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Understanding Oil-Paper
Equilibrium in Power Transformers

Moisture Migration, Temperature Effects, Relative Saturation,
and Why Moisture Returns After Drying

Executive Summary

Moisture is the primary driver of insulation aging
and one of the leading causes of transformer failure.

More than 95% of the moisture in a transformer
insulation system is stored in the cellulose
(paper), not in the oil.

The oil and paper are in a dynamic relationship,
continuously exchanging moisture until a state
of equilibrium is reached at a given temperature.

Temperature changes, loading patterns, and
environmental conditions constantly shift this
equilibrium, causing moisture to migrate between
oil and paper.

Understanding oil-paper equilibrium is essential
to correctly interpret moisture test results,
understand moisture rebound after drying,

and implement effective moisture management
strategies that extend insulation life.

Moisture Distribution in a Typical Power Transformer

Cellulose (paper) acts as a moisture reservoir.

It can hold large amounts of water.

<5% —&y >95%
Moisture in Oil @ Oil acts as a moisture carrier.

Moisture in

F It holds only a small amount of water.
Paper Insulation

Oil and paper continuously exchange moisture
until equilibrium is reached.

AVACO Solutions FZC

PO. Box 18672, SAIF Zone B4 vishal@drytrans.com @ +971-50-6790417 @ www.drytrans.com ' I .\ drytrans

Sharjah, United Arab Emirates



I.\ drytrans Moisture Under Control.

Reliability Assured.

. WHITE PAPER | Understanding Oi-Paper Equilibrium White Papor #2 | Page2
in Power Transformers

Executive Summary

is the Key to L i Moisture Behavior

Transformer insulation is a dynamic system in which moisture

: . o More than 95% of transformer moisture is stored

continuously moves between oil and paper until a state of

. N . e in the cellulose insulation, not in the oil.
thermodynamic equilibrium is reached at a given temperature.
Because more than 95% of the moisture in a transformer (¥ Oiland paper are in a continuous two-way exchange
resides in the cellulose insulation (paper), any change in oil ®_/  of moisture until equilibrium is reached.
moisture is a reflection of moisture migration to or from
the paper. :  Temperature changes the equilibrium and causes

moisture to move between oil and paper.

loading, and
constantly influence this equilibrium, causing oil moisture

L, " Relative Saturation (RS) provides a truer picture
levels to rise or fall even when no external moisture SR B

X of moisture stress than ppm alone.
ingress occurs.

Understanding oil-paper equilibrium is essential to correctly /’ Moisture will return to the oil after drying unless the

interpret moisture measurements, predict moisture rebound il I ium is shifted through continuous moisture

after drying, and implement effective moisture management
that extend i ion life and reliability.

Figure 1: Moisture Distribution in a Typical Power Transformer

PAPER (Cellulose)
Moisture Reservoir
Holds the vast majority

>95% " <5% of moisture.
Moisture in Moisture
Paper Insulation in Oil
OIL (Mineral Oil)
Moisture Carrier
Holds only a small
amount of moisture.
Oil moisture measurements represent only a small fraction of the total moisture in the
@ Why This Matters insulation system. To make informed decisions, we must understand the science of

equilibrium and the factors that influence it.
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Where Moisture Actua“y Lives Figure 2: Moisture Storage Comparison

The Oil-Paper Insulation System PAPER INSULATION (Cellulose) OIL (Mineral Oil)

A power transformer insulation system is

Holds a very large amount of moisture Holds only a very small amount
composed of cellulose (paper and pressboard) .

and insulating oil.

within its microscopic fiber structure. of moisture in solution.

Cellulose is hygroscopic, meaning it has a natural
affinity to absorb and hold water molecules within
its fiber structure.

Mineral oil, on the other hand, has a very limited
capacity to dissolve water.

As a result, the vast majority (>95%) of the
moisture in a transformer is stored in the solid
cellulose insulation, not in the oil.

The oil acts only as a moisture carrier,
transporting small amounts of water to and

Moisture Reservoir Moisture Carrier
from the paper surfaces.

>95% of total moisture <5% of total moisture

This fundamental difference is the reason why
il moisture readings alone cannot indicate the
true moisture condition of the insulation.

Figure 3: Moisture Movement Pathways in a Power Transformer

Moisture Sources

Moisture Behavior

Ambient Air Constant Exchange
Gp06 Breathing through Moisture continuously moves
conservator between oil and paper
until equilibrium is reached.
Oil Ingress

Moisture in new or
contaminated oil

Water Ingress

Through seals,
gaskets, or leaks

. High Humidity &
[ Temperature Cycling

moisture leaving the paper
equals the rate entering it.

B o

Dynamic Process
Changes in temperature,

Equilibrium State
Q‘E At equilibrium, the rate of

Accelerates moisture loading, or oil moisture shift
ingress the equilibrium.
@ Moisture in Oil @ Moisture in Paper
Key Message  Because paper holds the vast majority of moisture, any change in oil moisture is a reflection
of moisture migration to or from the paper insulation.
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o PR,
What Is Oil-Paper Equilibrium? o B onsings
The Foundation of Moisture Behavior

At any given temperature, moisture distributes itself between

© Equilibrium is the natural state where oil and paper
the oil and the paper insulation according to thermodynamic

are in balance.

equilibrium.

€— Moisture always moves from high activity (wetter)
This means the moisture activities (or chemical potentials) —>  tolow activity (drier).
in the oil and the paper are equal, resulting in a stable
condition where there is no net movement of moisture :  Temperature determines how much moisture the oil
in either direction. & can hold, and therefore influences equilibrium.

If the oil becomes drier than this equilibrium condition,

it il e o the pason talthe.cil 515 Equilibrium is dynamic, not static. It continuously

responds to changes in temperature, loading,
If the oil becomes wetter than the equilibrium condition, and moisture levels.
moisture will migrate from the oil into the paper.

This continuous two-way exchange is the reason why oil
moisture changes over time even when no external moisture
ingress occurs.

Understanding equilibrium is essential for
@ interpreting measurements and making the right
moisture management decisions.

Figure 4: Oil-Paper Equilibrium Concept

is Drier than Equilibrium At Equilibrium Oil is Wetter than Equilibrium

Oil moisture is below the equilibrium Moisture activities in oil and paper Oil moisture is above the equilibrium

value for the given temperature. are equal. value for the given temperature.

Moisture migrates from paper to oil No net moisture movement. Moisture migrates from ol to paper
until equilibrium is restored. The system is in balance. until equilibrium is restored.

@ Moisture Molecules in Oil () Moisture Bound in Paper

Figure 5: Dynamic Equilibrium

Paper - Oil \ Oil - Paper o Key Message

When oil is drier ’ When oil is wetter

e
than equilibrium ynamic than equilibrium Equilibrium is the driving force behind all
Equilibrium 2 -
. - . moisture movement in a transformer.

e Continuous i

== Two-Way s — L
2 Exchange - To dry the paper, the oil must be kept
Moisture leaves Moisture enters consistently drier than the equilibrium

the paper. the paper. value through continuous moisture removal.
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Temperature Effects Figure 6: Temperature Influence on Moisture Distribution
on Equilibrium

& HIGH TEMPERATURE & LOW TEMPERATURE
Why Moisture Readings Change (eg. 80°C) (e.g, 20°C)

Temperature has a significant impact on the amount of
moisture that mineral oil can hold.

As temperature increases, the oil's capacity to dissolve
water increases. To maintain equilibrium, moisture

migrates from the paper insulation into the oil.

As temperature decreases, the oil's capacity
decreases. Moisture then migrates from the oil back

i e e msiiation: Moisture Moves from Paper to Oil Moisture Moves from Oil to Paper
+ Oil holds more moisture « Ol holds less moisture
This is why oil moisture (ppm) readings naturally rise « Oil ppmincreases « Oil ppm decreases
when the transformer is hot and fall when it is cold— © Paper moisture decreases * Paper moisture increases
even if no external moisture ingress occurs.
Therefore, interpreting oil moisture without consideriny
; ; i | d"t ; A ¢ Oil moisture (ppm) varies with temperature, even when the
emperature can lead to incorrect conclusions abou
PErRs insulation’s actual moisture content remains unchanged.

the actual moisture condition of the insulation.

Figure 7: Temperature Influence on Oil Moisture (Typical Mineral Oil) o Key Takeaways

10,000
—— Saturation Limit (Oil at Equilibrium with Wet Paper)

—— Typical Operating Ol Moisture (Well Managed) @ Highsstemperaturels Ol holds

more moisture - Oil ppm increases
1,000 /
o

Paper moisture decreases.

Lower temperature = Oil holds
less moisture = Ol ppm decreases -
Paper moisture increases.

Oil moisture (ppm) is temperature

dependent and cannot be interpreted
without temperature.

Qil Moisture (ppm)

Relative Saturation provides a more
meaningful indication of moisture stress
than ppm alone.

0 20 40 60 80 100 120
Temperature (°C)

Always evaluate oil moisture together
with temperature and relative

Same oil, same insulation, different temperature — p
g . ’ e saturation.

different oil moisture (ppm).
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Relative Saturation vs PPM Figure 8 Relative Saturation Concept
Why PPM Alone Can Be Misleading

PPM (parts per million) tells us how much moisture is in the © O
oil, but not how close the oil-paper system is to moisture =
—
saturation at the given temperature. Water Water — Relative
3 i i ioai y Present Solubility Saturation
Relative Satum(lon-(R ) is th‘e ratio th.e actual moisture (PPM) (PPM) %)
content to the maximum moisture the oil can hold at that S eragite
temperature.
Relative Saturation indicates how much “moisture stress”
exists in the insulation system. Relative (RS)isa
indicator of moisture condition and is a better measure of

Even a small ppm value can represent high moisture stress insulation risk than ppm alone.
at low temperature, while a higher ppm value may represent
low stress at elevated temperature.

Figure 9: PPM vs Relative Saturation — Example

Key Takeaways
The same oil moisture (10 ppm) represents very different moisture stress

levels at different temperatures. PPM is not sufficient to assess

moisture condition because it
does not account for temperature.

&

J:Ll Temperature | Saturation Limit* | Oil Moisture | Relative Saturation Moisture Stress
©

0 | O (em) (ppm) (%) Interpretation

Relative Saturation (RS) normalizes

% @ Dry Condit
& 20°C 85 ppm 10 ppm 12% i moisture content to temperature
and provides a true indication of
g moisture stress.
&L 40°C 180 ppm 10 ppm 6% @ VeryDry c«.sndmo..
Ve/Jow rletas sitess High RS indicates higher risk
A of insulation aging, reduced
& 80°C 250 ppm 10 ppm 4% @ Very Dry Condition dielectric strength, and potential
Verylow meleuresress :
for failure.
& 20°C 85 ppm 40 ppm 47% SXCuinf »  Industry practice recommends
[Mociebe Rcienss rees . I]ﬂl] keeping RS below 40% under
normal operating temperature.
High Risk
§ 20c 85 ppm 70 ppm 82% 1 A%
High moleturesress: ra ;
Always evaluate oil moisture using
PEE— —— P e g @ both temperature and relative

saturation for accurate decision

Relative Saturation provides a true picture of how close the insulation making.
system is to moisture saturation, regardless of temperature.

: Use PPM to know “how much” moisture is in the oil.
Bottom Line

Use Relative Saturation to understand “how serious” the moisture condition is.
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Equiﬁbrium Curves and Figure 10: Typical Oil-Paper Equilibrium Curve (Oommen Model)
4 ; X Paper Moisture Content (%) vs Oil Moisture (ppm) at Different Temperatures

Paper Moisture Estimation %

| 80°C
Using Equilibrium Models to Understand ®
the True Moisture Condition 60°c
Equilibrium curves describe the relationship between s 40°C
oil moisture (ppm), paper moisture content (%), and
temperature when the system is in thermodynamic 3 20°C

equilibrium.

Several models exist; the most widely used are
the Oommen and Koch curves, which are based on

Paper Moisture Content (%)
N

extensive laboratory and field data.

By measuring oil moisture and temperature, we can use o1

these curves to estimate the moisture content in the paper, 1
which represents the actual reservoir of moisture.

This estimation is essential for assessing insulation
condition, predicting moisture rebound, and determining

the effectiveness of drying.

Figure 11: How Moisture in Paper Is Estimated

By knowing two variables—oil moisture (ppm) and temperature—
we can estimate the moisture content in the paper.

6.4 .l=l=

1. Measure 2. Measure 3. Use Equilibrium 4. Estimate
il Moisture Temperature Model (Curve) Paper Moisture
(ppm) °C) Oommen / Koch Content (%)
/ 1IEC Methods

Accurate paper moisture estimation is the key to evaluating insulation

condition and managing moisture risk effectively.

Q Key Message

condition of the cellulose insulation.

References
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10 100 1,000 10,000

Oil Moisture (ppm)

At any given temperature, higher oil moisture (ppm) corresponds to
higher paper moisture content at equilibrium.

Common Equilibrium Models

Oommen Model

Most widely used; based on extensive
data for mineral oil-paper systems.

Koch Model

Considered by many as more accurate
in low moisture range.

IEC Interpretation
IEC 60422 and related standards
provide guidance for moisture
assessment using equilibrium data.

Different models may give slightly
different results, but the trend and
engineering decisions remain the same.

| Equilibrium curves are powerful tools that allow us to “see inside” the insulation.
They convert simple oil measurements into meaningful insight about the true moisture
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Why Moisture Returns
After Drying
The Moisture Rebound Phenomenon

When a transformer is dried offiine, the il moisture content
i reduced to a very low level, However, the paper insulation
remains much wetter.

Because of the oil-paper equilibrium, this creates a strong
moisture concentration gradient.

Moisture

aturally migrate from the wet paper into the
dry oil until a new equilibrium is reached.

As a result, the oil moisture level increases again over time—
this is known as moisture rebound.

The higher the initial paper moisture, the faster and higher
the rebound.

Figure 13: Moisture Rebound Mechanism

1. After Offline Drying
Oilis dry, paper is wet

2. Moisture Migration
Moisture moves from
paper to oil

Understanding Oil-Paper Equilibrium

White Paper #2 |  Page 8
Figure 12: Moisture Rebound After Offline Drying
Drying Phase. Rebound Phase New Equilibrium
Oil moisture i i A equilibri
is reduced from paper to oil is established

causes oil moisture

£ 100 !

e |

H I [ ewtigper
& Moisture migration i ol moks

2 ! e
s LY from wet paper, | equilibrium
=

to rise again

o 10 20 30 40 50 60 70 80 920
Time (Days)

Moisture rebound is not a failure of drying equipment—
it is a natural consequence of oil-paper equilibrium.

o Key Takeaways

3. New Equilibrium
@ Offline drying removes moisture

A new balance

from the oil, but most of the
moisture remains in the paper.

A strong moisture gradient
causes moisture to migrate
from paper back to oil.

2 Oil moisture will increase again
| untita new equiibrium is reached—
this is moisture rebound.

Rebound rate and final level
depend on initial paper moisture,

Very low oil moisture (ppm) Moisture mig to Oil and paper
High paper moisture (%) i equil temperature, and system design.
Strong concentration gradient Oil moisture increases. Ol moisture stabilizes

@ Moisture Molecule

Continuous moisture management
keeps oil moisture low, driving
continuous migration from paper

As long as the paper is
‘moisture will continue to migrate into the oil.

and gradually drying the insulation.

Moisture rebound is inevitable after offline drying.

Key Mq Only moisture can maintain a low oil moisture level
and gradually dry the insulation over time.
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H H Figure 14: Equilibrium Shift Concept
Implications for e P
H f Moi: A Contil Moi:
Moisture Management Bt Mokurs oy asad
Why Continuous Drying Works
Paper Moisture Paper Moisture
Offline drying can remove moisture from the oil, 3.0% 15%
but the paper remains the primary moisture reservoir.
As long as the oil is kept drier than the equilibrium value Oil Moisture Oil Moisture
for the given the equil it ing 25 pom 5ippm

moisture to migrate from the paper into the oil.

Continuous moisture removal maintains this driving force, = :
ligh paper moisture
resulting in gradual and sustained drying of the paper

insulation. Higher aging rate

This approach reduces moisture stress, slows aging,
and extends transformer life.

encourages moi

Figure 15: Continuous Moisture Management Process

o 2] ©

Dry Oil Shift Equilibrium Paper Releases

o

Paper Dries

Aging Slows

i aper L

continuouslyto  towardthe dryoil  frompaperinto  contentgradually  results in reduced

maintain dry oil condition. the oil. decreases. aging and extended
transformer lfe.

; ‘Continuous Moisture Removal 4—J

The process continues around the loop—r

ining dry oil drives continuous
moisture migration and long-term insulation improvement.

High equilibrium oil moisture

Lower paper moisture
Low equilibrium oil moisture

Slower aging rate

Keeping oil moisture low continuously shifts equilibrium and

isture to leave the paper over time.

o Key Takeaways

Oilis easy to dry, paper is harder to dry.
Sustained low oil moisture is the key.

Continuous moisture management

@ &

maintains the equilibrium shift.

Moisture continuously migrates
from paper to oil.

As paper dries, dielectric strength

Y

improves and aging slows.

The result: higher reliability,
fewer failures, and extended
service life.

@

C moisture the science of oil-paper equilibrium.
Key Message By keeping oil moisture consistently low, we create a persistent driving force that
dries the paper insulation over time—improving reliability and extending asset life.
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Practical Guidelines for Figure 16: Recommended Moisture Control Strategy
MOISture Management rameter What It Indicates | Recommended Approach | Target / Guide
What to Monitor and What to Control
b N Oil Moisture  Current moisture k X oo as)
Understanding oil-paper equilibrium helps us make A% oo Monitor continuously practically
better decisions about monitoring, target levels, and achievable
corrective actions.
Relative s <30-40%
1. Monitor Ol Moisture (ppm) Saturation et Koop under control (undor norm
Regularly monitor oil moisture and temperature (RS%) oniptiiation tomperature)
to assess the current condition of the system.
2. Calculate Relative Saturation (RS%) [ Temporature - Affects oS by itor continuously el
@ ) to hold moisture analyze trends
Use RS% to understand the true moisture
stress on the insulation, not just ppm.
@ Moisture Ensures equilbrium  Apply continuously Continuous
;3. Monitor Temperature is maintai (online sy operation
Always interpret ppm and RS% in the context
of oil temperature.
A Trend Early warning Review trends Lookifor
4. Set Target Moisture Levels nl]l] Analysis of moisture risk regularly "‘"::"‘9
3 trends

Maintain RS% typically below 30-40% under
normal operating temperature.

5. Apply Continuous Moisture Management
Use online solutions ((
remove moisture and maintain equilibrium shift.

©®

6. Track Trends, Not Just Values
Trending data over time provides early in
of moisture ingress or system changes.

©

. DryTrans) to continuously

The goal is not zero moisture, but a stable equilibrium
that minimizes insulation aging and failure risk.

Figure 17: Decision Framework for Moisture Management

1) 2] (3]

Measure Calculate Evaluate
Oil Moisture Relative Trends
and Saturation
Temperature
Gainaccurste  Understandtrue  Identify rising
current data. moisture stress.  stable
moisture trend.

Decide Implement

Action Continuous
Moisture

Management

Maintain equilibrium
and reduce risk.

investigate.

A data~driven approach ensures the right actions are taken

Q=@ cQ

@

Key Takeaways

Oil moisture (ppm) alone does not tell the
full story—RS% and temperature matter.

Keep RS% below 30-40% under normal
operating temperature.

Continuous online moisture management

maintains equilibrium shift.

Lower and stable moisture significantly
reduces insulation aging and extends
transformer life.

Monitor, understand, act, and maintain—
that is the key to moisture control.

at the right time to protect the insulation.

Understand the equilibrium. Monitor the right parameters.
Maintain the driving force. Protect the insulation.

Continuous moisture management is the most effective way to ensure long-term
transformer reliability and performance.

>

Key Message

ONiii
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