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Dissolved Gas Analysis 
 
Transformer oil is used as a dielectric media, insulator and heat transfer agent that is in continual contact with all internal electrical transformer 
components. During standard operation the oil and oil immersed electrical insulation material may decompose however, this occurs at a 
greater extent under excessive electrical and thermal stresses. 

This decomposition results in the generation of break down material including gaseous products which dissolve in oil. This dissolved gas-in-
oil provides valuable diagnostic information which can be analysed by DGA and be symptomatic of a transformer’s health. 

A DGA monitoring programme helps:
 

•	 Extend asset life through advance warning of developing faults and highlighting gas generation rates and trends
•	 Reduce	maintenance	costs	through	convenient	and	efficient	scheduling	of	repairs
•	 Maximise	asset	capability	by	monitoring	the	effects	of	increased	loading
•	 End of life “intensive care”, reducing unexpected and costly failure

DGA has become an industry standard and provides a non-intrusive, virtual window into a transformer’s internal operating conditions. However 
often	the	whole	picture	is	not	apparent	without	a	unit’s	history,	specific	design	and	experience	in	gas	analysis	and	result	interpretation.

It has become a prevalent and important technique as present transformer’s reach their end of life and diagnostic knowledge is lost with 
retiring engineers, increasing the reliance on DGA systems. Numerous standards now exist to guide users in performing DGA and then 
interpreting the results. These are produced and supplied by The American Society for Testing and Materials (ASTM), The institute of Electrical 
and Electronics Engineers (IEEE) and The International Electrotechnical Commission (IEC).

Gases
Gases present in oil is predominantly the result of the decomposition of electrical insulation materials including mineral oil (or other oil) and 
cellulose as a result of thermal faults or chemical reactions within the equipment. Other sources of gas-in-oil are contamination from rust, 
galvanised	or	stainless	steel	fittings	and	exposure	to	sunlight	or	the	atmosphere.

Due to excessive thermal or electrical stresses, oil and cellulose bonds can break to form radicals, which form the diagnostic fault gases 
which can then be observed:

•	 Mineral oil decomposition
 »  Hydrogen (H2)
 »  Methane (CH4)
 »  Ethane (C2H6)
 »  Ethylene (C2H4)
 »  Acetylene (C2H2)

•	 Cellulose decomposition
 »  Hydrogen (H 2)
 »  Methane (CH4)
 »  Carbon monoxide (CO)
 »  Carbon dioxide (CO2)

 
The gases produced are dependent upon the faults energy output:

•	 Low energy faults such as corona, partial discharge or low 
temperature thermal hot spots form H2, CH4 and C2H6 

•	 Faults of higher temperature are necessary to form large 
quantities of C2H4 

•	 It takes faults of very high energy content such as arcing to form 
large amounts of C2H2 

•	 Low temperature thermal faults involving the cellulose insulation 
form CO and CO2

1. Corona
Oil H2

Cellulose H2, CO, CO2

2. Pyrolysis
a. Oil
Low Temperature CH4, C2H6

High Temperature C2H4, H2 (CH4, C2H6)

b. Cellulose
Low Temperature CO2 (CO)

High Temperature CO (CO2)

3. Arcing
H2, C2H2 (CH4, C2H6, C2H4)

Moisture
The primary cause of major transformer faults is the decomposition of cellulose insulations, leading to electrical faults such as corona and 
arcing, which then result in temperature increases and further decomposition of insulation materials.

The	condition	of	cellulose	insulation	is	described	by	the	degree	of	polymerisation	(DP).	When	a	unit	is	first	commissioned,	the	insulating	paper	
will have a DP value of between 1000 and 1200. This values decrease due to aging processes such as hydrolysis, pyrolysis and oxidation and 
a DP value of 200 to 300 would be regarded as end of life.

A	number	of	factors	affect	the	cellulose	aging	and	quality	especially	moisture	content.	This	effect	was	investigated	and	a	report	produced	
in 2010 by Christoph Kuen and Mario Scala of Siemens Transformers Austria. It was found that the introduction of moisture increases 
decomposition by breaking the cellulose chains at the gylcosidic bond through hydrolysis greatly decreasing the DP value.

Sampling of Oil for DGA
It must be noted that an accurate DGA which provides relevant results is dependent upon a sample which represents the bulk oil content. 
There are two main ways in which an oil sample is taken, on-line or manual collection. On-line DGA units can be programmed to sample 
automatically at a pre-set period for analyse before it is then returned to the transformer, thereby providing a closed-loop measurement 
system. Manual collection allows an oil sample to be taken for analyse at a suitable laboratory installation. IEC 60567 details manual sampling 
procedures, but recommends sampling by gas tight syringe.

Sampling by Gas Tight Syringe
This technique provides an accurate method of sampling which is easy to manipulate. It has 
shown excellent properties in preventing the introduction or loss of dissolved gas and water 
during	storage.	Provided	the	samples	are	shielded	from	the	effects	of	photodecomposition	they	
will be viable for a relatively long period, up to several weeks, however DGA should be carried out 
promptly.

Sampling by Bottle
In this method the sample is exposed to the surrounding environment which increases the 
opportunity for contamination or the loss of dissolved gas and water. Care must be also taken 
with regards to the bottle and cap material to prevent contamination of the sample while in 
storage. 

The	bottle	fill	level	is	critical	to	avoid	excess	gas	being	lost	to	the	headspace	while	still	providing	
an adequate volume to allow the thermal expansion and contraction of the oil volume.

Gas Extraction from Oil
To enable transformer diagnosis the gases must be extracted from the oil. ASTM D3612 and IEC 60567 details three techniques which can 
be	employed,	however	none	of	them	remove	all	the	gas	present	due	to	solubility	coefficients.	These	coefficients	are	an	indication	of	the	
gases	ability	to	dissolve	in	oil,	with	Ethane	readily	dissolvable	and	therefore	difficult	to	remove	from	the	sample	while	Hydrogen	is	the	least	
dissolvable gas and easier to extract from the oil sample.

1. Vacuum Extraction
 
In	this	method	gas	extraction	is	accomplished	by	oil	exposure	to	vacuum	in	a	sealed	system.	The	extraction	efficiency	depends	upon	the	
component	gas	solubility.	Correction	of	this	 incomplete	gas	extraction	 is	obtained	by	calculation	using	Ostwald	solubility	coefficients	of	
gases in transformer oils.
 
Equilibrium	extraction	efficiency	for	each	component	gas:	 	 	 	 Corrected	volume	concentration	for	each	gas:
 
Ei = 1 / ( 1 + KiVO / VT - VO)          Ci (corrected) = Ci (apparent) / Ei 
 
Ei	=	extraction	efficiency	for	component	i 
Ki	=	Ostwald	solubility	coefficient	for	component	i
VO = volume of oil sample
VT = total expansion volume
  
Once the gases have been extracted from the oil, they are compressed to atmospheric pressure and volume measured by breaking the 
vacuum with a mercury piston.

This	is	the	original	method	which	offers	accurate	and	reliable	results	if	followed	correctly.	Alternative	methods	have	gained	acceptance	as	
they have shown reliability, are easily automated and do not require the use of mercury.

 

2. Stripping Extraction
 
The stripping of gases from oil and subsequent gas analysis takes place within a Gas Chromatograph (GC). A small volume of oil is injected 
into a stripper column which contains contact areas at one end where the oil sample is deposited, therefore increasing its surface area. A 
carrier gas is then continually passed through the stripping column which comes into contact with the oil sample and extracts the gas for 
analysis in a GC.

3. Headspace Method
 
This technique involves injecting a known volume of oil into a sample vessel of known volume. This 
then brings the sample in contact with a headspace of known volume where under agitation the 
gas in oil transfers to. After a pre-set time a headspace gas sample is then taken and analysed. 

The initial concentration of gas in an oil sample is calculated using Henrys law and gas in oil 
standards:
 
CL

0 = CG ( Ki + VG / VO ) 
 
CL

0 = initial gas concentration in oil sample
CG = gas concentration in headspace
Ki	=	Ostwald	solubility	coefficient	for	component	i
VG = volume of headspace
VO = volume of oil sample

Gas Analysis: Two Common Methods
 

GC
 
In a GC a known volume of gas is injected into and transferred through a column by a mobile 
carrier gas. Progression of the sample is inhibited by adsorption of sample gases onto the column 
walls or packing material coated with stationary phase.

As	each	type	of	molecule	has	a	different	progression	time,	the	gas	components	are	separated	and	
reach	the	detection	equipment	at	different	intervals	where	the	gas	type	and	concentration	can	be	
analysed.

Typical equipment used for analyse would be a Thermal Conductivity Detector (TCD) which is 
essentially	universal	provided	the	gas	components	have	different	conductivities.	A	Flame	Ionisation	
Detector (FID) is also typically used in this arrangement as it is sensitive primarily to hydrocarbons 
and is placed after the TCD as the FID is destructive.

Infrared Photoacoustics 
In photoacoustic spectroscopy a gas sample is sealed within a measurement chamber before 
exposure	 to	 an	 energy	 source	 which	 has	 been	 passed	 through	 a	 filter	 allowing	 only	 a	 select	
wavelength to pass. If the energy of the allowed wavelength corresponds to the absorption band 
of the sample gas present, the gas molecules will absorb a proportion of the energy. The energy 
absorbed corresponds to the gas concentration. 

When the gas molecules absorb this energy, it converts this to heat which produces an expansion 
causing a pressure change which can be measured by sensitive microphones. Using a chopper 
wheel creates an intermittent energy source causing alternative increases and decreases in 
pressure, therefore allowing an accurate average acoustic signal to be calculated and related to 
gas concentration.

 

Diagnosis based on DGA
 
Multiple methods of diagnosis have been developed shown in standards such as IEEE C57.104 and IEC 60599 which allow users to relate 
measured gas in oil concentrations to potential on-going or developing faults.

1. Duvals Triangle
 
Duvals triangle is based upon the relative percentage concentrations of methane, ethylene and 
acetylene plotted on a triangular coordinate system.

It is a useful technique which produces a diagnosis regardless of gas concentration and has a 
proven low percentage of error. The six main fault zones are represented along with a DT zone 
indicating a thermal and electrical fault. The fault zones have been determined based upon a 
large sample of faulty transformer cases which have subsequently been inspected visually. This 
is a useful technique but is limited to detecting fault conditions when they have already formed, 
allowing a progression of an issue to be followed.

2. Rogers Ratio
 
Rogers ratio was developed from Halstead’s thermal equilibrium and Dornenberg ratios together  
with	information	gained	from	failed	units.	It		was	refined	to	3	ratios	which	when	compared,	can	
be used to diagnose 6 possible faults.

Rogers ratio method has the advantage that it is quantitative and is independent of oil volume 
and	can	therefore	be	used	as	a	diagnostic	tool	on	any	oil	filled	transformer.

 

3. Key Gas Method
 
The	key	gas	method	uses	relative	percentages	of	fingerprint	gases	to	 identify	fault	conditions.	
These	 fingerprint	 gases	 are	 defined	 in	 IEEE	 C57.104	 and	 based	 on	 those	 that	 are	 typical	 or	
predominant	at	various	temperatures.	Using	this	definition	results	in	characteristic	charts	which	
represent relative gas concentrations relating to four general fault types.

It is a frequently used technique which provides an adequate approximation of the transformers 
condition. This method can however result in a high percentage error and should be used with 
other techniques for best results. It does allow progression of developing faults to be highlighted 
and monitored.

a. Oil   

Low Temperature     CH4, C2H6

High Temperature     C2H4, H2 (CH4, C2H6)

b. Cellulose  
Low Temperature     CO2 (CO)

High Temperature     CO (CO2)

                H2, C2H2 (CH4, C2H6, C2H4)

Typical Faults and Related Major and (Minor) Gases

 3. Arcing

 2. Pyrolysis

Oil                    H2

Cellulose      H2, CO, CO2

 1. Corona
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