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Investigating the impact
of activation energy on
Insulation power
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and frequencies when using the Arrhenius equation. Sev-
ABSTRACT eral case studies with empirical data are presented to sup-
The dielectric frequency response of insulation in power port this investigation.

system apparatus is influenced by frequency and temper-

ature [1]. Specifically, temperature is governed by a param- KEYWORDS

eter known as activation energy. This article explores the 3
significance of activation energy in estimating the power activation energy, power factor, temperature correction, Ar-
factor of dielectric insulation over a range of temperatures  rhenius equation, insulation
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DIAGNOSTICS

DFR and VFPF tests are dependent on
frequency and temperature, with the latter
being influenced by a parameter called

activation energy Ea

Introduction

When testing insulating materials, the
response of the dielectric in the frequen-
cy domain is referred to as Dielectric
Frequency Response (DFR) [2]. The
test typically records parameters such as
power factor (PF) and capacitance over
a frequency range from 0.1 mHz to 1
kHz at a voltage of 140 V. An alternative
test is Variable Frequency Power Fac-
tor (VFPF), which operates between 15
Hz and 400 Hz with voltages up to 4 kV.
These tests are dependent on frequency
and temperature, with the latter being in-
fluenced by a parameter called activation
energy (E ).

Introduced by Swedish physicist Svante
Arrhenius in 1889, activation energy is
the minimum energy required to trigger a
specific chemical reaction [3]. The higher
the activation energy, the more difficult
it is for a reaction to occur. Arrhenius

demonstrated that the relationship be-
tween the temperature and the rate of a
reaction follows an exponential pattern,
as described by the well-known Arrhe-
nius equation:

—Eg

k(T) = Ae¥aT | (1)

where k(T) represents the reaction rate
constant, which is, essentially, the number
of particle collisions per second that lead
to a reaction; and A is the pre-exponen-
tial factor or the number of collisions per
second, though not all result in a reaction.
In the argument of the exponential func-
tion (1), E, refers to the activation energy,
measured in electron volts (eV); T is the
temperature in Kelvin (K); and k, is the
Boltzmann constant (8.617x10° eV/K).
As a result, the argument of the exponen-
tial function represents the proportion of
collisions that possess sufficient energy to
overcome the activation barrier at a given
temperature T.

Regardless of the application, it is important
to clearly identify the property or parameter
to which the thermally activated process
modeled by the Arrhenius equationisapplied
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Figure 1. Logarithmic representation of Arrhenius equation applied to DFR
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Though initially applied in chemistry, the
Arrhenius equation has since been used
in other applications, such as explaining
how the internal chemical changes in
insulation materials affect their physical
and electrical properties. Thomas Dakin
was among the first to apply this equation
to describe the thermal aging of insulat-
ing materials [4]. Activation energy now
plays a role in various time scales beyond
chemical reactions, such as diffusion
rates, reorientation times, viscosity, and
dielectric relaxation times [5]. Regard-
less of the application, it is important to
clearly identify the property or parame-
ter to which the thermally activated pro-
cess modeled by the Arrhenius equation

is applied [6].

The spectral shape of a materials dielec-
tric frequency response typically shows
minimal changes with temperature, i,
the shape is preserved, provided the ma-
terials structure remains intact [1]. Con-
sequently, the temperature dependence
of the dielectric response can be modeled
using a logarithmic form of the Arrhenius
equation as in (2):

shift =log,(f;) — loge(f) = =23 -7) - (2)

Fig. 1 graphically depicts (2) where the
blue curve shows the dielectric response
of a transformer C,, insulation at T', =
38°C, while the red curve represents the
same insulation tested at T', = 48°C. De-
spite the temperature change, the shape
of the curve is preserved, although it is
shifted. This allows the estimation of
the dielectric response at T, by shifting
the T, response, based on (2), without
the need to test the insulation at T, Us-
ing this approach, the power factor at T
and frequency f, (i.e., PF = 0.63%) can be
temperature corrected to T, at the same
frequency f, resulting in corrected PF =
1.00%. It is worth clarifying that while
temperature correction is the terminol-
ogy accepted by the industry, the meth-
od actually estimates the power factor
at a temperature other than the actual
temperature at which the insulation was
originally tested, based on a model with
some constraints. These estimates are
valid if a correct value for the activation
energy of the system is chosen since the
shift depends on E_ (in addition to T,
and T,) as given by (2). It is also import-
ant to obtain an accurate temperature
measurement that represents a stable
thermal condition of insulation. Thus,
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it is not recommended to perform the
dielectric frequency response test and
register the resulting insulation tempera-
ture just after the transformer has been
de-energized.

It is important to fully understand the
impact of activation energy on PF tem-
perature correction. Errors can arise
when using a wrong E_value in the Ar-
rhenius equation to estimate the 50/60
Hz power factor of apparatus insulation
at other temperatures, such as 20°C. In
particular, the widely accepted practice
in the industry to correct a measured
power factor to 20°C offers a standard
reference point that ensures a consistent
baseline for analysis and comparison
across different environments. Exist-
ing temperature correction methods,
as commonly used in the industry, may
overlook the key role of activation en-
ergy, leading to inaccuracies. While the
activation energies for materials like
pressboard (0.9 eV) [7] and mineral oil
(0.4 eV) [8] have been established, limit-
ed data exists for more complex systems
such as transformers and bushings insu-
lation.

This article aims to address the follow-
ing questions regarding the dielectric re-
sponse of these systems:

« How does the type of insulation affect
activation energy?

« Does insulation aging alter the activa-
tion energy?

« Is the Arrhenius equation valid for de-
teriorated insulation?

The case studies presented in this inves-
tigation explore these questions using
empirical data from field and factory tests
and laboratory experiments on trans-
formers and bushings.

Case study 1: In-service
bushing’s C, insulation in
good condition

This LAPP POC (Paper-Oil-Capacitor)
25 kV bushing was in service for several
years before it was tested. The bushing was
mounted vertically on a metal test stand
with the flange grounded securely to the
station ground. By comparing the name-
plate power factor and capacitance data
with the test results, the bushings condi-
tion was determined to be good.
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The spectral shape of a material's dielec-
tric frequency response typically shows
minimal changes with temperature, i.e., the
shape is preserved provided the material's
structure remains intact

Fig. 2 shows the comparison of the dielec-
tric responses of the bushings C, insula-
tion tested at two different temperatures
(37°C and 22°C). The resulting activation
energy was calculated to be 0.631 eV, ob-
tained by solving (2) for the unknown E,
value.

Ifthe DFR test result obtained at 37°Cis to
be used to predict the dielectric response
of the insulation at a different tempera-
ture, such as 22°C, without performing
additional tests, (2) could be applied to
determine the shift, provided the activa-
tion energy of the system is known. Fig.
3 illustrates the shift (i.e., temperature
correction) of the 37°C trace (green) to
22°C, by using E, = 0.631 eV. For com-
parison, the actual DFR measurement at
22°C (gray) is also shown, demonstrating

an excellent agreement with the tempera-
ture-corrected curve.

By employing this method, it becomes
possible to determine the power factor
at a specific temperature and frequency,
for example, at 20°C and 60 Hz, by locat-
ing the new position of the shifted curve
and identifying its intersection with the
desired frequency. However, what if the
actual E_ value of the insulation is un-
known? In most practical situations, it
is not feasible to test the same insulation
structure at two different temperatures
(hence the need for PF temperature
correction) to directly obtain the acti-
vation energy. Consequently, selecting
the correct E_ is important in order to
estimate the temperature-corrected PF
accurately.

In most practical situations, it is not feasible
to test the same insulation structure at two
different temperatures to directly obtain the

activation energy
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Figure 2. In-service POC bushing's C, insulation in good condition tested at two different

temperatures
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Table 1. 60 Hz temperature-corrected PF obtained by shifting the DFR curve tested at H H
37°C for different activation energy values (in-service POC bushing's C1 insulation in Unde.r .QOOd |nSUIat|0n
good condition) conditions, a PF tem-

perature correction

Temperature-Corrected PF [%)] obtained from d ata
E,[eV] S
measured 3t 3 low
Benchmark (Measured) PF = 0.21%

0.300 0.22% 0.21% er test voltage can be
e - — applied to the PF mea-
0,500 0,21% 0,21% .

0,631 0,21% 0,20% sured at a higher test
0,700 0,20% 0,21%

0,800 0,21% 0,21% VOItage

0,900 0,21% 0,21%

1,000 0,21% 0,21%

Table 1 demonstrates the impact of E,
on the estimated 60 Hz C, PF at both
22°C (second column) and 20°C (third
column) by using the shifted DFR curve
tested at 37°C. The PF benchmark val-
2 - ue at 22°C corresponds to 0.21%, which
-+-DFR Test (37 °C) Temp Corrected to 22 °C, E= 0.631 is the actual measured 60 Hz PF at 22
“DFR Test (22 °C) °C. As expected, the use of the known
E_ of the tested insulation (i.e., 0.631
10 eV) produces the correct estimated PF
= 0.21%. Nevertheless, a similar result
is also obtained by using other values of
60.Hz E . In fact, for this particular case study,
10 NG varying E_from 0.3 to 1.0 does not sig-
nificantly impact the resulting tempera-
ture-corrected PE The reason for this
behavior can be explained by the mild
e 107 10° 10 100 10° slope (almost flat) of the DFR curve

Frequency [Hz] around the 60 Hz region. However,
this situation does not occur in all cas-
es since the shifting mechanism in (2)
implies that if the slope around 60 Hz is
steeper, changes in E_will have a signif-
icant impact on the temperature-cor-
rected PE. Hence, selecting a representa-
tive E_value for the tested insulation in
such conditions is crucial.

nsulation

Power Factor [%)]

Figure 3. Temperature correction to 22 °C of DFR curve tested at 37 °C (in-service POC
bushing's C1 insulation in good condition)
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N, 60 Hz PF Test (37 °C), 4 kV| ferent tests conducted at 37°C on the
N same in-service C, insulation: 140 V
10 A DFR (green), 4 kV VFPF (black), and
60 Hz 4 kV PF (yellow). Similar to the
behavior observed when testing new
apparatus insulation in the factory [9],
this bushings C, insulation in good
condition shows no impact of the test
voltage on the resulting PF values. It
107 - - : T . means that, under these good insulation
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The shifting mech-
anism in Arrhenius
equation implies that if
the slope of the dielec-
tric response around
60 Hz is steeper,
changes in Ea will have
a significant impact on
the temperature-cor-
rected PF

is voltage dependent (i.e., if there is a PF
tip-up), as is illustrated in case study 2.

Case study 2: In-service
transformer’s C, wet
insulation

This case study involvesa three-phase 161-
13.09GrdY kV transformer (12/16/20/22
MVA) that had been in service for almost
10 years. Its CHL insulation was tested in
the field at two temperatures (29°C and
23°C). Based on the DFR-moisture anal-
ysis performed on the CHL insulation, it
was determined that the solid insulation
moisture content was 3.3%, indicating a
wet condition.

Fig. 5 and Fig. 6 show the use of PF tem-
perature correction for the CHL insula-
tion, again using the Arrhenius equation
as outlined in case study 1. The calculated
activation energy was 0.581 eV. Specifi-
cally, Fig. 6 demonstrates that even with
wet CHL insulation, an Arrhenius-like
behavior persists, as indicated by the near-
perfect alignment between the shifted
curve (orange) and the benchmark curve

(purple).

Table 2 highlights the impact of acti-
vation energy on the estimated 60 Hz
CHL PF at both 23°C (second column)
and 20°C (third column) by shifting
the DFR curve tested at 29°C. A notice-
able feature here is the broader range
of variation in temperature-corrected
PF values due to an activation energy
change between 0.3 and 1.0. This vari-
ation contrasts with the behavior in
case study 1, where estimated PF val-
ues showed a mild change. The reason

www.transformers-magazine.com
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Figure 5. In-service transformer's C,, wet insulation tested at two different temperatures
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Figure 6. Temperature correction to 23 °C of DFR curve tested at 29 °C (in-service
transformer's C,, wet insulation)

Table 2. 60 Hz temperature-corrected PF obtained by shifting the DFR curve tested at
29°C for different activation energy values (in-service transformer's C,, wet insulation)

Temperature-Corrected PF [%]

EqleV] 23°C

20 °C

Benchmark (Measured) PF = 0.54%
0,300 0,61% 0,57%
0,400 0,58% 0,54%
0,500 0,56% 0,51%
0,581 0,54% 0,48%
0,700 0,52% 0,45%
0,800 0,50% 0,43%
0,900 0,48% 0,41%
1,000 0,46% 0,39%
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Under contaminated insulation conditions,
the Arrhenius-like behavior may no longer
exist, so the Arrhenius equation may not be
used for PF temperature correction under

these conditions

for this difference is the steep slope of
the DFR curve around the 60 Hz region
(Fig. 5). Under these conditions, using
an incorrect E_value for the insulation
system could result in an erroneous
temperature-corrected PF value at 60 Hz.

Fig. 7 presents a comparison of three
different tests performed on the same
in-service CHL wet insulation at 29°C:
140 V DER (orange), 4 kV VFPF (black),
and 60 Hz 10 kV PF (yellow). Unlike the
previous case study, where insulation
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Figure 7. Comparison of DFR, VFPF and 60 Hz 10 kV PF tests at 29 °C (in-service
transformer's C,, wet insulation)
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Figure 8. Retired transformer's CHL contaminated insulation tested at three different
temperatures

in good condition showed no voltage-
dependent behavior for PF at different
test voltages, in case study 2, the dielectric
response at lower test voltages (orange)
does not align with the higher test voltage
results (black and yellow) at frequencies
above 40 Hz. Therefore, a PF tempera-
ture correction based on low-voltage
test data may not be suitable for correct-
ing PF measured at higher test voltages
under aging insulation conditions with
failure modes that may produce a PF

tip-up.

Case study 3: A retired
transformer’s C,
contaminated insulation

This case investigated a three-phase 110-
22.9GrdY kV 2.5/3.75 MVA transformer
that had been in service for several de-
cades. After the unit was retired, it was
brought to the Doble HV laboratory for
inspection and testing. Upon initial in-
spection, contamination particles were
found dispersed throughout the insula-
tion.

The CHL insulation was tested at three
different temperatures (39.8°C, 32.7°C,
and 19.6°C) using DFR during the cool-
ing process following hot oil circulation
(Fig. 8). Asisseen in the figure, an unusu-
al “hump” is present within the frequency
range of 2 — 400 Hz. This phenomenon
is documented in the literature as being
indicative of the presence of conductive
materials [10, 11], which could poten-
tially be metal particles or copper sulfide
contamination.

Under this contaminated condition, the
Arrhenius-like behavior typically seen
in the previous cases no longer exists, so
(2) cannot be used for PF temperature
correction under these conditions. The
curve shape is not preserved with tem-
perature changes, as there is no shift be-
tween the curves across the entire spec-
trum, e.g., the yellow curve (32.7°C) will
not coincide with the blue curve (19.6°C)
when the former is shifted towards the
latter by using (2). This behavior results,
in part, because the PF values at frequen-
cies above 10 Hz remained relatively
constant at different temperatures.

Fig. 9 provides a comparison of the di-
electric responses of this contaminated
CHL insulation tested at different volt-
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ages, ranging from 140 V (DFR) to 4 kV
(VEPF). A power factor tip-up is noted at
frequencies above 30 Hz, indicating that
the power factor is voltage-dependent
under contaminated conditions.

Conclusion

The case studies reveal that the Arrhe-
nius-like behavior — where the DFR/
VEPF curve shape is preserved with tem-
perature changes — may not be observed
when the insulation is seriously contami-
nated or deteriorated.

Of particular interest is the finding that,
for transformers and bushings with min-
eral-oil-impregnated insulation that ex-
hibit Arrhenius-like behavior, the acti-
vation energy does not vary significantly
based on the apparatus type or insulation
condition. In these cases, a representative
activation energy value of approximately
0.6 eV seems to be a reliable choice for
an acceptable temperature correction of

www.transformers-magazine.com

the 60 Hz PF when the actual activation
energy of the insulation system is un-
known. This is consistent with the find-

Additionally, it was found that if a
power factor tip-up is absent and the
Arrhenius-like behavior exists, PF tem-

ings reported in [9]. perature  corrections derived from
107 :
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Figure 9. Comparison of DFR and VFPF tests at different test voltages and 19.6 C (retired
transformer's C,, contaminated insulation)
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low-voltage test data can be applied to PF
measurements performed at higher volt-
ages accurately. In contrast, if both power
factor tip-up and Arrhenius-like behavior
exist, it is recommended to perform the
PF temperature correction by using data
obtained at a higher voltage, e.g., via VFPF
(15 — 400 Hz, 4kV).

Further research is necessary to address
one of the questions raised in the intro-
duction section of this article, mainly
whether the activation energy remains
constant or varies as the insulation ages.
Answering this question requires repeat-
ed testing of the same insulation over an
extended period of time (on the order of
years) by following the methodology de-
scribed in this article.
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