Non ferrous metal sector

In alarge company in the non ferrous metd sector, the totd loading is coout 190 MW. But
amost 180 MW are consumed through dedicated high voltage transformers for electrolysis.
The soope for distribution transformers is limited is only to 10 MW. Qut of it, the lood
variation is doout 45% during 10 hours, 35% during 14 hours.

Totd number of transformers is 25, wherein a good number is at 1000 kVA. Excepting 3
new dry type installed in 1999, most of the transformers are ald(1965 to 1970). The loss

pattern is
No load 1900 Watts

Load loss 10250 Watts

Cdlaulations for 1000 kVA old transformer with the looding pattern ond 5 years of life wit 7%
interest rate gives the A factor = EUR 1.44/watt

And B factor = EUR 0.24/Watt. Harmonics are not considered.

Since the loading is low, giving a very low B foctor, direct replocement is not economically
vidble. Table 5.5 summarises the data for dry transformers and oil cooled transformers for
future replacement.

Table 5.5 outcome 1000 kVA transformer

Unit Dry HD 538 | Oil C-C Difference

transformer ransformer
Tronsformer rating kVA 1000 1000
Rated no-load loss W 2000 1100 -900
Rated load [0ss W 8600 9500 900
Total annual losses kWh/a 30336 -6543

23793

CO, emission @ 0,4 12,1 9.5 -2,6
kg/kWh ton/a
Purchase price EUR 10074 8007 -2067
Present value no-load EUR 2873 1580 -1293
loss
Present value load 10ss EUR 2102 2322 220
Capitalised costs EUR 15049 11909 -3140
Pay back (years) N/A
Internal rate of return N/A

In this cose, the ail fronsformer has a lower first cost and dso lower losses. Hence it is the
most favoured choice ond the rate of return is not gpplicable; since the low loss tronsformer
dso hoppens to have alower first cost.

Table 5.6 summarise the overdl poftentid for the saving. This is equd to EUR 6560 ond
0.0099% of the totd electridty charges becouse only a smdll froction of the totd load is
qudlifying for cadculation of savings.

Table 5.6 Annudl savings potential

Transformer Total Energy saving | CO, emission saving
size number (MWh) (tonnes)
1000 kVA 12 78.5 31.2
Other 13 85,1 33.8
Total 25 164 65

28



6.4

Case Study-3: Paper & Pulp Company

A paper mill started fuctioning since 1978 and was expanded in 1986, the pedk electricd
loading is doout 110 MW, out of which 72 MW are used at high voltoge for HT motors. The
remaining is distributed with 52 transformers with ratings of 1000 kVA and 3150 kVA. The
dominaont number( 28) are 3150 kVA transformers with LV of 690 Valts. Average looding is
65% . The highlight of the cose study is that in 1986, the compony took spedd care to select
tfransformers with low losses for long term gains. These fransformers are better compared to
the low loss transformers available today.

The aose is presented for 3150 kVA tronsformer for which the input datais given in table

5.7.

Table 5.7 : Input data of 3150 kVA fransformer

Transformer size

3150 KkVA oil-type

Transformer load

65% during 24/24 hours with 6
pulse harmonics

Economic lifetime 20 years
I nterest rate 7%
Energy price EUR 40/MWh

Harmonic spectrum

6 pulse according to IEC 146-1-1

A (no-load loss EUR 3,71 /W
evaluation)
B (load loss evaluation) EUR 1,57 /W

The comparison of the 1986 low loss fransformer is made with the origind supply of 1978
based on the likely prices s prevdent in 2002.

The results are shown in table 5.8. It is seen that even though 1986 transformer is about
30% more expensive, it still gives large savings with on internd rate of return of 33 % and
apayback period for extrainvestment of 3 years.

Table 5.8: Outcome of 3150 kVA traonsformer

Unit Oil 1978 Qil 1986 Difference
transformer Transformer
Tronsformer rating kVA 3150 3150
Rated no-load loss W 2870 3150 -280
Rated load [0ss W 24500 16800 -7700
Total annual losses kWh/ 181908 -46816
a 135092
CO, emission @ 0,4 72,8 54,0 -18,8
kg/kWh ton/a
Purchose price EUR 19329 24987 5658
Present value no-load loss EUR 10654 11693 1039
Present value load |oss EUR 66432 45553 -20879
Capitalised costs EUR 96415 82233 -14182
Pay back (years) 3,0
Internal rate of return 33%

It is estimated that the compony is dready saving 46816 kWh/year due to these

transformers.
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6.5

6.6

Case Study-4 Chemical I ndustry

In the KEMA studies, it is observed that; despite variations in the processes, common trends
are observed regarding electricd installations. High relidaility requirements lead to redundancy
in tronsformer installations ond a low averoge loading of about 40% . Based on the generd
observations, afictitious but representative cose study is prepared.

Averoge loading is 110 MW, out of which 40 MW are for electralysis or H.V. motors ond thus
out of the purview. Loading is continuous round the dock ond loads are non-linear. A typicd
rating is 1250 KVA ( 60 out of 71 tronsformers ). The remadining traonsformers are 630, 1000
ond 1600 KVA.

The study compares 1250 KVA HD538 transformer ond 1250 KVA low loss transformer. Life
time is considered 5 years and harmonics are not considered. Interest rate is token os 7% .
Energy price EUR 50/MWH. A= EUR 1.8/W ond B= EUR 0.29/W (40% looding ).

Highlights: For the chosen parameters, the differences are margind. The extra cost of Low
Loss fype is EUR 750 over EUR 12250, and paybadk is 4.2 years with arate of return of 6% .
This is a cose where the chosen parameters of lifetime, harmonics etc. con significontly offect
the dedsion. If the Low Loss type is chosen, the potentid savings con be 214.4 MWH/yr.

Which can dlso meaon savings in CO 2 emission of 85.8 Ton.

Case Study 5 Case of A Large Data Hotel Start Up

This is a high growth rate business with computers os a mgor load. The startup lood
connection is typicdly 100 MW in the growth expectation of 200% to 300% rise per year for a
few years. The economic life time is considered os only one year ond interest 7% . Figures
ossumed are 25% initid 24 Hrs. loading which reaches 70% ot the end of one year. Energy
at EUR 60/MWH, high harmonic loading, A= EUR 0.52/W initid and dso the saome vadlue for no
load losses. B= EUR 0.03/W initid ond 0.24/W at the end of the year.

Highlights: The study shows that due to selection of one year as economic life, the preference
is dearly in favour of lowest first cost. It is reveded that compared to 1600 KVA Dry type
norma ond 1600 KVA low loss Dry type, the cheopest would be on oilcooled CC' type
fronsformer. The copitdised ocosts with harmonics are EUR 16714, ond 17132 (low loss )
respectively initidly. At the end of one year the figures are EUR 22311 ond 22366. Thus the
low loss fransformer is still not aftractive. There is a nef saving of 8222 KWH/year aofter one
yea which equadls adoout EUR 411. The extra price of EUR 539 con not be recovered in the
economic life presaibed. The oilocooled transformer is a winner in the short run, with a
copitalised cost for initid period os EUR 12951 induding harmonics.

Even for this fronsformer, higher operating temperature due to harmonics suggests a arostic
decrecse in operating life from 30 years to 6 years. Even then the selected short economic life
span maokes this choice viable, provided the hot spot temperature is acceptable. By the same
oconsideration a smdiler rating 1000 KVA tronsformer gives a ocopitd saving of 25% even
though it hos on energy pendity.

It is importont to note that the payback period is not offected by the choice of economic life
spon, but the relatively longer paybodk loses its significonce due to short time investment
perception. In such a cose, enfordng minimum loss norms only con help. Alternatively the
investment in the transformer can bbe mode by the utility with along term perception to maoke
energy saving possible. The utility con shift the fransformer Iater to asuitable load os needed.
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6.7

6.8

Summary of European Case Studies:

There is on inferesting summary of the sensitivity of the paybadk period to input parameters.
Tdble 5.9 gives a summary of effect of Low, Medium ond High vdues of parameters on the
paybadck period. Loading and electridty price are two most importont factors. Loading should
be carefully evduated for a proper choice.

Table 5.9 Parameter sensitivity on the payback period

Parameter Parameter variation Payback time
(years)

Unit L M H L M H
Harmonic spectrum None | 12 pulse | 6 pulse 3.3 3.1 2,7
Electridty price EUR/MWh 40 60 80 4,5 3.1 2.4
CO2 emissions ka/kWh 0.3 0.4 0.6 3.2 3,1 3.0
CO2 costs EUR/tonne 0 10 33 3.3 3.1 2,7
Loading profile % 20 40 60 5,2 3,1 1,9
Economic lifetime years 1 5 10 3.1 3,1 3.1
Interest % 5 7 9 3,1 3.1 3.1
Purchase price % 80 100 120 2,5 3,1 3.7

Case Study: Tealndustry ( I ndia)

Energy Audit for Tea Factories making CT.C. Tea, manoged by H/S CW.S (Indio) Ltd.,
District Coimbatore. Audit waos conducted in may 1990 for Mayura ond Parlai Tea
foctories. Power is received at 22 kV and 11 kV by separate lines. This is stepped down
by two 500 kVA Transformer o0 22 kV/433 V an 11 kV/433 V which fee segregated loads.

The typical loss figures for 500 kVA transformers are 1660 W for no load and 6900 W s
load losses for 100% load.

Recommendation : Parallel both transformers for a total 500 kVA load on secondary
side and in lean season and holidays when the load is 5% to below 25% , cut off one
transformer on H.V. oand H.V. sides.

Brief Analysis :

For total lood of 500 kVA, There are three options.

a) Only one transformer takes full 500 KVA LOAD.
Losses = 1.66 (No Load) + (500/500)2 x 6.9 kW (load losses)

b) One fransformer tokes segregated 300 kVA while second akes 200 kVA segregated
load.

Loss = 1.66 + (300/500)%x6.9 +1.66 + (200/500)2 x 6.9 kW
© Both are pardlleled to toke 250 kVA each.
Loss = 2 (1.66 + (250/500)% x 6.9)kW = 6.77 kW.

Thus on mgjor load, the losses are minimum by paralleling both fransformers.
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Operation at higher loads during leave season :
a) Two pardlleled transformers

1. 66 + (0.25/2)% x 6.9} kW = 3.54 kW at 25% load

Losses = 2 (
2 {(1.66) + (0.05/2)?x 6.9} kW = 3.33 kW af 5% load

Losses

b) Only one transformer is energized

Losses

1.66 x (0.25)%2 x 6.9 = 2.09 kW at 25% load
Losses = 1.6

1.66 x (0.05)*x 6.9 .68 kw at 5% load

Thus losses are minimum at low loads using only one fransformer.
The tariff was kVA of M.D. x Rs. 60 + Rs. 0.89 x kWh + Rs. 150 meter rent.

The totd onnual consumption for the factory wos 1856479 kWh per year and the
electridty bill wos Rs. 2038694 giving Rs. 1.0094/kWh as average cost.

The saving by pardleling ond switching off one tronsformer were conservatively
estimated at a minimum of 10000 kWh/year with no investment giving a little over Rs.
10000/year as asaving. Power factor improvement was dlready made but some scope
for further improvement waos suggested. This would reduce M.D. and save on M.D.
charges and dlso give savings on transformer aond cable losses.
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APPENDIX-I: DATA REGARDING AVAILABLE DESIGNS

A.1 Data Source : This data is based on the data given in the reference viz ‘Energy
Saving in Industrial Distribution Transformers” May 2002 by W.T.J. Hulsthorst and J.F.
Groemon of KEMA - Netherlands.

The data is intended give a basic feel dbout the loss levels ond distribution for
distribution transformers ond their relative costs/prices; os per current European
Practice.

The prices are for comparision only but a general conversion factor of 1 Euro = Rs. 55
is considered whenever applicable.

The energy price is stated to be roughly in the range of 40 Euro/Mwh i.e. 0.04
Euro/kWh.

Table Al.
Data For Transformers Used In The Utilities
Rating KVA 100 400 1600
HV. KV 20 10 20
LV V 400 400 690
Loss- HD428 A-A cC A C A-A" A-A" cC cC A C A-A A-A" cC cC A C
Level AMDT AMDT AMDT AMDT AMDT AMDT
No-Load w 320 210 60 80 930 930 810 810 150 180 2.600 2.600 1.700 1.700 380 420
Losses
Load W 1.75 1.47 1.750 1.475 4.600 4.600 3.85 3.85 4600 3.850 14.00 14.00 17.00 1700 17.00 14.00
Losses 0 5 0 0 0 0 0 0 0 0
Totd Kg 520 650 740 770 1.190 1.200 1300 1400 1590 1750 3.300 3.240 3.370 9680 4.310 4550
Mos s
Core Kg 150 220 220 225 435 440 450 540 570 600 1.100 1.210 1.200 1.460 1400 1.550
Mos s
Flux T 183 1.45 1.35 1.35 1.83 1.84 1.85 1.6 1.35 1.35 1.84 1.84 1.7 1.6 1.35 1.35
Density
Conduct Cu/Al Cu Cu Cu Cu Cu Al Cu Al Cu Cu Cu Al Cu Al Cu Cu
or
Materid
Winding Kg 85 1156 130 155 203 145 350 220 360 450 505 295 725 465 1.120 1.225
Mass
Current A/mm 2.9 2.3 2.35 2 2.9 1.55 2.1 1.1 2.3 1.85 3.65 2 2.75 1.4 2.45 2.1
Density 2
Height Mm 1300 1300 1300 1300 1330 1.420 1350 1550 1400 1400 1.890 1.820 1860 2000 1870 1900
Length Mm 890 830 1050 1100 1320 1.100 1010 1130 1340 1240 1.820 2000 1710 1850 17770 1770
Width Mm 600 560 620 620 800 840 800 780 770 800 1.180 1280 1100 1020 1320 1200
Effidenc % 97.9 98.3 98.19 98.46 98.62 98.82 98.8 98.8 98.81 99.00 98.78 98.78 99.02 99.02 98.91 99.10
y () 4 2 9 9
Sound Db (A) 57 36 59 59 61 68 56 58 68 68 68 72 63 63 76 76
Power
Unit Euro 2539 2800 3458 3667 4385 4236 4881 4705 6373 6797 9692 9261 10307 1011 15050 15531
Cost 9
Unit % 90.7 100 121.6 127.5 93.2 91.1 103. 100 135.5 144.5 95.8 91.4 101.9 100 143.7 153.5
Cost 7

Data for Gil immersed transformers, 100 KVA to 1600 KVA used in the utilities. AMDT
refers to Amorphous Core Dry Type.
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Table A-2: Data for calaulated losses for Industry Transformers of 1000 to 4000 KVA.

Typical Industry Transformer Parameters

rating kVA 1000 1600 2500 4000

HV kV 10 10 10 10

LV v 420 420 420 420

Uk % 6 6 8 8

LOSS-LEVEL Oil CC'| Oil DD'| Dry base | Dry Low | Oil CC'| Oil DD'| Dry base | Dry Low ] Oil CC'| Oil DD'| Dry base | Dry Low | Oil CC'| Oil DD'| Dry base | Dry Low
NO-LOAD LOSSES w 1100 935 2000 1735 1700 | 1445 2800 2670 2500 | 2125 4300 4130 3800 | 3230 7000 5540
LOAD LOSSES 75 °C w 9500 | 8075 8600 7270 14000 | 11900 | 10000 9350 22000 | 18700 | 18000 14930 | 34000 | 28900 | 27000 26630
TOTAL MASS kg 2715 | 3157 2530 2800 3900 | 4210 3840 3900 4925 | 6065 5350 5410 8885 | 10108 7660 7710
HEIGHT mm | 1890 | 1800 1560 1620 2090 | 2090 1830 1820 1925 | 1915 2040 2130 2485 | 2415 2470 2410
LENGTE mm | 1500 | 1540 1710 1690 1875 | 1795 1920 1840 2360 | 2370 2160 1980 2545 | 2545 2310 2360
WIDTH mm 950 1800 940 940 1155 | 2090 940 940 1235 | 2370 1230 1230 1375 | 2545 1230 1230
T HS (F) K 65 65 100 100 65 65 100 100 65 65 100 100 65 65 100 100
TLS (H) K 65 65 100 100 65 65 100 100 65 65 100 100 65 65 100 100
SOUND POWER dB(A) 56 51 68 61 68 57 70 67 69 59 74 73 72 60 80 77
EFFICIENCY (*) % 98,94 | 99,10 98,94 99,10 99,02 | 99,17 99,20 99,25 99,02 | 99,17 99,11 99,24 99,06 | 99,20 99,15 99,20
UNIT COST Euro | 8007 | 10353 10074 11108 | 10865 | 12832 14451 14990 | 13670 | 17887 17951 19073 | 24987 | 29402 | 25527 27494
UNIT COST % 100 129 126 139 100 118 133 138 100 131 131 140 100 118 102 110

(*) at full load and cos phi = 1

Table A-3: Data for calculated estimation from design data for percentage of extra eddy
losses in windings and structural parts. For Gil immessed and Dry Type Traonsformers
(KEMA Table 4.6 Page 29-30).

1000 kVA 1600 kVA 2500 kVA 4000 kVA
In Other In Other In Other In Other
winding Pse + winding Pse + winding Pse + winding Pse +
Pwe Pce Pwe Pce Pwe Pce Pwe Pce
Oil CC’' HD 6% 5% 9% 13 % 11% 14 % 13% 28 %
428
Oil DD’ HD 6% 5% 9% 13 % 11% 14 % 13% 28 %
428
Dry type 6% - 9% - 11% - 13% -
HD538
Dry type 6% - 9% - 11% - 13% -
low losses

Table A-4: Distribution Transformers Loss Standards

Load Losses No-Load Losses
Rated Oil-Filled (HD428 Dry Type Oil-Filled (HD428 Diy Type
Power Up to 24 kv2 (HD538 Up to 24 kv2 (HD53§
ListA ListB ListC 12KV Primary | ListA’ ListB LitC 12 KV Primary

KVA w w w w w w w w
50 1100 1350 85 N/A 190 145 125 N/A

100 1750 2150 1475 2000 320 260 210 440

160 2350 3100 2000 2700 460 35 300 610
250 3250 4200 2790 3500 650 530 495 0
400 4600 6000 3330 4900 a0 70 610 1150
630 /4% 6500 8400 500 7300 1300 1030 830 1500
630 /5% 6750 8700 5600 7600 1200 A0 800 1370
1000 10500 13000 9B00 10000 1700 1400 1100 2000
1600 17000 20000 14000 14000 2600 2200 1700 2800
2500 26600 32000 22000 21000 3300 3200 2500 4300
4000 N/A N/A N/A N/A N/A N/A N/A N/A

The short-circuit impedance of the transformers is 4% or 6%, in most cases. This technical
parameter is of importance to a utility for designing and dimensioning the low-voltage network fed
by the transformer. Transformers with the same rated power but with different short-circuit
impedance have a different construction and therefore slightly different losses. For HD428 /
HD538 compliant distribution transformers, the preferred values for the short-circuit impedance are
4% for transformers up to and including 630kVA, and 6% for transformers of 630kVA and above.
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