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Abstract

:

A high level of moisture in the insulation system of power transformers is often the cause of their failure. This can be prevented by drying a transformer in its place of installation. In the article the application of molecular sieves (MS) in the drying process of the transformer insulation system was analyzed. The water sorption isotherms of 3A MS in mineral oil, natural ester, and synthetic ester at 35 °C were determined, which was not described in the literature before. An evaluation of the influence of temperature on the drying dynamics of electro-insulating liquids using MS was also carried out. The drying dynamics were tested at three temperatures, i.e., 35 °C, 50 °C, and 65 °C, which allowed to analyze the effect of temperature on a short-term or continuous drying process. The tests showed that 3A MS’s ability to adsorb water varied depending on the type of electro-insulating liquid. The determined water sorption isotherms, described by means of Langmuir adsorption model, make it possible to calculate the amount of MS needed for drying transformers with different liquid insulation. The research and analyses show the MS’s great potential for the drying of transformer insulation systems.
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1. Introduction


The insulation system is one of the most important elements of a power transformer, and the insulation system’s condition is one of the factors that influences the power transformer’s overall reliability. The insulation systems of grid and distribution transformers are usually made of cellulose materials that are impregnated with mineral oil. This is a proven solution that has been used in power engineering on a mass scale for nearly 100 years [1]. Recently, alternatives to mineral oil, e.g., synthetic and natural esters, have become increasingly popular. Growing interest in these liquids results mainly stems from their high flash point and fire point, and from their biodegradability, while they simultaneously maintain good dielectric parameters that are similar to mineral oil [2,3]. Another parameter that significantly differentiates these liquids from mineral oil is water solubility, which for both natural and synthetic ester at 20 °C is equal to 858 ppm and 1758 ppm, respectively. For mineral oil, this value is equal to only about 47 ppm [4].



After many years of a given transformer’s operation, regardless of the choice of materials that were used to construct its insulation system, network operators face problems connected with the system’s moisture, and water content is the basic parameter used to determine the condition of the transformer’s insulation.



After the power transformer production process, the water content in its solid insulation usually ranges from 0.5% to 1%. Unfortunately, during long-term operation of the device, exceeding even 50 years [5,6,7], the water content in its insulation system constantly increases [8]. The increase in the water content is mainly caused by the cellulose oxidation process and by moisture ingress into the tank, particularly in transformers with a free-breathing conservator [9]. In this case situation the moistening process will be faster for units with esters than with mineral oil.



Transformers with cellulose insulation with a moisture content above 2.0% are considered wet, and their operation carries the risk of failure [10]. In order to prevent this failure, it is necessary to take remedial actions such as reducing the transformer’s load or applying short-term drying of its insulation system.



On-site and short-term drying of a transformer insulation system is a difficult and expensive procedure, and in some cases it is impossible to conduct solely due to technical reasons. The inability to effectively dry distribution transformers is most often due to their tank’s low mechanical strength. This inhibits the use of an appropriate vacuum while drying the insulation, which then largely determines this process’ efficiency [11].



It should be noted that a problematic issue associated with moisture in an insulation system already appears before a 2% water content in the cellulose is exceeded. Even below this value the water will accelerate the cellulose aging process [12,13]. Aging should be understood here as the cellulose depolymerization process. As a result of the process of hydrolysis, oxygen bridges are broken between anhydrous-β-glucose monomers (C6H10O5) [14], the consequence of which is a gradual decrease in the degree of polymerization (DP), which for new cellulose usually ranges from 1100 to 1300. Below a degree of polymerization of 700, the tensile strength of cellulosic materials will begin to rapidly decrease. Below DP equal to 350, the mechanical strength of cellulose is poor, which in turn raises the risk of failure in the event of short-circuit currents in the windings [13].



The information presented above shows how important it is to maintain the insulation moisture level low throughout the transformer’s lifetime. The most important benefits of this approach are:




	
Slowing down the cellulose depolymerization process, and thus extending the life of the transformer;



	
Reducing the risk of transformer failure related to, among others, the occurrence of partial discharges [15,16] or bubble evolution [17,18];



	
No restrictions on transformer operation;



	
Eliminating of the risk of failure due to short-term drying requiring a vacuum.








Maintaining a low level of moisture in the transformer insulation system throughout the transformer’s lifetime is possible via circulating drying of the electro-insulating liquid by means of highly hygroscopic materials. Such materials should have a steep water sorption isotherm, i.e., for small relative humidity of a liquid the material should be able to adsorb large amounts of water. Materials that are very well suited for this purpose are molecular sieves (MS).



MS which can be used to dry a transformer insulation system are crystalline aluminosilicates called zeolites. Their basic characteristic is the presence of a crystal structure with a homogeneous pore system. The presence of an extensive specific surface area in zeolites that is only available to particles with a diameter smaller than the critical diameter of the pores causes the formation of a molecular sieve effect. The expanded specific surface area enables the adsorption of a large amount of water, which then determines the possibility of using this material for effective drying of the transformer insulation system [19,20,21].



There are several solutions on the market that use MS for circulating drying of the transformer insulation system. The devices’ principle is based on forced circulation of mineral oil between the transformer tank and a container filled with MS in which the liquid dielectric is dried. Dried mineral oil returns to the tank. As a result, since the system strives to maintain a state of moisture equilibrium, water migrates from the solid insulation to the liquid insulation, which causes a slow but gradual drying of the cellulose. Installing such a system on a new transformer allows to maintain a low water content in the cellulose insulation. Unfortunately, the manufacturers of drying systems do not provide detailed data on their solutions. For example, there is no information such as the type of MS used or the method of calculating the amount of MS needed to carry out the drying process.



A relatively small number of papers on the use of MS for circulating drying of a transformer insulation system can be found in the literature. The authors of paper [22] analyzed the impact of MS type (3A and 4A) on the dynamics of mineral oil drying depending on the initial water content of the dried liquid, its temperature, and the weight ratio of MS to mineral oil. The paper states that the choice of 3A MS for mineral oil drying is a more reasonable option than 4A MS due to the process’ better dynamics at higher temperature values and the more selective operation of this type of sieve. This selectivity results from the MS’s pore size, which is equal to ca. 3Å, which only allows for adsorption of particles smaller than the size of these pores. These particles include water, hydrogen and, to a very limited extent, carbon monoxide and acetylene. The adsorption of gas molecules plays a significant role when dissolved gas is used in oil analysis to diagnose the transformers. The authors of paper [22] also showed the significant effect of temperature on drying dynamics, namely, high temperature improves the dynamics of the drying process but, according to the authors, it also increases the probability of CO2 and C2H2 adsorption.



The authors of paper [23] presented the results of the drying of transformers by means of 4A MS. They found that MS are particularly well suited to maintaining a low moisture level of transformer cellulose insulation. The paper also states that the adsorption capacity of MS decreases along with an increasing oil temperature from 18–20% at 20 °C to 3–4% at 100 °C. This aspect seems to be very important in the context of determining the optimal temperature of how MS operate.



The above shows that high temperature improves the dynamics of the drying process but it can significantly reduce this process’ efficiency. For this reason, the authors conducted the research on the influence of temperature on the dynamics of various insulating liquids drying. The tests were carried out for the temperature ranging from 35 °C to 65 °C, which corresponds to the temperature of the insulating liquid in a transformer.



Paper [19] presents the results of an experiment involving the use of MS to dry mineral oil. The obtained drying effect of mineral oil was smaller than the result estimated from sorption isotherms for a 3A sieve determined in the air. On the basis of these studies it can be concluded that it is impossible to properly calculate the MS mass needed to dry the transformer insulation or to maintain its low moisture level based on sorption isotherms determined in the air.



On the basis of their research and the literature as presented above, the authors of this paper defined the following research objectives:




	
Determine the water sorption isotherms of 3A MS in mineral oil, natural ester and synthetic ester—mainly in the context of calculating the correct amount of MS for short-term and continuous drying of the transformer insulation system;



	
Evaluate the influence of temperature on the drying dynamics of insulating liquids—mainly in the context of selecting the proper operating temperature of MS.








Water sorption isotherms of 3A MS in mineral oil, natural ester, and synthetic ester are necessary to determine the amount of molecular sieve needed to dry transformer insulation. This knowledge (not available in literature) allows to simplify the drying system and apply a new approach in its operation. Existing systems use expensive water content meters. Thanks to them, it is possible to capture the moment when the molecular sieve is very wet and further insulation drying is impossible. Opting out of these meters will lower the price of drying system. However, in order to correctly estimate the amount of sieve, it is necessary to conduct tests that will provide detailed information on the material characteristics of molecular sieves and the course of the drying process—in particular its dynamics (also in terms of moisture balance between solid insulation and insulating liquid).




2. Determining of the Water Sorption Isotherms of 3A Molecular Sieves in Mineral Oil, Natural Ester and Synthetic Ester


2.1. Materials Preparation and Measurement Procedure


In order to determine the water sorption isotherms, samples were prepared of insulating liquids with a high relative saturation of water (RS) that was equal to ca. 70% at a temperature of 35 °C. This corresponded to the absolute water content in mineral oil, natural ester, and synthetic ester that was, respectively, equal to 61 ppm, 787 ppm, and 1553 ppm. The assumed water content in the liquids was obtained by mixing both dry and moist liquids in appropriate proportions. The prepared liquids were poured into 500 mL bottles. After 24 h, the initial water content was measured in each sample using the Karl Fischer coulometric method (KFT) in accordance with the standard [24]. Subsequently, a 3A molecular sieve dried at 250 °C was added to the bottles. In order to obtain different points on the water sorption isotherm, the weight of the dry MS was different in each bottle. The weight was estimated based on the water sorption isotherms of the 3A MS determined in air [19]. It was assumed that 1 g of molecular sieve is able to adsorb 0.1674 g of water. Eight bottles with different masses of the molecular sieve were prepared for each of the three insulating liquids, which thus allowed to obtain eight measuring points for each liquid, i.e., for mineral oil, natural ester, and synthetic ester.



Tightly sealed vessels with the insulating liquids and a molecular sieve were placed in a laboratory heating chamber to ensure a constant temperature of 35 °C. The movement of the liquids inside the bottles was forced by means of magnetic stirrers. After six weeks, the water content of the liquids was again determined using the KFT method. The time necessary to establish the equilibrium between water adsorbed by the molecular sieves and water dissolved in the insulating liquids was estimated based on the results of an experiment described in paper [25]. The mass of water adsorbed by the MS was determined on the basis of the difference between the initial and the final water content in the liquid. It was then referred to the mass of dry molecular sieves.




2.2. Results


As a result of the experiment, points on the water sorption isotherms of the 3A molecular sieve in mineral oil, natural ester, and synthetic ester at 35 °C were determined. The results are shown in Table 1.



The obtained results were described using the Langmuir water sorption isotherm as represented by the equation [20]:


   a r  =  a m    K c   1 + K c    



(1)




where




	
ar—real adsorption [mol/g],



	
am—adsorption capacity [mol/g],



	
K—adsorption equilibrium constant [–], and



	
c—molar concentration of adsorbate [mol/dm3].








The Langmuir water sorption isotherm is a type I isotherm. It is based on the following assumptions [26]:




	
Adsorption is localized, i.e., it occurs at active sites, where one of the adsorbate molecules can be adsorbed at each of these sites and cannot move;



	
There are no interactions between adsorbate particles;



	
An increase in the number of adsorbed molecules takes place until all of the active centers are filled, then the balance between adsorption and desorption is established;



	
The adsorbed substance forms a monomolecular layer on the surface of the adsorbent.








Since the 3A molecular sieve is characterized by a very large increase in adsorption at low relative humidity values and approximately constant adsorption at high relative humidity values, the Langmuir water sorption isotherm properly describes well the obtained results.



The relationship between actual adsorption a and water content in the molecular sieve WCS expressed in % is represented by the equation:


  a =     W C S   100    M   



(2)




where




	
M—molar mass of water [18 g/mol].








The molar concentration of the adsorbate is described by the equation:


  c =    m w  ·  d i    M ·  m i     



(3)




where




	
mw—mass of water [g],



	
dl—insulating liquid density [g/dm3],



	
ml—mass of insulating liquid.








In Equation (3) the following formula can be substituted:


     m w     m i    = R S · S ·   10   − 8    



(4)




where




	
RS—relative saturation of liquid [%],



	
S—water saturation limits [ppm].








The Langmuir isotherm Equation (1) can be written in a linear form (y = Ax + B):


   1 a  =  1   a m    +  1   a m  K      1 c     



(5)




which makes it possible to calculate the coefficients of Equation (5) using the relationships:


  A =  1   a m  K    



(6)




and


  B =  1   a m     



(7)







Figure 1 presents the Langmuir water sorption isotherms determined based on the measurement results. In addition, Figure 1 presents the water sorption isotherm of a 3A molecular sieve in air (based on [19]) at 35 °C.



On the basis of Figure 1, it can be concluded that the molecular sieve’s ability to adsorb water differs depending on the type of liquid. At low values of relative saturation of water in the insulating liquid (RS < 5%), the tested molecular sieve exhibits the largest capacity for water sorption in synthetic ester; whereas the lowest water sorption capacity is observed in mineral oil. The water sorption isotherm of the 3A molecular sieve in synthetic ester at 35 °C is very similar to that in the air [19]. The high ability of the molecular sieve to dry liquids with a low relative water content is a key feature that determines the possibility of using it to dry a transformer insulation system. The obtained results were used to estimate the mass of the molecular sieve needed for short-term drying of transformer insulation or for maintaining a low level of moisture in it. This issue is discussed in Section 4.





3. Assessment of the Effect of Temperature on the Dynamics of Drying Insulating Liquids with a 3A Molecular Sieve


3.1. Materials Preparation and Measurement Procedure


In order to examine the effect of temperature on the dynamics of drying insulating liquids with a 3A molecular sieve, a total of 9 bottles filled with mineral oil, natural ester, or synthetic ester with a weight ML (Table 2) were prepared. The bottles were placed in three laboratory heating chambers at 35 °C, 50 °C, and 65 °C. Molecular sieves were added to the bottles in an amount allowing for adsorption of the water dissolved in each sample of the liquid. The initial water content WCL0 was determined by means of the KFT method. The weight of the molecular sieve MMS was estimated based on the water sorption isotherm of the 3A molecular sieve as presented in [19]. Table 2 presents a summary of the prepared samples.



At intervals allowing to capture the liquid drying dynamics, the water content in the samples was measured using the KFT method. At the initial stage of the study, the time intervals between consecutive measurements were several hours apart, whereas at the final stage the time intervals were as many as seven days apart between measurements.




3.2. Results


Figure 2, Figure 3 and Figure 4 present the results of measuring the water content in mineral oil, natural ester, and synthetic ester, respectively, during their drying with a 3A molecular sieve. The drying process was carried out at 35 °C, 50 °C, and 65 °C.



Figure 2 shows that the lowest dynamics of the water adsorption process by MS took place at 35 °C. Increasing the temperature to 50 °C resulted in a significant increase in the rate of water removal from the oil, particularly during the first days of the drying process. An increase in the drying temperature to 65 °C did not cause a further increase in the drying rate of the mineral oil. There was no effect of the drying temperature on the final water content in all of the analyzed mineral oil samples, and only the time needed to reach it changed.



In the case of drying both natural and synthetic ester, an even greater influence of the temperature on the dynamics of the drying process was observed than in the case of mineral oil. The increase in temperature of the electro-insulating liquid caused a significant increase in the rate of water removal from the esters. An increase in the drying dynamics was observed when the temperature increased from 35 °C to 50 °C and when the temperature increased from 50 °C to 65 °C.



The graphs of the water content in the insulating liquids during their drying process do not provide a complete picture of this process’ course. The water sorption isotherms presented in Section 2 clearly show that at low RS values there is a strong relationship between the MS’s adsorption capacity and the relative saturation of water in the insulating liquid. The purpose of drying is to reduce the water content in the insulating liquid to a very low level of RS. For a given water content expressed in ppm, the RS value changes along with temperature changes.



Taking into account the above, Figure 5, Figure 6 and Figure 7 show the changes in relative saturation of the insulating liquids during the drying process. The relative saturation of the insulating liquids was calculated based on the results of the water content in the liquids during their drying. These results were referred to the water saturation limit in mineral oil, natural ester and synthetic ester. The limit values of water saturation used for the calculations are presented in Table 3. These values were calculated on the basis of data contained in paper [4].



The dependence of the insulating liquids’ relative saturation on their drying time confirms the 3A molecular sieve’s excellent ability to remove moisture from mineral oil, natural ester and synthetic ester. The clear influence of temperature on the drying process’ dynamics can be observed, i.e., increasing the temperature results in faster removal of moisture from the insulating liquids via the 3A molecular sieve. The ratio of the drying rate’s increase to the temperature’s increase is much higher if the temperature increases from 35 °C to 50 °C than if it increases from 50 °C to 65 °C. A temperature of 50 °C allows for the samples to be dried to a level of relative liquid saturation that is lower than 5% in a timeframe that does not exceed one week, regardless of the insulating liquid that is used. According to the standard IEC 60422, transformers whose relative oil saturation with water is lower than 5% are considered to be dry.





4. Discussion


The experiments conducted in this study proved the very high potential of the 3A molecular sieve in drying mineral oil, natural ester, and synthetic ester. Since drying the insulating liquid in the transformer causes indirect drying of the transformer’s solid insulation, it is possible to estimate the amount of 3A molecular sieve that is necessary for complete drying of the insulation system. The water sorption isotherms shown in Figure 1 were used for this purpose.



Table 4 presents the total mass of the insulating materials in the 25 MVA transformer. An initial moisture content of cellulose insulation equal to 3.0% was used for the calculations. It was assumed that after the drying process the final water content in the cellulose insulation should be equal to 1.0%, which in a state of moisture equilibrium at 35 °C corresponds to 5% of the relative saturation of the insulating liquid. Taking into account the mass of the cellulosic materials of the analyzed transformer (1228.5 kg) and the mass of the oil (9900 kg), the mass of the water that should have been adsorbed by the molecular sieve was equal to 24.74 kg.



Based on the obtained water sorption isotherms for the 3A molecular sieve, it was assumed that for the relative saturation of mineral oil with water equal to 5%, the molecular sieve’s sorption capacity was equal to 12.06% at 35 °C (Figure 1). This means that 205.17 kg of MS was needed to adsorb 24.74 kg of water. In the case of drying the same transformer but with the electrical insulating system impregnated with either natural ester or synthetic ester, the amount of molecular sieve needed would be smaller due to the sieve’s greater capacity to adsorb water in these liquids. Assuming that the sorption capacity of 3A MS in both natural and synthetic esters was equal to 13.38% and 17.35%, respectively (for RS = 5%), the amount of MS needed to dry the insulation to a level of 1% was equal to 200.27 kg and 166.93 kg, respectively.



It is also possible to use a 3A molecular sieve for continuous drying of the transformer’s electrical insulation system in order to maintain its moisture at a constant low level, similar to the moisture content of a brand-new device. Drying the insulation in a permanently mounted circulating drying system removes water that appears in the transformer’s electro-insulating system during its lifetime. The increase in the transformer’s moisture depends on its construction and operating conditions. According to paper [9], the moisture content of solid insulation in a free-breathing transformer increases 0.2% per year. For a sealed transformer, this value is equal to 0.06% per year. The amount of 3A molecular sieve needed to counteract such an increase in moisture, for the 25 MVA transformer as described above, is summarized in Table 5. For comparison, calculations are presented for two construction variants, namely, free-breathing and sealed transformers.



In the case of a free-breathing transformer impregnated with mineral oil, 200 kg of the 3A molecular sieve should be suffice for nearly 10 years of continuous drying of the transformer. In the case of a sealed transformer impregnated with natural ester, such a quantity of molecular sieve would be sufficient for 47 years of protecting the electrical insulating system against moisture, and thus probably for the device’s entire lifetime.



Taking into consideration the results of the experiment testing the dynamics of drying insulating liquids depending on the temperature, the short-term drying of a transformer insulation system should be carried out at the highest temperature that will not cause cellulose degradation. As the drying temperature increases, the dynamics of water adsorption by the molecular sieve also increase. This conclusion is also confirmed by the results of research presented in paper [22]. The increase in insulation temperature causes an increase in the rate of water migration from cellulose to the insulating liquid. Taking the above into account, it can be concluded that a high temperature promotes the process of short-term drying of the transformer.




5. Conclusions


The study proved that there is a significant difference in the ability of 3A MS to adsorb water from mineral oil, synthetic ester, and natural ester. These differences are particularly important in the case of a low relative humidity of the insulating liquid below 5%. This relative humidity, i.e., below 5%, allows to maintain the water content in solid insulation at a level of ca. 1% for a temperature in the range of 30 °C to 70 °C, or for its effective short-term drying.



On the basis of the determined water sorption isotherms, described by means of Langmuir adsorption model, it is possible to calculate the amount of MS needed for short-term drying of the insulation system or for maintaining a low level of moisture throughout the transformer’s lifetime. This is the novelty of the work, which was not described in the literature before. This knowledge allows to simplify the drying system available in the market and apply a new approach in its operation.



The research results are important as regards the construction of an efficient system for the circular drying of insulating liquids. In order to ensure the best results for short-term drying, the liquid should be taken from the upper part of the transformer tank due to the higher temperature than from the bottom of the tank. In commercially available drying systems, mineral oil is taken from the bottom of the tank, which may reduce drying efficiency. In the case of continuous drying of the transformer insulation system in order to maintain a constant low moisture level, the liquid temperature and thus the place of its withdrawal from the tank have no significant effect.



Taking into account the high water solubility in natural and synthetic esters the problem of moisture in transformers with a free-breathing conservator will be serious. For this reason, the research on the application of MS for drying transformers insulated with esters are necessary.



The directions of further research are related to



	
Assessing of the mechanical strength of MS in terms of the sieve’s erosion associated with the flow of insulating liquid;



	
Evaluating of the selectivity of gases sorption by MS in the aspect of using gas chromatography for transformers diagnostics;



	
Analyzing the impact of moisture migration dynamics between cellulose and electro-insulating liquid on drying process.
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Figure 1. Water sorption isotherms of the 3A molecular sieve in mineral oil, natural ester, synthetic ester, and air, T = 35 °C. 
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Figure 2. Water content in mineral oil during its drying with a 3A molecular sieve. 
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Figure 3. Water content in natural ester during its drying with a 3A molecular sieve. 
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Figure 4. Water content in synthetic ester during its drying with a 3A molecular sieve. 
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Figure 5. Relative saturation of water in mineral oil during its drying with a 3A molecular sieve. 
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Figure 6. Relative saturation of water in natural ester during its drying with a 3A molecular sieve. 
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Figure 7. Relative saturation of water in synthetic ester during its drying with a 3A molecular sieve. 
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Table 1. Water content in the 3A molecular sieve for various values of relative saturation of water in mineral oil, synthetic ester, and natural ester, T = 35 °C.
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Mineral Oil

	
Natural Ester

	
Synthetic Ester




	
Relative Saturation of Water in Mineral Oil (%)

	
Water Content in the 3A Molecular Sieve (%)

	
Relative Saturation of Water in Natural Ester (%)

	
Water Content in the 3A Molecular Sieve (%)

	
Relative Saturation of Water in Synthetic Ester (%)

	
Water Content in the 3A Molecular Sieve (%)






	
2.5

	
6.63

	
0.5

	
4.11

	
0.2

	
5.15




	
2.9

	
8.96

	
0.9

	
6.72

	
0.3

	
4.14




	
7.7

	
12.47

	
1.6

	
9.34

	
0.5

	
9.51




	
9.0

	
13.77

	
5.6

	
13.26

	
1.8

	
13.95




	
16.0

	
13.94

	
16.4

	
15.39

	
3.8

	
15.80




	
21.1

	
16.43

	
27.8

	
15.77

	
20.8

	
18.03




	
27.5

	
19.19

	
42.5

	
15.24

	
35.1

	
18.68




	
49.7

	
19.74

	
68.7

	
15.86

	
61.9

	
19.60
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Table 2. Summary of the prepared samples.
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Insulating Liquid

	
T (°C)

	
WCL0 (ppm)

	
ML (g)

	
MMS (g)






	
Mineral oil

	
35

	
38.7

	
1959

	
0.9055




	
50

	
39.8

	
1945

	
0.9622




	
65

	
37.8

	
1928

	
0.8725




	
Natural ester

	
35

	
697.1

	
2060

	
17.2179




	
50

	
699.1

	
2046

	
17.0908




	
65

	
736.5

	
2025

	
17.7727




	
Synthetic ester

	
35

	
1402.5

	
2182

	
36.4892




	
50

	
1382.2

	
2143

	
35.3629




	
65

	
1377.4

	
2122

	
34.9007
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Table 3. Limits for the solubility of water in mineral oil, natural ester, and synthetic ester at 35 °C, 50 °C, and 65 °C [4].
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	Insulating Liquid
	35 °C
	50 °C
	65 °C





	Mineral oil
	88 ppm
	155 ppm
	262 ppm



	Natural ester
	1125 ppm
	1437 ppm
	1797 ppm



	Synthetic ester
	2218 ppm
	2739 ppm
	3320 ppm
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Table 4. Total mass of the insulating materials in the 25 MVA transformer [27].
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	Power (MVA)
	Year of Production
	Cooling
	Paper (kg)
	Pressboard (kg)
	Elkon (kg)
	Beech Wood (kg)
	Sum of Cellulosic Materials (kg)
	Oil (kg)
	Mass of Cellulosic Materials/Oil Mass





	25
	2018
	ONAN
	218
	606
	362.6
	41.9
	1228.5
	9900
	0.1241










[image: Table] 





Table 5. Amount of 3A molecular sieve needed to adsorb the annual increase in moisture content of solid insulation in free-breathing and in sealed transformers.
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	Insulating Liquid
	Free-Breathing Transformer
	Sealed Transformer





	Mineral oil
	20.37 kg
	6.11 kg



	Natural ester
	18.36 kg
	5.51 kg



	Synthetic ester
	14.16 kg
	4.25 kg
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