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IEEE Standards documents are developed within the Technical Committees of the IEEE Societies and the Sta
Coordinating Committees of the IEEE Standards Board. Members of the committees serve voluntarily and 
compensation. They are not necessarily members of the Institute. The standards developed within IEEE rep
consensus of the broad expertise on the subject within the Institute as well as those activities outside of IEEE 
expressed an interest in participating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there are 
ways to produce, test, measure, purchase, market, or provide other goods and services related to the scope o
Standard. Furthermore, the viewpoint expressed at the time a standard is approved and issued is subject t
brought about through developments in the state of the art and comments received from users of the standa
IEEE Standard is subjected to review at least every five years for revision or reaffirmation. When a document 
than five years old and has not been reaffirmed, it is reasonable to conclude that its contents, although still 
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they 
latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership a
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, toget
appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they 
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will i
action to prepare appropriate responses. Since IEEE Standards represent a consensus of all concerned int
important to ensure that any interpretation has also received the concurrence of a balance of interests. For th
IEEE and the members of its technical committees are not able to provide an instant response to interpretation
except in those cases where the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane
P.O. Box 1331
Piscataway, NJ 08855-1331
USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the In
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 R
Drive, Danvers, MA 01923 USA; (508) 750-8400. Permission to photocopy portions of any individual standa
educational classroom use can also be obtained through the Copyright Clearance Center.

NOTE  —  Attention is called to the possibility that implementation of this standard may require use of subject matter cov
by patent rights. By publication of this standard, no position is taken with respect to the existence or validity of
patent rights in connection therewith. The IEEE shall not be responsible for identifying all patents for whic
license may be required by an IEEE standard or for conducting inquiries into the legal validity or scope of th
patents that are brought to its attention.
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Introduction

(This introduction is not part of IEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.)

This guide is applicable to loading 65 C mineral-oil-immersed distribution and power transformers. Guid
loading, IEEE Std C57.91-1981 (prior edition), IEEE Std C57.92-1981, and IEEE Std C57.115-1991 (redesign
IEEE Std 756) are all combined in this document as the basic theory of transformer loading is the same, whe
subject is distribution transformers, power transformers 100 MVA and smaller, or transformers larger than 100
In recognition of different types of construction, special considerations, and the degree of conservatism involve
loading of this equipment, specific clauses are devoted to power transformers and distribution transformers
previously referenced information, the guide for units larger than 100 MVA referenced the IEEE Std C57.9
loading guide for units up to and including 100 MVA.

In the previous guides, different insulation aging curves were used for power transformers and distr
transformers. This was caused by the different evaluation procedures used. The distribution transformer cu
based on aging tests of actual transformers. The power transformer curve was based on aging insulation samp
containers to achieve 50% retention of tensile strength. Investigation of cellulosic insulating materials remove
transformers that had long service life has led knowledgeable people to question the validity of the 50% crite
new criteria suggested is 25% retention. This revised guide will permit the user to select the criteria most ac
to their need, based on percent strength retention, polymerization index, etc. An insulation aging factor may
applied.

A per unit life concept and aging acceleration factor were introduced in this loading guide. The equations giv
be used to calculate percent loss of total insulation life, as has been the practice in earlier editions of the tra
loading guides. The relationship between insulation life and transformer life is a question that remains to be r
It is recognized that under the proper conditions, transformer life can well exceed the life of the insulation.

The assumed characteristics used in previous guides contained tables of loading capability based on assum
transformer characteristics. These assumed characteristics were recognized as not being those of actually b
which may have a wide range of characteristics. In this guide these tables were removed since computer te
permits calculation of loading capability based on specific transformer characteristics.

Two methods of calculating temperatures are given in this guide. Clause 7 contains temperature equations s
those used in previous editions of this guide. These equations use the winding hot spot rise over tank top
assume that the oil temperature in the cooling ducts is the same as the tank top oil during overloads. Recent
using imbedded thermocouples and fiber optic detectors indicates that the fluid flow occurring in the windings
transient heating and cooling is an extremely complicated phenomena to describe by simple equations. The
investigations have shown that during overloads, the temperature of the oil in the winding cooling ducts rises
and exceeds the top-oil temperature in the tank. An alternate set of equations based on this concept is given
G. The change of losses with temperature and liquid viscosity effects, and variable ambient temperatu
incorporated into the equations. A computer program based on these equations is given for evaluation by the
Research in this field is ongoing at this time and may be incorporated into future revisions of this guide.

Changes in the guide, in addition to the consolidation, include information to more accurately load transf
operating down to a −30 °C ambient, information regarding loss of diversity due to cold load pick-up or unusually
ambient temperatures.

Transformers rated 55 °C rise were generally replaced as a standard offering by most manufacturers about 1966
replacements were originally rated 55/65 °C and in 1977 the single 65 °C rated transformers became the indust
standard offering. The higher temperature ratings are based on thermally upgraded oil-paper-enamel in
systems. Loading of 55 °C insulation system transformers is covered in annex D.

Suggestions for improvement gained in the use of this guide will be welcomed. They should be sent to th
Standards Department.
iii
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IEEE Guide for Loading Mineral-Oil-
Immersed Transformers

1. Overview

1.1 Scope

This guide covers general recommendations for loading 65 °C rise mineral-oil-immersed distribution and powe
transformers described in the standards listed in clause 2

Recommendations for 55 °C rise transformers are included in annex D because a substantial percentage o
transformers are still in service.

1.2 Purpose

Applications of loads in excess of nameplate rating involve some degree of risk. It is the purpose of this g
identify these risks and to establish limitations and guidelines, the application of which will minimize the risks
acceptable level. Risk areas are identified in clauses 4 and 9, and in the annexes as noted.

2. References

This guide should be used in conjunction with the following publications. When the following publication
superseded by an approved revision, the revision should apply.

ANSI C57.12.10-1988, American National Standard for Transformers 230 kV and Below, 833/958 through 8
417 kVA Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA Three-Phase, without Load Tap Ch
and 3750/4687 through 60 000/80 000/100 000 kVA with Load Tap Changing-Requirements. 1 

ANSI C57.12.20-1988, Requirements for Overhead-Type Distribution Transformers, 500 kVA and Smaller:
Voltage, 34 500 Volts and Below; Low Voltage, 7970/13 800Y and Below. 

1ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York,
NY 10036, USA.
Copyright © 1996 IEEE All Rights Reserved 1
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ANSI C57.12.21-1980, Requirements for Pad-Mounted, Compartmental-Type, Self-Cooled, Single-
Distribution Transformers with High-Voltage Bushings (High-Voltage, 34 500 GrdY/19 920 Volts and Below; L
Voltage, 240/120 Volts; 167 kVA and Smaller). 

ANSI C57.12.22-1989, Pad-Mounted, Compartmental-Type, Self-Cooled, Three-Phase Distribution Transf
with High-Voltage Bushings, 2500 kVA and Smaller: High Voltage, 34 500 GrdY/19 920 Volts and Below; 
Voltage, 480 Volts and Below—Requirements. 

ANSI C57.12.25-1990, Requirements for Pad-Mounted, Compartmental-Type, Self-Cooled, Single-
Distribution Transformers with Separable Insulated High-Voltage Connectors: High-Voltage, 34 500 GrdY/ 1
Volts and Below; Low Voltage 240/120 Volts; 167 kVA and Smaller. 

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Powe
Regulating Transformers (ANSI).2 

IEEE Std C57.12.26-1992, IEEE Standard for Pad-Mounted, Compartmental-Type, Self-Cooled, Three
Distribution Transformers for Use with Separable Insulated High-Voltage Connectors (34 500 Grd Y/ 19 920
Below; 2500 kVA and Smaller) (ANSI). 

IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Reg
Transformers, and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers (ANSI). 

IEEE Std C57.100-1986, IEEE Standard Test Procedure for Thermal Evaluation of Oil-Immersed Distri
Transformers (ANSI). 

3. Definitions

3.1 aging acceleration factor: For a given hottest-spot temperature, the rate at which transformer insulation ag
accelerated compared with the aging rate at a reference hottest-spot temperature. The reference ho
temperature is 110 °C for 65 °C average winding rise and 95 °C for 55 °C average winding rise transformers (withou
thermally upgraded insulation). For hottest-spot temperatures in excess of the reference hottest-spot temper
aging acceleration factor is greater than 1. For hottest-spot temperatures lower than the reference hot
temperature, the aging acceleration factor is less than 1.

3.2 directed flow (oil-immersed forced-oil-cooled transformers): Indicates that the principal part of the pumped o
from heat exchangers or radiators is forced to flow through the windings.

3.3 non-directed flow (oil-immersed forced-oil-cooled transformers): Indicates that the pumped oil from hea
exchangers or radiators flows freely inside the tank, and is not forced to flow through the windings.

3.4 percent loss of life: The equivalent aging in hours at the reference hottest-spot temperature over a time 
(usually 24 h) times 100 divided by the total normal insulation life in hours at the reference hottest-spot temp
The equivalent aging in hours at different hot-spot temperatures is obtained by multiplying the aging acce
factors for the hottest-spot temperatures times the time periods of the various hottest-spot temperatures.

3.5 transformer insulation life: For a given temperature of the transformer insulation, the total time betwee
initial state for which the insulation is considered new and the final state for which dielectric stress, short circui
or mechanical movement, which could occur in normal service, and would cause an electrical failure.

2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
2 Copyright © 1996 IEEE All Rights Reserved
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4. Effect of loading beyond nameplate rating

4.1 General

Applications of loads in excess of nameplate rating involve some degree of risk. While aging and long time mec
deterioration of winding insulation have been the basis for the loading of transformers for many years, it is rec
that there are additional factors that may involve greater risk for transformers of higher megavoltampere and
ratings. The risk areas that should be considered when loading large transformers beyond nameplate rating 
below. Further discussion regarding these risks is provided in clause 9 or in the annexes, as noted.

a) Evolution of free gas from insulation of winding and lead conductors (insulated conductors) heated b
and eddy currents (circulating currents between or within insulated conductor strands) may jeop
dielectric integrity. See annex A for further discussion.

b) Evolution of free gas from insulation adjacent to metallic structural parts linked by electromagneti
produced by winding or lead currents may also reduce dielectric strength.

c) Loss of life calculations may be made as described in clause 5. If a percent loss of total life calcula
made based on an arbitrary definition of a “normal life” in hours, one should recognize that the calc
results may not be as conservative for transformers rated above 100 MVA as they are for smaller un
the calculation does not consider mechanical wear effects that may increase with megavoltampere ra

d) Operation at high temperature will cause reduced mechanical strength of both conductor and st
insulation. These effects are of major concern during periods of transient overcurrent (through-fault
mechanical forces reach their highest levels.

e) Thermal expansion of conductors, insulation materials, or structural parts at high temperatures may 
permanent deformations that could contribute to mechanical or dielectric failures.

f) Pressure build-up in bushings for currents above rating could result in leaking gaskets, loss of o
ultimate dielectric failure. See annex B for further discussion.

g) Increased resistance in the contacts of tap changers can result from a build-up of oil decomposition p
in a very localized high temperature region at the contact point when the tap changer is loaded be
rating. In the extreme, this could result in a thermal runaway condition with contact arcing and viole
evolution. See annex B for further discussion.

h) Auxiliary equipment internal to the transformer such as reactors and current transformers, may a
subject to some of the risk identified above. See annex B for further discussion.

i) When the temperature of the top oil exceeds 105 °C (65 °C rise over 40 °C ambient according to IEEE Std
C57.12.00-1993 3), there is a possibility that oil expansion will be greater than the holding capacity o
tank and also result in a pressure that causes the pressure relief device to operate and expel the oil.
of oil may also create problems with the oil preservation system or expose electrical parts upon cooli

4.2 Voltage and frequency considerations

Voltage and frequency influences should be recognized when determining limitations for loading a trans
beyond its nameplate rating. This is true even though in all probability there may be little control of these para
during a loading beyond nameplate rating event. Subclause 4.1.6 in IEEE Std C57.12.00-1993 defines the cap
a transformer to operate above rated voltage and below rated frequency. Theuser of this guide should recog
during conditions of loading beyond nameplate, the voltage regulation through the transformer may in
significantly (depending on the transformer impedance) due to the increased kilovoltampere loading and p
dropping power factor.

A conservative guideline to prevent excessive core heating due to increased excitation is to reduce the tran
output volts per hertz limit by 1% for every 1% increase in voltage regulation during the loading beyond nam

3Information on references can be found in clause 2.
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event. For example, if the voltage regulation at rated conditions is 6% and increases to 9% at some loa
nameplate, the output volts per hertz limit might be reduced from 105% to 102%.

4.3 Supplemental cooling of existing self-cooled transformers

The load that can be carried on existing self-cooled transformers can usually be increased by adding auxiliary
equipment such as fans, external forced-oil coolers, or water spray equipment. The amount of additional loadin
widely, depending upon the following:

a) Design characteristics of the transformer
b) Type of cooling equipment
c) Permissible increase in voltage regulation
d) Limitations in associated equipment

No general rules can be given for such supplemental cooling, and each transformer should be considered ind

The use of water spray equipment for supplemental cooling is not recommended for use in normal loading
nameplate rating. Appropriate precautions should be made for application of water spray equipment for suppl
cooling during emergency overloads. The major problem is the build up of scale on the cooling equipment
minerals in the water. Over the long term this buildup will hinder the cooling efficiency. The spray and steam ge
can also cause phase-to-phase flashover between bushings.

4.4 Information for user calculations

If the user intends to perform calculations to determine the loading capability of a transformer using clau
annex G, the user should request the following minimum information in the specification or final test report:

a) Top-oil temperature rise over ambient temperature at rated load
b) Bottom-oil temperature rise over ambient temperature at rated load
c) Average conductor temperature rise over ambient temperature at rated load
d) Winding hottest-spot temperature rise over ambient temperature at rated load
e) Load loss at rated load
f) No-load (core) loss
g) Total loss at rated load
h) Confirmation of oil flow design (that is, directed or non-directed)
i) Weight of core and coil assembly
j) Weight of tank and fittings

NOTE  —  For the purpose of transient thermal calculations, the weight of tank and fittings to be used is only
portions that are in contact with heated oil.

k) Volume of oil in the tank and cooling equipment (excluding LTC compartments, oil expansion tanks,e

For all of the information in a) through g), the conditions under which the measurements were made (load, 
temperature, tap, etc.) should be stated. If test data from thermally similar units is supplied the data shown on
report should be corrected (in accordance with IEEE recommended procedures when issued) by the man
using the actual design characteristics (losses, cooling surface, etc.) of the transformer supplied.

More precise calculations of loading capability may be performed if desired using clause 7 or annex G if the fo
additional information is provided:

l) Load loss at rated load at rated and tap extremes or all possible tap connection combinations
m) Winding resistance at tap extremes or all possible tap combinations
4 Copyright © 1996 IEEE All Rights Reserved
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More precise calculations of loading capability may be performed if desired using annex G if the following add
information is also provided:

n) Total stray and eddy loss as a percent of total load loss and estimated stray and eddy loss
o) Per unit eddy loss at hot spot location
p) Per unit winding height to hot spot location

The temperature rise test is performed (and calculations of temperature rises made when a test is not perform
maximum loss tap position. This data results in conservative predictions of loading capability when the transfo
operated on other than the maximum loss tap. To achieve more accurate predictions of the capability of a tra
based on the actual loading cycle and tap connections, several adjustments may be made of the data prese
test report before the data is used as input to loading calculations. These adjustments are provided in the foll

q) Load cycle in kVA on the actual combination of tap connections.
r) Use the measured or calculated load losses for that tap connection.
s) Correct the temperature rise test data for the lower losses or different rated current.
t) Determine if the hottest-spot winding gradient changes with changes in the tap connections.

Calculating the effect of load tap changer operation into the loading predictions is an extremely complicat
controversial subject and the effect may vary with manufacturer. For some designs the effect of load tap 
operation may have a negligible effect on temperature rises of the transformer windings.

5. Transformer insulation life

5.1 General

The subject of loss of transformer insulation life has had a rich but controversial history of developmen
distribution and power transformers taking independent research paths (refer to I.1 in annex I). As a result o
study and testing, the approach to determination of insulation loss of life in this guide has been significantly m
(refer to I.2 in annex I.) Aging or deterioration of insulation is a time function of temperature, moisture conten
oxygen content. With modern oil preservation systems, the moisture and oxygen contributions to ins
deterioration can be minimized, leaving insulation temperature as the controlling parameter. Since, in most ap
the temperature distribution is not uniform, that part that is operating at the highest temperature will ordinarily u
the greatest deterioration. Therefore, in aging studies it is usual to consider the aging effects produced by th
(hottest-spot) temperature. Because many factors influence the cumulative effect of temperature over time in
deterioration of transformer insulation, it is not possible to predict with any great degree of accuracy the usefu
the insulation in a transformer, even under constant or closely controlled conditions, much less under widely 
service conditions. Wherever the word “life” is used in this guide, it means calculated insulation life, not 
transformer life.

5.2 Aging equations

Experimental evidence indicates that the relation of insulation deterioration to time and temperature follo
adaptation of the Arrhenius reaction rate theory that has the following form:

where

ΘH is the winding hottest-spot temperature,°C

Per unit life A EXP

B
ΘH 273+
-----------------------

=
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A is a constant
B is a constant

The transformer per unit insulation life curve of figure 1 relates per unit transformer insulation life to winding h
spot temperature. This curve should be used for both distribution and power transformers because b
manufactured using the same cellulose conductor insulation. The use of this curve isolates temperature as the
variable affecting thermal life. It also indicates the degree to which the rate of aging is accelerated beyond no
temperature above a reference temperature of 110 °C and is reduced below normal for temperature below 110 °C (see
discussion in I.2 of annex I). The equation for the curve is as follows:

(1)

The per unit transformer insulation life curve (figure 1) can be used in the following two ways. It is the ba
calculation of an aging acceleration factor (FAA) for a given load and temperature or for a varying load a
temperature profile over a 24 h period. A curve of FAA vs. hottest-spot temperature for a 65 °C rise insulation system
is shown in figure 2 and values are tabulated in table 1. FAA has a value greater than 1 for winding hottest-sp
temperatures greater than the reference temperature 110 °C and less than 1 for temperatures below 110 °C. The
equation for FAA is as follows:

(2)

Equation 2 may be used to calculate equivalent aging of the transformer. The equivalent life (in hours or day
reference temperature that will be consumed in a given time period for the given temperature cycle is the follo

(3)

where

FEQA is equivalent aging factor for the total time period
n is index of the time interval, t
N is total number of time intervals
FAA,n is aging acceleration factor for the temperature which exists during the time interval ∆tn.
∆tn is time interval, hours

See annex I for example calculations.

Per unit life 9.80 10
18–

EXP

1500
ΘH 273+
-----------------------

×=

FAA EXP

1500
383
------------ 1500

ΘH 273+
-----------------------–

=

FEQA

FAA n
∆tn

n 1=

N

∑

∆tn
n 1=

N

∑
-------------------------------=
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Figure 1—Transformer insulation life

Figure 2—Aging acceleration factor (relative to 110 °C)
Copyright © 1996 IEEE All Rights Reserved 7
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Table 1—Aging acceleration factor

Temperature 
°C Age factor

Temperature  
°C Age factor

Temperature 
°C Age factor

<37 0.000 0 65 0.005 4 94 0.181 3

37 0.000 1 66 0.006 2 95 0.202 6

38 0.000 1 67 0.007 1 96 0.226 3

39 0.000 1 68 0.008 0 97 0.252 6

40 0.000 2 69 0.009 1 98 0.281 7

41 0.000 2 70 0.010 4 99 0.314 1

42 0.000 2 71 0.011 8 100 0.349 9

43 0.000 2 72 0.013 4 101 0.389 7

44 0.000 3 73 0.015 2 102 0.433 7

45 0.000 3 74 0.017 2 103 0.482 3

46 0.000 4 75 0.019 5 104 0.536 2

47 0.000 4 76 0.022 0 105 0.595 7

48 0.000 5 77 0.024 9 106 0.661 4

49 0.000 6 78 0.028 I 107 0.734 0

50 0.000 7 79 0.031 8 108 0.814 2

51 0.000 8 80 0.0358 109 0.902 6

52 0.000 9 81 0.0404 110 1.000 0

53 0.001 1 82 0.0455 111 1.107 4

54 0.001 2 83 0.0513 112 1.225 6

55 0.001 4 84 0.0577 113 1.355 8

56 0.001 6 85 0.0649 114 1.499 0

57 0.001 9 86 0.0729 115 1.656 5

58 0.002 1 87 0.0819 116 1.829 6

59 0.002 4 88 0.0919 117 2.019 7

60 0.002 8 89 0.1031 118 2.228 5

61 0.003 2 90 0.1156 119 2.457 6

62 0.003 7 91 0.129 5 120 2.708 9

63 0.004 2 92 0.144 9 121 2.984 5

64 0.004 8 93 0.162 2 122 3.286 5
8 Copyright © 1996 IEEE All Rights Reserved
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Table 1—Aging acceleration factor ( Continued )

5.3 Percent loss of life

The insulation per unit life curve (see figure 1) can also be used to calculate percent loss of total life, as has 
practice in earlier editions of the referenced transformer loading guides. To do so, it is necessary to arbitrarily
the normal insulation life at the reference temperature in hours or years. Benchmark values of normal insulation
a well-dried, oxygen-free system can be selected from table 2. Then the hours of life lost in the total time p
determined by multiplying the equivalent aging determined in equation 4 by the time period (t) in hours. This gives
equivalent hours of life at the reference temperature which are consumed in the time period. Percent loss of in

Temperature 
°C Age factor

Temperature  
°C Age factor

Temperature 
°C Age factor

123 3.617 2 149 37.321 5 175 293.641 7

124 3.979 3 150 40.591 5 176 316.371 8

125 4.375 6 151 44.131 5 177 340.751 8

126 4.809 1 152 47.961 5 178 366.891 8

127 5.283 0 153 52.101 5 179 394.911 8

128 5.800 9 154 56.581 5 180 424.921 8

129 6.366 5 155 61.421 5 181 457.071 8

130 6.984 2 156 66.651 6 182 491.501 8

131 7.658 2 157 72.301 6 183 528.351 8

132 8.393 5 158 78.391 6 184 567.781 8

133 9.195 2 159 84.971 6 185 609.961 8

134 10.068 9 160 92.061 6 186 655.081 9

135 11.020 8 161 99.711 6 187 703.311 9

136 12.057 3 162 107.961 6 188 754.861 9

137 13.185 6 163 116.841 6 189 809.941 9

138 14.413 1 164 126.411 6 190 868.771 9

139 15.748 1 165 136.721 6 191 931.601 9

140 17.199 4 166 147.811 7 192 998.671 9

141 18.776 5 167 159.751 7 193 1070.251 9

142 20.489 5 168 172.581 7 194 1146.621 9

143 22.349 3 169 186.391 7 195 1228.081 9

144 24.367 9 170 201.231 7 196 1314.942 0

145 26.557 8 171 217.181 7 197 1407.542 0

146 28.931 5 172 234.3017 198 1506.222 0

147 31.511 5 173 252.7017 199 1611.352 0

148 34.301 5 174 272.4517 200 1723.342 0
Copyright © 1996 IEEE All Rights Reserved 9
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life in the time period is equivalent hours life consumed divided by the definition of total normal insulation life (h
and multiplied by 100. Usually the total time period used is 24 h. The equation is given as follows:

(4)

Table 2—Normal insulation life of a well-dried, oxygen-free 65 °C average winding temperature rise 
insulation system at the reference temperature of 110 °C

Possible definitions of normal life at 110°C from table 2 are the following:

The time duration for continuous operation at hottest-spot temperatures above rated that give different percen
life may be calculated using equation 4. Table 3 gives time durations for various loss of life based on a norma
180 000 h. Normal percent loss of life for operation at a rated hottest-spot temperature of 110°C for 24 h is 0.0133%.

Basis
Normal insulation life

Hours Years

50% retained tensile strength of insulation  
(former IEEE Std C57.92-1981  criterion) 65 000 7.42

25% retained tensile strength of insulation 135 000 15.41

200 retained degree of polymerization  in 
insulation 150 000 17.12

Interpretation of distribution  Transformer 
functional life test data 
 (former IEEE Std C57.91-1981  criterion) 180 000 20.55

NOTES:
1 — Tensile strength or degree of polymerization (D.P.) retention values were 

determined by sealed tube aging on well-dried insulation samples in oxygen-free 
oil.

2 — Refer to I.2 in annex I for discussion of the effect of higher values of water and 
oxygen and also for the discussion on the basis given above.

Normal life

Hours Days

180 000 7500

150 000 6250

135 000 5625

65 000 2708

% Loss of life
FEQA t× 100×

Normal insulation life
-----------------------------------------------------=
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Table 3—Time durations in hours for continuous operation above rated hottest-spot
 temperature for different loss of life values

6. Ambient temperature and its influence on loading

6.1 General

Ambient temperature is an important factor in determining the load capability of a transformer since the temp
rises for any load must be added to the ambient to determine operating temperatures. Transformer ratings are
a 24 h average ambient of 30°C. This is the standard ambient used in this guide. Whenever the actual ambient 
measured, such ambients should be averaged over 24 h, and then used in determining the transformer's te
and loading capability. The ambient air temperature seen by a transformer is the air in contact with its radiator
exchangers. In some installations the transformer may be outdoors but surrounded by buildings or sound d
walls. This may result in recirculation of air, and the ambient should be adjusted accordingly.

6.2 Approximating ambient temperature for air-cooled transformers

It is often necessary to predict the load that a transformer can safely carry at some future time in an unknown 
The probable ambient temperature for any month may be approximated from data in reports prepared by the
or local atmospheric authority for the sections of the country where the transformer is located.

a) Average temperature. Use average daily temperature for the month involved, averaged over several ye
b) Maximum daily temperature. Use average of the maximum daily temperatures for month involved aver

over several years.

These ambients should be used as follows:

 For loads with normal life expectancy, use a), the average temperature as the ambient for the month i
 For short-time loads with moderate sacrifice of life expectancy, use b), the maximum daily temperat

the month involved.

Hot spot 
temp °C

FAA

Percent loss of life*

*Based on a normal life of 180 000 h. Time durations not shown are in excess of 24 h.

0.0133†

†This column of time durations for 0.0133% loss of life gives the hours of continuous operation above the basis-of-rating
hottest-spot temperature (110°C) for one equivalent day of operation at 110°CC.

0.02 0.05 1 2 3 4

110 1.00 24 — — — — — —

120 2.71 8.86 13.3 — — — — —

130 6.98 3.44 5.1 12.9 — — — —

140 17.2 1.39 2.1 5.2 10.5 20.9 — —

150 40.6 0.59 0.89 2.2 4.4 8.8 13.3 17.7

160 92.1 0.26 0.39 0.98 1.96 3.9 5.9 7.8

170 201.2 0.12 0.18 0.45 0.89 1.8 2.7 3.6

180 424.9 0.06 0.08 0.21 0.42 0.84 1.27 1.7

190 868.8 0.028 0.04 0.10 0.21 0.41 0.83 1.66

200 1723 0.014 0.02 0.05 0.10 0.21 0.31 0.42
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During any one day the 24 h average of temperature may exceed the value derived from a) or b) above
conservative it is recommended that these temperatures be increased by 5°C since aging at higher than averag
temperature is not fully compensated by decreased aging at lower than average temperature. With this m
approximated 24 h average temperature will not be exceeded on more than a few days per month and, w
exceeded, the additional loss of life will not be serious.

6.3 Approximating ambient temperature for water-cooled transformers

The ambient temperature to be used for water-cooled transformers is the cooling water temperature plus an a°C
to allow for possible loss of cooling efficiency due to deposits on cooling coil surfaces of water-cooled transform
service.

6.4 Influence of ambient on loading for normal life expectancy

Average ambient temperatures should cover 24 h time periods. The associated maximum temperatures shou
more than 10°C above the average temperatures for air-cooled, and 5°C for water-cooled transformers. Since ambie
temperature is an important factor in determining the load capability of a transformer, it should be control
indoor installations by adequate ventilation and should always be considered in outdoor installations.

Table 4 gives the increase or decrease from rated kVA for other than average daily ambients of 30°C for air and 25°C
for water. It is recommended that a 5°C margin be used when applying the factors from table 4. It should be poi
out that the increase or decrease obtained from table 4 is conservative, and therefore do not check exa
calculations using the equations in clause 7. Table 4 is for quick approximations, only. Loading on the basis of 
temperature with loads permitted in table 4 will give approximately the same life expectancy as if transforme
operated at nameplate rating and standard ambient temperatures over the same period. Table 4 covers a
average ambient temperatures of –30°C to 50°C for cooling air. A check should be made with the manufacturer bef
loading on the basis of ambient air less than –30°C or greater than 50°C.

Table 4—Loading on basis of temperatures
 (average ambient other than 30 °C and average winding rise less than limiting values) 

(for quick approximation) 
(ambient temperature range –30°C to 50°C)

Type of cooling*

*See 5.1 in IEEE Std C57.12.00-1995.

% of KVA rating

Decrease load 
for each°C 

higher 
temperature

Increase load 
for each°C 

lower 
temperature

Self-cooled—OA 1.5 1.0

Water-cooled—OW 1.5 1.0

Forced-air-cooled—OA/FA, OA/FA/FA 1.0 0.75

Forced-oil, -air, -water-cooled
—FOA, FOW, and OA/FOA/FOA

1.0 0.75
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7. Calculation of temperatures

7.1 Load cycles

7.1.1 Load cycles, general

Transformers usually operate on a load cycle which repeats every 24 h. A typical normal load cycle such as s
figure C.1 of annex C, consists of load fluctuations throughout the day. For normal loading or planned over
above nameplate, a multi-step load cycle calculation method is usually used. The 24 h load profile is describ
series of constant loads of a short duration (usually 1/2 h or 1 h). The equivalent load during the short time st
be determined by the method of 7.1.2 or by using the maximum peak load during the short-time period
consideration. This method is usually used in computer programs.

An equivalent two step overload cycle as shown in figure 3 may be used for determining emergency o
capability using the equations 5 through 22. The equivalent two-step load cycle consists of a prior load and a pe
This figure is also used for the purpose of describing calculations to determine equivalent load cycles. There is
one period in the daily load cycle when the load builds up to a considerably greater value than any reached
times, such as shown by the solid line in the overload cycle in figure 3. Generally, the maximum value or peak
not reached and passed suddenly, but builds up and falls off gradually. Calculations using the multi-step loa
described in the above paragraph may also be performed for emergency overload cycles if desired.

7.1.2 Method of converting actual to equivalent load cycle

A transformer supplying a fluctuating load generates a fluctuating loss, the effect of which is about the same a
an intermediate constant load for the same period of time. This is due to the heat storage characteristics of the
in the transformer. A constant load that generates total losses the same as a fluctuating load is assumed an 
load from a temperature standpoint. Equivalent load for any part of a daily load cycle may be expressed by eq

(5)

where

L1, L2,... is various load steps in %, per unit, or in actual kVA or current
N is the total number of loads considered
t1, t2,... is the respective durations of these loads, hours

Figure 3—Example of actual load cycle and equivalent load cycle

L1
2
t1 L2

2
t2 L3

2
t3 ....... LN

2
tN+ + + +

t1 t2 t3 ...... tN+ + + +
-------------------------------------------------------------------------------

0.5
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7.1.3 Equivalent peak load

Equivalent peak load for the usual load cycle is the rms load obtained by equation 5 for the limited period ove
the major part of the actual irregular peak seems to exist. The estimated duration of the peak has considerable
over the rms peak value. If the duration is over-estimated, the rms peak value may be considerably below the m
peak demand. To guard against overheating due to high, brief overloads during the peak overload, the rms val
peak load period should not be less than 90% of the integrated 1/2 h maximum demand.

7.1.4 Equivalent continuous prior load

The equivalent continuous prior load is the rms load obtained by equation 5 over a chosen period of t
Experience indicates that quite satisfactory results are obtained by considering the 12 h periods preced
following the peak and by selecting the larger of the two rms values so produced. Time intervals (t) of 1 h are su
as a further simplification of the equation, which for a 12 h period becomes equation 6. The dashed line in 
shows the equivalent load cycle constructed from the actual load cycle.

(6)

7.2 Calculation of temperatures

7.2.1 General

The method given here for calculation of oil and winding temperatures for changes in load is simplified and r
no iterative procedures. The exponents m and n approximately account for changes in load loss and oil v
caused by changes in temperature. Values for the exponents used in these equations are shown in table 5. Ex
of the exponents for specific transformers may be determined by overload test procedures in IEEE PC57.1
[G6]).

An alternate method, which requires computer calculation procedures, is given in annex G. This method is mo
in accounting for changes in load loss and oil viscosity caused by changes in resistance and oil temp
respectively. The effect of a variable ambient temperature is also considered. This method should produce 
accuracy in loading capability if accurate methods of determining load, ambient temperature, tap position, 
cooling mode in operation are utilized.

7.2.2 List of symbols

Temperatures are indicated by Θ and temperature rises by ∆Θ. Winding hot-spot rises are over top oil unless otherw
specified. Top-oil rises are over ambient.

C is the thermal capacity of the transformer, Watt-hours/°C
EXP is 2.71828 (base of natural logarithm)
IR is rated current
K is the ratio of load L to rated load, per unit
L is the load under consideration, kilovoltamperes or amperes
m is an empirically derived exponent used to calculate the variation of ∆ΘH with changes in load. The value

of m has been selected for each mode of cooling to approximately account for effects of chan
resistance and off viscosity with changes in load.

n is an empirically derived exponent used to calculate the variation of ∆ΘTO with changes in load.
The value of n has been selected for each mode of cooling to approximately account for effects of 
in resistance with change in load.

PT,R is the total loss at rated load, watts
R is the ratio of load loss at rated load to no-load loss on the tap position to be studied

Equivalent continuous 12 h prior load 0.29L1
2

L2
2

.......L12
2

+ +[ ]
0.5

=
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t is the duration of load, hours
Θ is temperature, °C
ΘA is the average ambient temperature during the load cycle to be studied, °C
ΘA,R is the average ambient temperature at rated load, °C
ΘH is the winding hottest-spot temperature, °C
ΘH,R is the winding hottest-spot temperature at rated load on the tap position to be studied, °C
ΘH,U is the ultimate winding hottest-spot temperature for load L, °C
ΘTO is the top-oil temperature, °C
∆ΘH is the winding hottest-spot rise over top-oil temperature. °C
∆ΘH,i is the initial winding hottest-spot rise over top-oil temperature for t = O, °C
∆ΘH,R is the winding hottest-spot rise over top-oil temperature at rated load on the tap position to be stud°C.
∆ΘH,U is the ultimate winding hottest-spot rise over top-oil temperature for load L, °C
∆ΘH/A,R is the winding hot spot rise over ambient at rated load on the tap position to be studied, °C
∆ΘTO is the top-oil rise over ambient temperature, °C
∆ΘTO,R is the top-oil rise over ambient temperature at rated load on the tap position to be studied, °C
∆ΘTO,i is the initial top-oil rise over ambient temperature for t = 0, °C
∆ΘTO,U is the ultimate top-oil rise over ambient temperature for load L, °C
τTO is the oil time constant of transformer for any load L and for any specific temperature differential be

the ultimate top-oil rise and the initial top-oil rise
τTO,R is the time constant for rated load beginning with initial top-oil temperature rise of 0 °C, hours
τW is the winding time constant at hot spot location, hours

Subscripts:

A is ambient
R is rated
U is ultimate
i initial
H is winding hottest-spot
TO is top oil
W is winding
I is over

Superscript: (′) indicates adjustment of test report data to a different tap position.

7.2.3 Components of temperature

The hottest-spot temperature is assumed to consist of three components given by the following equation:

(7)

The top-oil temperature is given by the following equation:

(8)

The temperature calculations assume a constant ambient temperature. The effect of a variable ambient
conservatively considered as follows:

a) For ambient temperatures that increase during the load cycle, the instantaneous ambient should be u
considering load cycles.

b) For decreasing ambient temperatures, the maximum ambient during a long prior cycle of about 12 h
be used.

ΘH ΘA ∆ΘTO ∆ΘH+ +=

ΘTO ΘA ∆ΘTO+=
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7.2.4 Top-oil rise over ambient

The top-oil temperature rise at a time after a step load change is given by the following exponential exp
containing an oil time constant:

(9)

For the two-step overload cycle with a constant equivalent prior load the initial top-oil rise is given by the follo

(10)

For the multi-step load cycle analysis with a series of short-time intervals, equation 9 is used for each load step
top-oil rise calculated for the end of the previous load step is used as the initial top-oil rise for the next lo
calculation.

The ultimate top-oil rise is given by the following equation:

(11)

Equation 11 is used to calculate the ultimate oil rise for each load step. Except for very long duration constan
the ultimate top-oil rise calculated by equation 11 is never reached.

7.2.5 Oil time constant

The thermal capacity is given by the following equation for the OA and FA cooling modes:

(12A)

or

(12B)

The derivation of the exponential heating equation is based on the average temperature rise of the lumped ma
case of the transformer this would be the average oil temperature. However, the top oil is the variable mea
temperature indicators or thermocouples during thermal tests. In equation 12A for the thermal capacity, two-t
the weight of the tank and 86% of the specific heat of the oil was used.

For forced-oil cooling modes either directed or non-directed the thermal capacity is given by the following:

(13A)

or

(13B)

∆ΘTO ∆ΘTO U, ∆ΘTO i,–( ) 1 exp

1
τTO

--------–

–
 
 
 
 

∆ΘTO i,+=

∆ΘTO i, ∆ΘTO R,
Ki

2
R 1+( )

R 1+( )
------------------------

n

=

∆ΘTO U, ∆ΘTO R,
KU

2
R 1+( )

R 1+( )
-------------------------

n

=

C 0.06 weight of core and coil assembly in pounds( )=

+ 0.04 (weight of tank and fittings in pounds)

+ 1.33 (gallons of oil)

C 0.0272 (weight of core and coil assembly in kilograms)=

+ 0.01814 (weight of tank and fittings in kilograms)

+ 5.034 (liters of oil)

C 0.06 weight of core and coil assembly in pounds( )=

+ 0.06 (weight of tank and fittings in pounds)

+ 1.93 (gallons of oil)

C 0.0272 weight of core and coil assembly in pounds( )=

+ 0.0272 (weight of tank and fittings in kilograms)

+ 7.305 (liters of oil)
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For the calculation of the time constant, the weight of the tank and fittings to be used is only those portions th
contact with heated oil. Some transformers, may have cabinetry and tank base construction with substantial we
does not contribute to the thermal mass in determination of the oil rise time constant.

The top-oil time constant at rated kVA is given by the following:

(14)

The top-oil time constant is

(15)

In the derivation of equation 9 it was assumed that the top-oil temperature rise ∆ΘTO is directly proportional to the heat
loss q, or in equation form,

∆ΘTO = kqn

where

n is 1.0

If the exponent n = 1.0, the time constant given by equation 14 and the exponential equation 9 is correct for an
and any starting temperature. If n is less than 1, the equation is incorrect and the time constant must be modif
shown in equation 15 for different overload cycles. Equation 15 was developed to give a corrected time cons
case of n < 1) to use in the exponential equation that gave the same rate of change of initial temperature rise
same final temperature rise if the overload continued indefinitely; however, intermediate temperatures ma
somewhat from actual.

If n is equal to 1.0, 63% of the temperature change occurs in a length of time equal to the time constant rega
the relationship of initial temperature rise and ultimate temperature rise. If n is not unity, the temperature change in
similar time interval will be different, depending on both initial temperature rise and ultimate temperature rise.

7.2.6 Winding hot-spot rise

Transient winding hottest-spot temperature rise over top-oil temperature is given by:

(16)

The initial hot-spot rise over top oil is given by

(17)

The ultimate hot-spot rise over top oil is given by

(18)

The rated value of hot-spot rise over top oil is given by

(19)

τTO R,
C∆ΘTO R,

PT R,
------------------------=

τTO τTO R,

∆ΘTO U,
∆ΘTO R,
-------------------- 

  ∆ΘTO i,
∆ΘTO R,
-------------------- 

 –

∆ΘTO U,
∆ΘTO R,
-------------------- 

 
1
n
---

∆ΘTO i,
∆ΘTO R,
-------------------- 

 
1
n
---

–

---------------------------------------------------------------=

∆ΘH ∆ΘH U, ∆ΘH i,–( ) 1 exp

t
τw

-----–

–
 
 
 
 

∆ΘH i,+=

∆ΘH i, ∆ΘH R, Ki
2m

=

∆ΘH U, ∆ΘH R, Ku
2m

=

∆ΘH R, ∆ΘH A⁄ R, ∆ΘTO R,–=
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The value of the winding hot-spot rise over ambient ∆ΘH/A,R is obtained in the following manner, in order o
preference:

a) By actual test using imbedded detectors
b) Calculated value supplied by manufacturer on test report, or
c) Assume ∆ΘH/A,R = 80°C for 65°C average winding rise and 65°C for 55°C average winding rise

The value of the top-oil rise over ambient ∆ΘTO,R is determined by

a) Actual test per IEEE Std C57.12.90-1993, or
b) Calculated value supplied by the manufacturer on the test report

The winding time constant is the time it takes the winding temperature rise over oil temperature rise to reach 6
the difference between final rise and initial rise during a load change. The winding time constant may be es
from the resistance cooling curve during thermal tests or calculated by the manufacturer using the mas
conductor materials. The winding time constant varies with the oil viscosity and the exponent m. For mo
overloads it is conservative to neglect the winding time constant and assume the winding hot-spot rise over t
given by equation 18.

7.2.7 Exponents for temperature rise equations

The suggested exponents for use in the temperature rise equations are given in table 5.

Table 5—Exponents used in temperature determination equations

7.2.8 Adjustment of test data for different tap position

If it is desired to adjust the test report data for operation on a no-load tap position other than that reported on
report, the following equations may be used. The prime symbol (') indicates values at the different tap positio

Top-oil rise over ambient:

(20)

Hottest-spot rise over top oil:

(21)

Time constant at rated load:

(22)

Type of cooling m n

OA 0.8 0.8

FA 0.8 0.9

Non-directed FOA or FOW 0.8 0.9

Directed FOA or FOW 1.0 1.0

∆Θ'TO R, ∆ΘTO R,
P'T R,
PT R,
------------

n
=

∆Θ'H R, ∆ΘH R,
IR'

IR
------

2m
=

τ'TO R,
C∆Θ'TO R,

P'T R,
-------------------------=
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7.3 Computer calculation of loading capability

Due to the wide variations in transformer characteristics typical loading capability tables are not published 
guide. The equations given in clauses 5 and 7 may be used to develop a computer program that calculates th
capability for a specific transformer design, A suggested flow chart is shown in figure 4. The program should co
and print the maximum peak load that can be impressed on a transformer and meet specified limitations. In a
the computer program should calculate the top-oil and hottest-spot temperatures as a function of time for a r
24 h load cycle. The total loss of insulation life for a 24 h load cycle should also be calculated.

Input to the program should consist of the following:

a) Transformer characteristics (loss ratio, top-oil rise, bottom-oil rise, hottest-spot rise, total loss, gallons
weight of tank and fittings (all at rated load)

b) Ambient temperatures
c) Initial continuous load
d) Peak load durations and the specified daily percent loss of life
e) Repetitive 24 h load cycle if desired

A systematic convergence process may be used to obtain the highest allowable peak load. An initial trial is m
an assumed peak load midway between the minimum continuous load and maximum permitted peak load (3
distribution transformers, 200% for power transformers). Using this peak load, aging calculations are made at
time intervals (depending on the time duration of the peak load) during the 24 h, to determine the total daily ins
aging imposed by the load cycle. A comparison is made between the calculated values and the limiting values
temperature, hot-spot temperature, or specified percent loss of life). Depending on the results, the peak 
changed and the calculation repeated until the calculated value of the total percent loss of life above normal 
±4% of the desired value. At this point, the peak load and corresponding values of peak hottest-spot temperat
top-oil temperature, total percent loss of life, and the specified percent loss of life are printed out.

7.4 Bibliography for clause 7

[B1] AIEE Transformer Subcommittee, “Guides for Operation of Transformers, Regulators, and Reactors,”AIEE
Transactions, vol. 64, pp. 797–805, disc. p. 957, Nov. 1945.

[B2] Cooney, W. H., “Predetermination of Self-Cooled Oil-Immersed Transformer Temperatures Before Con
are Constant”, AIEE Transactions, vol. 44, pp. 611–618, 1925.

[B3] Montsinger, V. M., “Loading Transformers by Temperature,” AIEE Transactions, vol. 49, pp. 776–792, April
1930.

[B4] Montsinger, V. M. and Ketchum, P.M., “Emergency Overloading of Air Cooled Oil-Immersed Po
Transformers,” AIEE Transactions, vol. 61, pp. 906–916, 993–995, 1942.

[B5] Narbutovskih, P., “Simplified Graphical Method of Computing Thermal Transients,” AIEE Transactions, vol.
66, pp. 78–83, 1947.

[B6] Vogel, F. J. and Narbutvskih, P., “Hot-Spot Winding Temperatures in Self-Cooled Oil-Insulated Transform
AIEE Transactions, vol. 61, pp. 133–136, disc. pp. 418–422, March 1942.
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Figure 4—Logic diagram for computer program
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8. Loading of distribution transformers

8.1 Distribution transformer life expectancy

8.1.1 General

Distribution transformer life expectancy at any operating temperature is not accurately known. The informatio
regarding loss of insulation life at elevated temperatures is considered to be conservative and the best tha
produced from present knowledge of the subject. The effects of temperature on insulation life are being inve
continuously, and new data may affect future revisions of this guide. The word conservative as used above is
the sense that the expected loss of insulation life for a single overload cycle will not be greater than the amoun

Because the cumulative effects of temperature and time in causing deterioration of transformer insulation
thoroughly established, it is not possible to predict with any great degree of accuracy the length of life of a tran
even under constant or closely controlled conditions, much less under widely varying service conditions. Deter
of insulation is generally characterized by a reduction in mechanical strength and in dielectric strength, bu
characteristics may not necessarily be directly related. In some cases, insulation in a charred condition w
sufficient insulating qualities to withstand normal operating electrical and mechanical stresses. A transformer
insulation in this condition may continue in service for many months or even years, if undisturbed. On the othe
any unusual movement of the conductors, such as may be caused by expansion of the conductors due t
resulting from a heavy overload or to large electromagnetic forces resulting from short circuit, may distu
mechanically weak insulation such that turn-to-turn or layer-to-layer failure will result.

The recommendations of this guide are based upon the life expectancy curve of figure 1, which relates to the in
system, but does not account for such factors as deterioration of gaskets, rusting of tanks, etc., that are in
exposure to the elements of the weather in normal operations.

8.1.2 Normal life expectancy

The basic loading of a distribution transformer for normal life expectancy is continuous loading at rated outpu
operated under usual service conditions as indicated in 4.1 of IEEE Std C57.12.00-1993. It is assumed that o
under these conditions is equivalent to operation in a constant 30°C ambient temperature. The hottest-spot conduc
temperature is the principal factor in determining life due to loading. Direct temperature measurement of the 
spot may not be practical on commercial designs. The indicated hottest-spot temperatures have therefo
obtained from tests made in the laboratory and mathematical models. The hottest-spot temperature at rated l
sum of the average winding temperature and a hottest-spot allowance, usually 15°C. Normal life expectancy will result
from operating continuously with hottest-spot conductor temperature of 110°or an equivalent dally transient cycle. Fo
mineral oil-immersed transformers operating continuously under the foregoing conditions this temperature h
limited to a maximum of 110°C. Normal life expectancy of transformer insulation using different criteria is give
table 1. Distribution and power transformer model tests indicate that the normal life expectancy at a con
hottest-spot temperature of 110°C is 20.55 years.

8.2 Limitations

8.2.1 General

When loading distribution transformers above nameplate rating, other limitations may be encountered. Amon
limitations are oil expansion, pressure in sealed units, and the thermal capability of bushings; leads, tap cha
associated equipment such as cables, reactors, circuit breakers, fuses, disconnecting switches, an
transformers. Any of these items may limit the loading to less than the capability of the winding insu
Manufacturers should, therefore, be consulted before loading transformers above nameplate rating. Ope
hottest-spot temperatures above 140°C may cause gassing in the solid insulation and the oil. Gassing may prod
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potential risk to the dielectric strength integrity of the transformer and this risk should be considered when th
is applied.

Distribution transformers are sometimes installed in subsurface manholes and vaults of minimum size with
ventilation through roof gratings. This type of installation results in a higher ambient temperature than the outd
The amount of increase depends on the design of the manholes and vaults, net opening area of the roof gra
the adjacent subsurface structures. Therefore, the increase in effective ambient temperature for expected tra
losses must be determined before loading limitations can be estimated.

The separate heating effects of loading a distribution transformer, and of solar radiation, may each resu
enclosure surface temperature high enough to present a hazard to personnel who might come in contact
enclosure surface where unlimited access to the transformer exists (such as certain pad-mounted units).

8.2.2 Limitations for loading above nameplate rating

Suggested limits of temperature and load for loading above the nameplate rating are given in table 6.

Table 6—Suggested limits of temperature and load for loading above nameplate distribution 
transformers with 65 °C rise

8.3 Types of loading

8.3.1 Loading for normal life expectancy under specific conditions

Distribution transformers may be operated above 110°C average continuous hottest-spot temperature for short per
provided they are operated for much longer periods at temperatures below 110°C. This is due to the fact that therma
aging is a cumulative process. This permits loads above the rating to be safely carried under specified co
without encroaching upon the normal life expectancy of the transformer. When the ambient temperature is be
30°C ambient used to establish the transformer's rating, or when the transformer's temperature rises at namep
load, as determined by test, are less than the normal limiting values, some additional load beyond nameplate
possible within normal life expectations.

8.3.2 Loading by top-oil temperature

Top-oil temperature alone should not be used as a guide for loading transformers. The hottest-spot winding 
top-oil temperature at full load should be determined from the factory tests corrected for the actual load ca
using equation 18. This hottest-spot rise over top-oil, subtracted from 110 °C, will give the maximum permissible top-
oil temperature for normal life expectancy. It should be recognized that, due to the thermal lag in the oil temp
rise, time is required for a transformer to reach a stable temperature for any change in load. Therefore, hig
loads may be carried for a short duration. If the transformer characteristics are not accurately known, maxim
oil temperatures derived from figure 5 may be used as an approximate guide. Figure 5 is based on a difference
hottest-spot temperature and top-oil temperature of 25° at rated load.

Top-oil temperature 120°C

Hottest-spot conductor temperature 200°C

Short-time loading (1/2 h or less) 300%
22 Copyright © 1996 IEEE All Rights Reserved
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Figure 5—Approximate continuous loading for normal life expectancy based on 
maximum top-oil temperature
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Figure 6—Loss of life expectancy (based on a normal life of 180 000 h)
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8.3.3 Continuous loading based on average winding test temperature rise

For each degree Celsius in excess of 5°C that the average winding test temperature rise is below 65 °C, the transformer
load may be increased above rated kVA by 1.0%. The 5°C margin is taken to provide a tolerance in the measurem
of temperature rise. The load value thus obtained is the kVA load, which the transformer can carry at 65°C rise. Since
this may indicate a load capability beyond that contemplated by the designer, the limitations given in 8.2 sh
checked before taking full advantage of this increase.

The above is not applicable to all distribution transformers. Some transformers are designed to have the d
between the hottest-spot and average winding temperatures greater than the 15°C allowance. This will result in an
average winding temperature rise of less than 65 °C, while the hottest-spot winding rise may be at the 80°C limiting
value. This condition may exist in transformers with large differences between top and bottom-oil temperatur
manufacturer should be consulted for information on the hottest-spot allowance used for these designs.

8.3.4 Short-time loading with moderate sacrifice of life expectancy (operation above 110 °C hottest-
spot temperature)

When for any given period of time the aging effect of one overload cycle or the cumulative aging effect of a n
of overload cycles is greater than the aging effect of continuous operation at rated load, the insulation deterior
faster rate than normal. The rate of deterioration is a function of time and temperature and is commonly expre
a percentage loss of life per incident. A chart and table showing relative loss of life for various combinations 
and temperature are given in figure 6 for 65°C rise transformers.

It should be clearly understood that, while the insulation aging rate information is considered to be conserva
helpful in estimating the relative loss of life due to loads above nameplate rating under various condition
information is not intended to furnish the sole basis for calculating the normal life expectancy of trans
insulation. The uncertainty of service conditions and the wide range in ratings covered should be consid
determining a loading schedule. Some of the variables are wide differences in ambient temperature between l
differences in elevation; restricted air circulation caused by buildings, fire walls, etc.; previous emergency l
history that may not be known to the operator; and variations in design characteristics. As a guide, many users
an average loss of life of 4% per day in any one emergency operation to be reasonable.

9. Loading of power transformers

9.1 Types of loading and their interrelationship

Power transformer life expectancy at various operating temperatures is not accurately known, but the info
given regarding loss of insulation life at elevated temperature is the best that can be produced from present kn
of the subject. Loads in excess of nameplate rating may subject insulation to temperatures higher than the
rating definition. To provide guidance on risk associated with higher operating temperature, four different l
conditions beyond nameplate have been defined. An increased risk is probable for each successive loading
attendant increased temperature. For each higher temperature, a higher risk loading condition can be assum
additive to any lower risk condition accepted by the user except for the short-time emergency loading. The fo
of loading are as follows:

Normal life expectancy

a) Normal life expectancy loading

Sacrifice of life expectancy
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