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The power utilities and plant operator over the globe faced an issues of an ageing transformer 
population within their network and the risk of failure increases exponentially proportions 
towards the end of the transformers life. It is essential to have better understanding and quantify 
the ageing kinetics and to learn how they may be controlled, so that costly maintenance and 
future investment can be minimised and optimised. It is recognised by IEEE that 80% of 
transformer failure occurs caused by failure of insulation system. Of all the component parts in 
transformer, cellulose paper insulation is the most vulnerable 
component. The ageing of cellulose material is irreversible and the 
life of transformer is forever shortened. Thus, anything we do to 
prevent or mitigate damage to the paper insulation will enhance the 
life of in-service transformer. 
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AGEING MECHANISM OF TRANSFORMER INSULATION SYSTEM 
The ageing and degradation of electrical insulation system are phenomena that determine the life 
time of in-service power transformer or any other electrical apparatus. The intensities of these 
phenomena depend on the nature and values of electrical, mechanical, thermal and 
environmental stresses that act permanently or temporary on the insulations. The three basic 
factors that caused the ageing of transformer insulation system are heat, oxygen and moisture. 

 

It  is  widely accepted that  the main impact  upon insulation longevity and depolymerisation of 
cellulose  paper  is  heat  or  temperature.  This  process  is  further  accelerated  in  the  presence  of 
moisture,  oxygen and acids.  A closer look on the impact of moisture,  it  has a serious role in 
premature ageing of insulation system including increases the risk of bubbling in the insulation 
and risk of partial discharge. At high enough levels of moisture in the paper flashover can occur at 
temperatures encountered in the normal operation of the unit.

Clearly determine the moisture level in transformer’s insulation system is tremendous importance 
to avoid the catastrophic failure and safe operation of in-service power transformer. In addition, 
controlling  the  other  ageing  factor  will  increase  the  dielectric  strength  of  insulation  system, 
performance and life of transformer.

DETECTION OF MOISTURE : PRACTICAL APPROACH 
The distribution of moisture in the transformer is not uniform. The majority of the moisture in 
the transformer system resides in the solid insulation (paper and pressboard) and not in the oil. 
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Insulation Longevity & Transformer Life: 
Depolymerisation under the effect of 
temperature is accelerated in the presence of 
moisture, oxygen and acids. 
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Figure 5 – Transformer Ageing: Improving predictability and control over asset life. 

With increasing pressures on Capex, Opex and asset ROI, there is a clear need for asset owners and network planners to 
understand the cost benefit of available monitoring tools – in terms of performance, life and risk factors – and to be well 
informed on developing technologies. 

If the required level of visibility and control can be planned for at the specification and design stage according to the needs 
of a given network, then asset owners will be able to effectively plan, monitor and make informed decisions for individual 
assets and a transformer fleet as a whole, by utilising trended information for the life of the asset. 

Technology and Product Development 

The continuum of product development for transformers is much like any industry. However, what stands out for 
transformers at this time is the way the financial model – or economics – of asset management can be fundamentally 
altered from what has been done in the past, significantly lowering operational and maintenance costs and maximising 
return on investment. 

There have been a number of “game changing” technologies for transformers, which have opened the doors to completely 
new design methods with respect to these most critical areas reviewed in the previous section – the insulation system, key 
components, and protection/monitoring products. Evaluation of the added benefits offered in these new technologies leads 
to an ability to address macro environment issues, which in turn supports the further optimisation of assets from a 
performance and/or life perspective. 

Advances 

Many companies are engaged in research and development of new solutions aimed at improving some aspect of a 
transformer. In the digital age this is happening ever faster, with shorter time to market, shorter product life cycles and a 
converging of technologies. The electrical energy sector is furthering the innovation drive through smart grid initiatives and 
a desire to increase efficiency and interconnectivity across power grids. 

These product developments generally occur in silos – each company with their own niche area of expertise. Thus product 
suitability is often promoted and evaluated at a functional level, rather than engaging in a broader cross-functional 
assessment of overall suitability and advantages. 

Adoption 

Many utilities and other asset owners have not widely adopted the most significant game changing technologies available, 
such as natural ester fluid, hybrid winding insulation, online DGA and fibre temperature monitoring. This is likely due 
primarily to the (understandably) risk-averse engineering approach common to this sector. That said there is still much 
room for improvement in the technology evaluation processes – a need to go beyond “just watching a small pilot for a 
decade under uncontrolled and often non-repeatable conditions” to quote one utility.10 
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This is because the paper insulation has a much greater affinity for water than does the oil. As a 
transformer operates, moisture will move from the insulation body (thin and thick insulation) 
into the oil as it heats and will move back to the insulation from the oil as it cools. 

Therefore, it is very important to keep the solid insulation and oil as dry as possible and as free of 
oxygen as possible. However, the concentration of moisture in oil alone expressed in parts per 
million (ppm) does not provide sufficient information to obtain an adequate evaluation of the 
insulation system dryness, and therefore the assessment of moisture in the solid insulation should 
be determined. 

Moisture in cellulose is a difficult parameter to measure. There are two main methods to 
determine this and the results are not always reliable. Taking the actual paper sample from 
transformer probably the accurate method to determine the moisture content. However, this 
means that the unit must be out of service. In addition, any outside influence, such as 
atmospheric conditions and handling, will contaminate the sample and render it useless, and give 
incorrect results. Temperature and relative humidity at the time of taking the sample will have a 
significant impact.  

Other method used equilibrium chart to estimate 
the level of moisture content in solid insulation. 
Using moisture in oil measurement to determine 
moisture in cellulose is a tricky business as the 
equilibrium plays the major role and due to the 
fact that different parts of the transformer are at 
different temperatures and states of equilibrium. 
There are a few technical papers that attempt to 
evaluate the mechanism, but there is still much 
doubt as to their accuracy.  

In recent years, an approach to determine the moisture uses an electrical means and calculating 
the resultant moisture is proposed. This method is getting well accepted and is improving as the 
technology matures and gains momentum. Frequency domain spectroscopy (FDS) or variable 
frequency dissipation factor measurement takes both oil and solid insulation into consideration. 
A high dissipation factor value at line frequency does not provide information as to whether the 
reason is a high water content or a high oil conductivity. The dielectric properties of a combined 
oil paper insulation in a power transformer are dependent on a broad range of parameters such as  
internal geometry, oil conductivity, temperature 
and water content in the paper and pressboard 
insulation. A closer look shows that these 
influence factors are dominant at different 
frequencies. A higher oil conductivity or 
temperature will cause the curve to shift towards 
higher frequencies whereas a higher water content 
will increase the dissipation factor at higher and 
lower frequency but show very limited influence in 
between. For moisture assessment, the dominant 
part of the water content at lower frequencies 
provides much more reliable results. 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TRANSMISSION AND DISTRIBUTION

This article will look at some of the methods 
of determining the amount of moisture that 
will affect the operation of the unit and the 
subsequent management of the oil and 
paper systems.

Moisture effects in an operating 
transformer

When a transformer is delivered to a client 
the insulation should be dried to 0,5% 
by dry weight. During the operation of a 
transformer there are a number of factors 
that will influence the gradual production 
and contamination of the system.  Moisture 
has a profound effect on mineral oil, and 
will cause the dielectric strength of the fluid 
to drop considerably.

Firstly, atmospheric moisture will have 
an impact, and this more specifically in 
units that have open breathing (breathe 
to atmosphere via a breather filled with 
a desiccant). I f  the desiccant is not 
maintained correctly the oil will absorb 
the moisture from the atmosphere as the 
transformer temperature cycles. The hotter 
the oil the more it will absorb moisture.

Secondly, in transformers that are either 
open breathers or sealed units (sealed 
meaning that the unit does not breathe 
to atmosphere d i rect ly ) ,  the paper 

degradation by-products and the natural 
gassing of transformer oil will produce 
moisture in small quantities (approximately 
0,5 to 1 ppm per year). Transformers 
that do not use paper based insulating 
material are not as likely to have this 
phenomenon, but will have the natural 
gassing of oil producing small amounts of 
moisture. Coming back to the breakdown 
by-products of paper, a hydroxide (OH) 
molecule is given off when the cellulose 
chain is severed by heat and electrical 
stress. With most insulating fluids some 
hydrogen is always given off during normal 
operation and even in greater quantities 
during over loading and fault conditions.

From an insulating fluid perspective we 
find that, as most insulating fluids are 
hydro-carbon based, small amounts of 
hydrogen are given off during operation. 
With ever present oxygen there is  a 
combination of hydrogen and oxygen 
to form H2O – moisture. With an increase 
of moisture in the system, cycling occurs 
that brings further destruction and thus the 
deterioration begins and will only get worse 
over time. Without intervention the life of 
the transformer will be severely curtailed.

Monitoring

There are a number of methods used 

to monitor moisture in transformers, and 
tradit ional ly an oi l  sample would be 
extracted from the transformer and sent to 
a laboratory for analysis. However, there are 
serious flaws in the process, and typically 
the results are not reliable. These flaws are 
introduced early in the process, typically at 
the sampling stage, which could introduce 
moisture and contaminate the sample.  
Transporting the sample in a tin also poses 
a risk to atmospheric contamination due 
to temperature cycling. The accuracy of 
the Karl Fischer titration method employed 
at the laboratory also plays a role in the 
veracity of the result received.  However, 
there are techniques that can be used 
to reduce these flaws and a good point 
to star t  wi th is  t ra in ing the sampler. 
Furthermore, changing the containers 
in which moisture samples are taken will 
have an affect. Traditionally, a square or 
round tin is used. These containers are not 
the best receptacle and glass syringes are 
better for this sampling.

Then there is the question of what must be 
done with the result when it is received.  
Moisture-in-oil is very dependent on the 
operating temperature of the transformer, 
especially when the sample was taken. 
Without the transformer ’s temperature 
reading at the time of sampling, the 
result obtained is only significant to the 
moisture-in-oil and nothing else. Without 
the temperature no calculations can be 
done to determine the moisture in paper 
or relative saturation. The only information 
you will have is that the oil has moisture in it.

As a transformer operates, moisture will 
move from the insulation body (thin and 
thick insulation) into the oil as it heats 
and will move back to the insulation from 
the oil as it cools. This phenomenon is 
called equilibrium.  If the transformer 
loading and ambient temperature were 
to remain constant for a long period of 
t ime, eventual ly moisture movement 
would cease and a state of equilibrium 
would be reached. The insulation system 
will always seek to obtain an equilibrium 
state, but with constant load changes 
and ambient temperature fluctuations 
hardly ever occurs in real life. This is also 
very difficult to predict as different parts of 
the system (both oil and solid insulation) 
are not at the same temperature. Thus 
equilibrium is merely an assumption of 
where the moisture may be at a specific 
point in time or temperature.  To add to 

Moisture measurements 
in power transformers

by Tom Dalton, Martec

It is well documented that moisture in mineral oil cooled and insulated power transformers has detrimental effects. Doubling the moisture content 
in a transformer could have the effect of halving the life expectancy of the unit, dramatically reducing the expected return on investment. 

Fig. 1: Typical moisture equilibrium curves.Typical moisture equilibrium curve
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The dielectric properties of a combined oil paper insulation in a power transformer are  
dependent on a broad range of parameters such as: 
x Temperature  
x Oil conductivity  
x Internal geometry (amount of barriers and spacers)  
x Water content in the paper and pressboard insulation 

A closer look shows that these influence factors are dominant at different frequencies (Figure 2).  
A higher oil conductivity or temperature will cause the tan(δ) curve to shift towards higher frequencies 
whereas a higher water content will increase the tan(δ) at higher and lower frequencies but show  
very limited influence in between. For moisture assessment, the dominant part of the water content  
at lower frequencies provides much more reliable results. Using high frequencies for water content 
determination cannot be recommended as those dielectric properties are more dependent on the oil 
conductivity than the water content (Figure 3). A high tan(δ)/power factor value at line frequency does 
not provide information as to whether the reason is a high water content or a high oil conductivity  
(Figure 3). The latter can achieve values from 0.1 pS/m and below for new oil up to hundreds of pS/m  
for heavily aged oil. 
 

 
 
Figure 2. Dielectric properties of a power transformer oil-paper High- to the Low-voltage winding insulation (CHL)  

 
Figure 3. Simulated dependence of the dissipation factor at 50 Hz for a power transformer at two different oil conductivities 
(simulated tan(δ) at 50 Hz dependent on moisture; 20°C; barriers = 20 % , spacers 20 %; oil conductivity 1 pS/m, 10 pS/m;  
tan(δ) at 50 Hz; water in paper (in wt.%)) 

Dielectric properties of a transformer oil 
paper winding insulation
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WHAT REMEDIAL ACTION IS APPROPRIATE? 
It is imperative that moisture should be removed from the oil and paper insulation for extending 
the service life of power transformers. The asset owner has five options pertaining to management 
of moisture in power transformer. The simple action is do nothing but the results are predictable; 
continuous degradation and resulting premature failure, outage and replacement. Second option 
is to replace the wet oil with dry oil but the moisture bound deep within the transformer’s paper 
insulation will slowly leach into the new oil. In the end, this approach treats the symptom but 
does not solve the problem.  

Over the years, the technology for moisture removal has been the main area of concern for the 
majority of transformer’s owner. The well established processes for transformer drying include of 
oil circulation, vacuum drying oven and vacuum pressure impregnation (VPI). Using oil 
circulation method, the oil is circulating through oil purification equipment. After filtering the oil 
to remove the particles, the oil is heated in a so called vacuum degassing unit and all residual 
gasses are removed and the moisture contents of less than 5ppm can be reached. This is a 
necessary maintenance process for oil filled transformers but not very efficient for removing 
moisture as there in indirect heating of the insulation which takes a very long time. 

In vacuum drying method, the transformer is kept in a vacuum oven where it is heated by means 
of electrical heaters. This results in water being evaporated which is present in the layers of 
insulation. Once the required temperature has been attained, vacuum is created in the oven with 
the help of vacuum pump so that the water vapour present in air around the transformer is 
extracted. 

In  VPI  the  transformer  coils  are  heated  initially  to  remove  the  moisture  from  the  layers  of 
insulation. After the desired temperature has been attained, vacuum is created in the tank so as 
remove the air along with the water vapour. On reaching the desired level of vacuum, resin, which 
is atmospheric pressure, is allowed to impregnate the coils at a low pressure. As a result of the 
pressure difference, resin impregnates the innermost parts of the coils thereby providing effective 
insulation.

Editor: 
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Need Expert Advise ?

We provide expert advise on condition 
assessment of your in-service power 
transformer…Call Us Now 03-89225000
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