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Abstract. The aim of the paper is to analyse the effect of temperature on the electrical breakdown strength 

of transformer oils and to compare the behaviour of the mineral oil Mogul Trafo CZ-A with the synthetic 

oil Shell Diala S4 ZX-I. The measurements were carried out in the high voltage laboratory at the Department 

of Electric Power Engineering of the Technical University of Košice. The electrical breakdown strength was 

measured in the temperature range from 20 °C to 100 °C with a step of 20 °C, when applying alternating 

and direct voltage with both positive and negative polarity. The results show that with increasing temperature 

the electrical breakdown strength of both oils initially increases, reaching a maximum at a temperature of 

approximately 80 °C. With further increase in temperature, a slight decrease in strength is observed due to 

changes in the physical properties of the oils. In all measured cases, Shell Diala S4 ZX-I oil achieved higher 

electrical strength values than Mogul Trafo CZ-A mineral oil, which confirms its suitability for modern 

electrical power applications with higher temperature stress.  

1 Introduction 

Transformer oils play a key role in electrical power 

equipment, where they serve as electrical insulation and 

ensure effective heat dissipation from windings. The 

reliability of oil insulation has a fundamental impact on 

the operational safety of transformers, and its failure can 

lead to serious technical and economic consequences. 

With increasing demands on the performance and 

compactness of electrical power equipment, the 

operating temperatures of insulation systems are rising. 

This trend places increased demands on insulating 

fluids, particularly in terms of their electrical breakdown 

strength at higher temperatures. In addition to traditional 

mineral oils, synthetic transformer oils are therefore 

coming to the fore, as they exhibit more favorable 

thermal and electrical properties. [1],[2] 

The electrical breakdown strength of liquid 

dielectrics is influenced by several factors, including 

temperature, the type of applied voltage, and its polarity. 

Although these influences have been studied in many 

works, a systematic comparison of the behavior of 

mineral and synthetic transformer oils over a wide 

temperature range at both AC and DC voltages is still 

limited. 

The aim of this article is to analyze the influence of 

temperature on the electrical breakdown strength of 

transformer oils and to compare the behavior of Mogul 

Trafo CZ-A mineral oil with Shell Diala S4 ZX-I 

synthetic oil. The measurements were performed in a 

temperature range from 20 °C to 100 °C at alternating 

and direct voltage with positive and negative polarity in 

the high-voltage laboratory of the Department of 
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Electrical Power Engineering at the Technical 

University of Košice. 

2 Electrical breakdown of liquid 
dielectrics  

The electrical breakdown strength of liquid dielectrics is 

one of the basic characteristics of insulating liquids used 

in electrical engineering. It defines the maximum value 

of electric field intensity that a liquid dielectric can 

withstand over a long period of time without electrical 

breakdown. Once this critical value is exceeded, there is 

a sudden increase in current, local disruption of 

insulating properties, and a flash-over between the 

electrodes. 

Compared to gaseous insulators, liquid dielectrics 

exhibit higher electrical strength, with the breakdown 

mechanism being influenced by several factors. The 

most significant of these are the presence of impurities, 

moisture, the shape of the electric field, the type of 

applied voltage, and temperature. In technically pure 

transformer oils, microscopic inhomogeneities such as 

solid particles or gas bubbles play an important role, as 

they can lead to local strengthening of the electric field 

and initiate breakdown. [3][4] 

Temperature has a significant effect on the electrical 

properties of liquid dielectrics. As the temperature 

increases, the dynamic viscosity of the oil decreases, 

increasing the mobility of ions and particles in the 

liquid. At low and medium temperatures, this 

phenomenon can lead to an increase in electrical 

breakdown strength due to better dispersion of 
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impurities and a reduction in the likelihood of stable 

conductive channels forming. At higher temperatures, 

however, the opposite effect may occur, mainly due to 

increased gas bubble formation and changes in the 

physical properties of the oil, which will result in a 

decrease in electrical strength. 

The electrical breakdown strength of liquid 

dielectrics is further influenced by the type of applied 

voltage. With alternating voltage, the breakdown 

process is determined by a time-varying electric field, 

while with direct voltage, the polarity of the electrodes 

also plays an important role. The different breakdown 

strength values for positive and negative polarity of DC 

voltage are related to the mechanisms of electron 

emission, ion movement, and the formation of space 

charge in the liquid volume. 

Compared to mineral oils, synthetic transformer oils 

are characterized by more favorable thermal and 

oxidation properties, higher temperature stability, and 

often higher electrical breakdown strength. These 

properties make synthetic oils ideal for use in modern 

electrical power equipment, where there are increased 

demands on operation at higher temperatures and long-

term reliability of the insulation system. [5-15] 

3 Materials and methods 

Experimental measurements were carried out on two 

types of transformer oils, which represent different 

groups of liquid dielectrics used in the power industry. 

The first oil studied was the mineral transformer oil 

Mogul Trafo CZ-A, which is based on refined petroleum 

fractions and is commonly used in classic oil 

transformers. It contains an effective oxidation inhibitor 

(0.40% by volume). It is characterized by excellent 

oxidation stability (sludge formation occurs after more 

than 1500 hours of oil exposure). . After drying, the 

electrical breakdown strength is 75 kV. The flash point 

is 175 °C and the pour point is -45 °C. It is commonly 

sold with a water content of up to 40 ppm. The second 

oil was Shell Diala S4 ZX-I, which is among the 

synthetic transformer oils designed for modern power 

applications with higher operating temperatures. It is an 

inhibited transformer oil with zero sulfur content, which 

makes it a non-corrosive oil to copper. It is obtained 

using Shell GTL (gas - to - liquid) technology. 

Compared to mineral oils, it has a longer service life and 

is an excellent antioxidant. Shell Diala S4 ZX - I has a 

lower viscosity even at low temperatures. It is specially 

dried, which affects its low moisture content and 

achieves high electrical breakdown strength. 

Both oils were stored in closed containers before 

measurement to minimize the influence of moisture and 

environmental contamination. Measurements were 

performed on technically clean oil samples without 

additional treatment, thus ensuring comparability of the 

results obtained. 

Measurements of electrical breakdown strength of 

transformer oils were carried out in the high-voltage 

laboratory of the Department of Electric Power 

Engineering of the Technical University of Košice. The 

experimental workplace was designed to enable 

measurement of breakdown strength at both alternating 

and direct voltages with the possibility of changing 

polarity. 

The test oil sample was placed in a container 

equipped with a pair of hemispherical electrodes. The 

interelectrode distance was adjustable, while the 

electrode distance was kept constant during the 

measurements. The electrode geometry thus chosen 

ensured a slightly inhomogeneous electric field, which 

is typical for tests of the electrical breakdown strength 

of liquid dielectrics.  

 

 

Fig. 1. Placement and shape of the electodes 

As an AC high voltage source, a high voltage source 

TuR – WPT 08/65 – GPT 3/80 was used, which allows 

for continuous regulation of the output voltage. For 

measurements at DC voltage, a high voltage source 

TESLA BS 222 with a maximum output voltage of 50 

kV and the possibility of changing polarity was used. 

The temperature control of the tested samples was 

ensured by a Memmert UF 55 Plus hot air dryer, which 

enabled a stable setting of the required temperature 

within the range of the investigated values. The oil 

temperature was sufficiently stabilized before each 

measurement to eliminate the influence of temperature 

transients on the measurement results. Humidity was 

determined using a Megger KF - LAB Mk. II device. 

3.1 Measurement methodology 

The measurement of the electrical breakdown strength 

of transformer oils was carried out in accordance with 

the standard procedure for testing liquid dielectrics in a 

slightly inhomogeneous electric field. After setting the 

required temperature, the test oil sample was left for a 

sufficiently long time for temperature stabilization. 

The electrical breakdown strength was determined at 

temperatures of 20 °C, 40 °C, 60 °C, 80 °C and 100 °C. 

For each temperature and each type of voltage, six 

repeated measurements of the breakdown voltage were 

made, from which the average value of the electrical 

breakdown strength was subsequently calculated. The 

electrical breakdown strength 

Ep was determined as the ratio of the measured 

breakdown voltage Up and the interelectrode distance d. 

The measurements were carried out at: 

AC voltage, 

DC voltage with positive polarity, 

DC voltage with negative polarity. 
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The voltage was increased continuously until an 

electrical breakdown occurred, which was identified by 

a sudden drop in voltage and a sharp increase in current. 

After each breakdown, the sample was left at rest for a 

short time to allow the liquid dielectric to regenerate 

before further measurements. 

4 Results and discussion 

The measurements were performed in accordance with 

IEC 60156 standard for testing the dielectric breakdown 

voltage of insulating liquids, using a 1.5 mm electrode 

gap in a slightly non-uniform electric field. The mean 

value and the experimental standard deviation σ were 

calculated. 

At an AC voltage Mogul Trafo CZ-A oil achieved 

the highest value of electrical breakdown strength at a 

temperature of 80 °C, Ēp=32.44 kV/mm, at a humidity 

of 13.28 ppm. The value of the root-mean square 

deviation ranged from 1.03 kV to 1.51 kV. 

With a direct voltage with positive polarity Mogul 

Trafo CZ-A oil achieved the highest value of electrical 

breakdown strength at a temperature of 80 °C, Ēp= 

34.22 kV/mm, at a humidity of 13.28 ppm. The value of 

the root mean square deviation was 1.03 kV at all 

temperature levels. At a direct voltage with negative 

polarity, Mogul Trafo CZ-A oil achieved the highest 

value of electrical breakdown strength at a temperature 

of 80 °C Ēp= 34.22 kV/mm, at a humidity of 13.28 ppm. 

The value of the root-mean square deviation ranged 

from 1.1 kV to 1.51 kV. 

At an AC voltage at an interelectrode distance of 1.5 

mm, Shell Diala S4 ZX-I oil achieved the highest value 

of breakdown strength at a temperature of 60 °C Ēp= 

32.89 kV/mm, at a humidity of 10.7 ppm. The value of 

the root-mean square deviation ranged from 0.82 kV to 

1.03 kV. 

At a DC voltage with positive polarity, Shell Diala 

S4 ZX-I oil achieved the highest value of electrical 

breakdown strength at a temperature of 60 °C Ēp= 34.22 

kV/mm, at a humidity of 10.7 ppm. The value of the 

root-mean square deviation ranged from 0.82 kV to 1.03 

kV. At a DC voltage with negative polarity, Shell Diala 

S4 ZX-I oil achieved the highest value of electrical 

breakdown strength at a temperature of 60 °C Ēp= 32.67 

kV/mm, at a humidity of 10.7 ppm. The value of the root 

mean square deviation ranged from 0.82 kV to 1.1 kV. 

Each measurement was carried out by gradually 

increasing the voltage on the control unit until the 

moment of breakdown at each temperature level. 

Following Table 1 shows comparison of calculated 

values for both oils at AC voltage. On the Fig.2 is shown 

graph comparing the electrical breakdown strength of 

Mogul Trafo CZ-A and Shell Diala S4 ZX-I oils when 

measured with AC voltage as a function of temperature. 

When comparing the measurement of the electrical 

breakdown strength by applying alternating voltage to 

Mogul Trafo CZ-A and Shell Diala S4 ZX-I oils, it is 

possible to observe differences in the results, which start 

from room temperature 20 °C and then continue at each 

temperature level (Table 1, Figure 2). 

Table 1. Comparing calculated values for Mogul Trafo CZ-A 

and Shell Diala ZX-I oil when measuring AC voltage. 

t 

[°C] 

Type 

of the 

oil 

Ūp 

[kV] 

σ 

[kV] 

Ēp 

[kV/mm] 

Humidity 

[ppm] 

20 
Mogul  38.33 1.51 25.56 14.94 

Shell  45.33 1.03 30.22 10.13 

40 
Mogul  40.67 1.03 27.11 11.18 

Shell  46.67 1.03 31.11 8.23 

60 
Mogul  45.33 1.03 30.22 12.15 

Shell  49.33 1.03 32.89 10.7 

80 
Mogul  48.67 1.03 32.44 13.28 

Shell  47.67 0.82 31.78 11.5 

100 
Mogul  45.33 1.03 30.22 14.34 

Shell  47.33 1.03 31.56 25.04 

 

At a temperature of 20 °C, the value for Mogul was 

equal to Ēp =25.56 kV/mm and for Shell Diala Ēp 

=30.22 kV/mm. The difference between the electrical 

breakdown strength values began to decrease at a 

temperature of 60 °C and at a temperature of 80 °C, the 

temperature dependence of the electrical breakdown 

strength curves began to overlap. At a temperature of 

100 °C, Mogul Trafo CZ-A oil again acquires a lower 

electrical breakdown strength value than Shell Diala S4 

ZX-I oil. 

 

 

Fig. 2. Graphical dependence of the comparison of the 

electrical breakdown strength of Mogul Trafo CZ-A and Shell 

Diala S4 ZX-I oils when measured by alternating voltage as a 

function of temperature 

When measuring with a DC voltage with positive 

polarity, a similar trend can be observed as when 

measuring with an AC voltage. From the beginning of 

the measurement at room temperature of 20 °C, it is 

possible to observe differences in the electrical 

breakdown strength of Mogul and Shell Diala oils 

(Table. 2, Fig. 3), namely Ēp =27.56 kV/mm (Mogul 

Trafo CZ-A) and Ēp =30.22 kV/mm (Shell Diala S4 ZX-

I). This difference also begins to decrease at a 

temperature of 60 °C, unlike when measuring with an 

AC voltage, the temperature dependences do not 

intersect but only approach at a temperature of 80 °C. 

Subsequently, the difference between the electrical 

breakdown strength also begins to increase at a 

temperature of 100 °C. 
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Table 2. Comparing calculated values for Mogul Trafo CZ-A 

and Shell Diala ZX-I oil when measuring with DC voltage 

with positive polarity 

t 

[°C] 

Type 

of the 

oil 

Ūp(+) 

[kV] 

σ 

[kV] 

Ēp(+) 

[kV/mm] 

Humidity 

[ppm] 

20 
Mogul  41.33 1.03 27.56 14.94 

Shell  47 1.1 31.33 10.13 

40 
Mogul  41.33 1.03 27.56 11.18 

Shell  47.67 0.82 31.78 8.23 

60 
Mogul  48.67 1.03 32.44 12.15 

Shell  51.33 1.03 34.22 10.7 

80 
Mogul  51.33 1.03 34.22 13.28 

Shell  49.33 1.03 32.89 11.5 

100 
Mogul  43.33 1.03 28.89 14.34 

Shell  48.67 1.03 32.44 25.04 

 

 

Fig. 3. Graphical dependence of the comparison of the 

electrical breakdown strength of Mogul Trafo CZ-A and Shell 

Diala S4 ZX-I oils at DC voltage (positive polarity) as a 

function of temperature 

Measurement with a DC voltage with negative 

polarity shows a similar trend as measurement with 

positive polarity. Likewise, the largest difference 

between the electrical breakdown strength occurs at a 

temperature of 20 °C, namely Ēp =27.33 kV/mm 

(Mogul Trafo CZ-A) and Ēp =31.56 kV/mm (Shell 

Diala S4 ZX-I), which begins to decrease at a 

temperature of 60 °C. Likewise, at a temperature of 80 

°C, there is no overlap of the dependencies, but at this 

point they reach the smallest difference in the values of 

the electrical breakdown strength, the difference of 

which also begins to increase at a temperature of 100 °C 

(Table 3, Figure 4). 

 

Fig. 4. Graphical dependence of the comparison of the 

electrical breakdown strength of Mogul Trafo CZ-A and Shell 

Diala S4 ZX-I oils at DC voltage (negative polarity) as a 

function of temperature 

Table 3. Comparing calculated values for Mogul Trafo CZ-A 

and Shell Diala ZX-I oil when measuring with DC voltage 

with negative polarity 

t 

[°C] 

Type 

of the 

oil 

Ūp(-) 

[kV] 

σ 

[kV] 

Ēp(-) 

[kV/mm] 

Humidity[

ppm] 

20 
Mogul  41 1.1 27.33 14.94 

Shell  47.33 1.03 31.56 10.13 

40 
Mogul  41.67 1.51 27.78 11.18 

Shell  47 1.1 31.33 8.23 

60 
Mogul  49 1.1 32.67 12.15 

Shell  51 1.1 34 10.7 

80 
Mogul  51 1.1 34.22 13.28 

Shell  49 1.1 32.67 11.5 

100 
Mogul  43 1.1 28.67 14.34 

Shell  48.33 0.82 32.22 25.04 

 

Ultimately, Shell Diala S4 ZX-I oil showed better 

results in every measurement (measurement with 

alternating and direct voltage with positive and negative 

polarity), except for one case, when measuring with 

alternating voltage at a temperature of 80 °C, which was 

also the only case when the temperature dependences of 

the electrical breakdown strength of the oils intersect. 

From the above, it can be stated that Shell Diala S4 ZX-

1 oil achieves better parameters at every temperature 

level from 20 °C to 100 °C when applying alternating 

and direct voltage with positive and negative polarity, 

which is actually the temperature spectrum of electrical 

power equipment in which liquid dielectrics are used. If 

the operating temperature from 80 °C to 100 °C is taken 

into account, then, in contrast to the better results of 

Shell Diala S4 ZX-I oil, both oils achieved excellent 

electrical properties. Unlike the first measurement, 

neither with the mineral oil Mogul Trafo CZ-A nor with 

the liquefied gas Shell Diala S4 ZX-I did the polarity 

effect occur in either case, as when applying high-

voltage, voltage in a slightly inhomogeneous electrical 

circuit during gas flashovers. The moisture content of 

the oils reached similar values in both cases, never 

exceeding 30 ppm (the maximum value reached by the 

oil Shell Diala S4 ZX-I at a temperature of 100 °C was 

25.04 ppm), which can be evaluated as an excellent 

property of the oils.  

5 Conclusion 

In this paper, the effect of temperature on the electrical 

breakdown strength of transformer oils under alternating 

and direct electrical stress was analysed. Experimental 

measurements were performed in the temperature range 

from 20 °C to 100 °C on the mineral oil Mogul Trafo 

CZ-A and the synthetic oil Shell Diala S4 ZX-I. 

The measurement results showed a significant 

dependence of the electrical breakdown strength on 

temperature. For both oils studied, an increase in the 

electrical breakdown strength was observed with 
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increasing temperature, with the maximum being 

reached at a temperature of approximately 80 °C. With 

a further increase in temperature, a slight decrease in the 

electrical breakdown strength occurred, which can be 

attributed to changes in the physical properties of the 

oils and an increased probability of gas bubbles forming. 

The comparison of mineral and synthetic oil showed 

that Shell Diala S4 ZX-I synthetic oil achieved higher 

values of electrical breakdown strength than Mogul 

Trafo CZ-A mineral oil in all measured cases, regardless 

of the type of applied voltage or its polarity. These 

results confirm the higher thermal stability and better 

insulating properties of synthetic oil at increased 

temperature stress. 

The obtained knowledge indicates the suitability of 

synthetic transformer oils for use in modern power 

equipment, where increased demands are placed on 

operation at higher temperatures. The results of the work 

can contribute to a better assessment of the insulating 

properties of oils and to the optimization of the design 

and operation of oil insulation systems. 

 
This work was funded by projects VEGA 2-0029-24, VEGA 

1-0380-24, APVV-22-0115 and Horizon Europe Framework 

Programme (HORIZON), call HORIZON-MSCA-2023-SE-

01, Proposal acronym: RetroTrafo, proposal number 

101182948. 

References 

1. A. von Hippel, The dielectric relaxation spectra of 

water, ice, and aqueous solutions, and their 

interpretation: I. Critical survey of the status quo 

for water. IEEE Trans. Electr. Insul. 23, 801–816 

(1988). 

2. S. Abdi, A. M. Haddad, N. Harid, A. Boubakeur, 

Modelling the effect of thermal aging on 

transformer oil electrical characteristics using a 

regression approach. Energies 16, 381 (2023). 

https://doi.org/10.3390/en16010381  

3. L. Safiddine, H. Z. Zafour, U. M. Rao, I. Fofana, 

Regeneration of transformer insulating fluids using 

membrane separation technology. Energies 12, 

368 (2019). https://doi.org/10.3390/en12030368 

4. A. Munajad, C. Subroto, Suwarno, Study on the 

effects of thermal aging on insulating paper for 

high-voltage transformer composite with natural 

ester from palm oil using FTIR and EDS. Energies 

10, 1857 (2017). 

https://doi.org/10.3390/en10111857 

5. M. N. Lyutikova, S. M. Korobeinikov, V. V. 

Buzaev, Determination of water content in liquid 

insulation of high-voltage equipment by different 

methods. Power Technol. Eng. 53, 623–630 

(2020). https://doi.org/10.1007/s10749-020-

01127-9 

6. D. Feng, J. Hao, L. Yang, R. Liao, X. Chen, J. Li, 

Comparison of AC breakdown characteristics of 

insulation paper immersed in three-element mixed 

insulation oil and mineral oil. High Voltage 5, 

298–305 (2020). 

https://doi.org/10.1049/hve.2019.0103 

7. L. J. Zhou, G. N. Wu, J. Liu, Modeling of transient 

moisture equilibrium in oil-paper insulation. IEEE 

Trans. Dielectr. Electr. Insul. 15, 872–878 (2008). 

https://doi.org/10.1109/TDEI.2008.4543125 

8. D. Medveď, Ľ. Beňa, R. Tailor, Energy Storage 

System Utilization in a Distribution Power 

System. Acta Polytechn. Hung. 20(11), (2023). 

https://doi.org/10.12700/APH.20.11.2023.11.7  

9. D. Feng, L. Yang, R. Liao, L. Zhou, Y. Lin, Effect 

of moisture content on the production and 

partitioning of furfural in oil-paper insulation. 

IEEE Trans. Dielectr. Electr. Insul. 25, 2389–2397 

(2018). https://doi.org/10.1109/TDEI.2018.007238 

10. V. Vurm, S. Kroták, M. Svoboda, M. Knedlík, D. 

Rot, T. Cihla, Additional Losses Calculation in 

Dry-Type Transformer, in Proceedings of 25th 

International Scientific Conference on Electric 

Power Engineering (EPE), 1–6 (2025). 

https://doi.org/10.1109/EPE67256.2025.11127037  

11. Y. Zhou, W. Chen, D. Yang, R. Zhang, Raman 

spectrum characteristics and aging diagnosis of 

oil-paper insulation with different oil-paper ratios. 

IEEE Trans. Dielectr. Electr. Insul. 27, 1587–1594 

(2020). https://doi.org/10.1109/TDEI.2020.008938 

12. T. Kossowski, Methods of Effectively Shielding 

Unmanned Aerial Vehicles from Lightning 

Electromagnetic Pulses. Acta Polytech. Hung. 

22(11), (2025). 

https://doi.org/10.12700/APH.22.11.2025.11.14 

13. D. Medveď, M. Kolcun, M. Pavlík, Ľ. Beňa, M. 

Mešter, Analysis of Prosumer Behavior in the 

Electrical Network. Energies 14, 8212 (2021). 

https://doi.org/10.3390/en14248212 

14. G. G. Raju, Dielectrics in electric fields, (CRC 

Press, Boca Raton, 2003). 

15. P. Trnka, A. Čejková, V. Mentlík, P. Totzauer, L. 

Harvánek, T. Tomášková, Effect of inhibitors on 

thermal degradation of vegetable oils, in 

Proceedings of the 17th International Scientific 

Conference on Electric Power Engineering (EPE 

2016), Prague, Czech Republic (2016), 1–4. 

https://doi.org/10.1109/EPE.2016.7521752 

EPJ Web of Conferences 372, 06006 (2026) https://doi.org/10.1051/epjconf/202637206006 

APS 2026

5

https://doi.org/10.3390/en16010381
https://doi.org/10.3390/en12030368
https://doi.org/10.3390/en10111857
https://doi.org/10.1007/s10749-020-01127-9
https://doi.org/10.1007/s10749-020-01127-9
https://doi.org/10.1049/hve.2019.0103
https://doi.org/10.1109/TDEI.2008.4543125
https://doi.org/10.12700/APH.20.11.2023.11.7
https://doi.org/10.1109/TDEI.2018.007238
https://doi.org/10.1109/EPE67256.2025.11127037
https://doi.org/10.1109/TDEI.2020.008938
https://doi.org/10.12700/APH.22.11.2025.11.14
https://doi.org/10.3390/en14248212
https://doi.org/10.1109/EPE.2016.7521752

