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Abstract: Natural and synthetic ester-immersed transformers are handled in this guide. The 
following is addressed in this guide: 
a) The theory of combustible gas generation in a natural and synthetic ester-filled transformer
b) Interpretation of the dissolved gas analysis results
c) Recommended actions based on the interpretation of dissolved gas analysis results
d) A bibliography of related literature
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Important Notices and Disclaimers Concerning IEEE Standards Documents 
IEEE documents are made available for use subject to important notices and legal disclaimers. These 
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the 
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Standards 
Documents.” 

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards 
Documents 

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are 
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards 
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a 
consensus development process, approved by the American National Standards Institute (“ANSI”), which 
brings together volunteers representing varied viewpoints and interests to achieve the final product. 
Volunteers are not necessarily members of the Institute and participate without compensation from IEEE. 
While IEEE administers the process and establishes rules to promote fairness in the consensus development 
process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the 
soundness of any judgments contained in its standards. 

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and 
expressly disclaims all warranties (express, implied and statutory) not included in this or any other 
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness 
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness 
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. 
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.” 

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there 
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related 
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved 
and issued is subject to change brought about through developments in the state of the art and comments 
received from users of the standard.  

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any 
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his 
or her own independent judgment in the exercise of reasonable care in any given circumstances or, as 
appropriate, seek the advice of a competent professional in determining the appropriateness of a given 
IEEE standard. 

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, 
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: 
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; 
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, 
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR 
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE 
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND 
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE. 

Translations 

The IEEE consensus development process involves the review of documents in English only. In the event 
that an IEEE standard is translated, only the English version published by IEEE should be considered the 
approved IEEE standard. 
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Official statements 

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board 
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its 
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, 
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall 
make it clear that his or her views should be considered the personal views of that individual rather than the 
formal position of IEEE.  

Comments on standards 

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice 
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a 
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a 
consensus of concerned interests, it is important that any responses to comments and questions also receive 
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and 
Standards Coordinating Committees are not able to provide an instant response to comments or questions 
except in those cases where the matter has previously been addressed. For the same reason, IEEE does not 
respond to interpretation requests. Any person who would like to participate in revisions to an IEEE 
standard is welcome to join the relevant IEEE working group. 

Comments on standards should be submitted to the following address: 

Secretary, IEEE-SA Standards Board 
445 Hoes Lane  
Piscataway, NJ 08854 USA 

Laws and regulations 

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with 
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory 
requirements.  Implementers of the standard are responsible for observing or referring to the applicable 
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not 
in compliance with applicable laws, and these documents may not be construed as doing so. 

Copyrights 

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws. 
They are made available by IEEE and are adopted for a wide variety of both public and private uses.  These 
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization, 
and the promotion of engineering practices and methods. By making these documents available for use and 
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the 
documents. 

Photocopies 

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to 
photocopy portions of any individual standard for company or organizational internal use or individual, 
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance 
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission 
to photocopy portions of any individual standard for educational classroom use can also be obtained 
through the Copyright Clearance Center. 
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Updating of IEEE Standards documents 

Users of IEEE Standards documents should be aware that these documents may be superseded at any time 
by the issuance of new editions or may be amended from time to time through the issuance of amendments, 
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the 
document together with any amendments, corrigenda, or errata then in effect.  

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten 
years old and has not undergone a revision process, it is reasonable to conclude that its contents, although 
still of some value, do not wholly reflect the present state of the art. Users are cautioned to check to 
determine that they have the latest edition of any IEEE standard. 

In order to determine whether a given document is the current edition and whether it has been amended 
through the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at 
http://ieeexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more 
information about the IEEE SA or IEEE’s standards development process, visit the IEEE-SA Website at 
http://standards.ieee.org. 

Errata 

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: 
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata 
periodically. 

Patents 

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to 
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant 
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the 
IEEE-SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may 
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without 
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of 
any unfair discrimination to applicants desiring to obtain such licenses. 

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not 
responsible for identifying Essential Patent Claims for which a license may be required, for conducting 
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or 
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing 
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that 
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely 
their own responsibility. Further information may be obtained from the IEEE Standards Association. 
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IEEE Guide for Interpretation of 
Gases Generated in Natural Ester and 
Synthetic Ester-Immersed 
Transformers 

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health, 
or environmental protection, or ensure against interference with or from other devices or networks. 
Implementers of IEEE Standards documents are responsible for determining and complying with all 
appropriate safety, security, environmental, health, and interference protection practices and all 
applicable laws and regulations. 

This IEEE document is made available for use subject to important notices and legal disclaimers. 
These notices and disclaimers appear in all publications containing this document and may 
be found under the heading “Important Notice” or “Important Notices and Disclaimers 
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at 
http://standards.ieee.org/IPR/disclaimers.html. 

1. Overview

1.1 Scope 

The guide’s application is for natural and synthetic ester-immersed transformers. This guide addresses the 
following: 

 The theory of combustible gas generation in a natural and synthetic ester-filled transformer. 
 Interpretation of the dissolved gas analysis results. 
 Recommended actions based on the interpretation of dissolved gas analysis results. 
 A bibliography of related literature. 

1.2 Purpose 
The purpose of this guide is to assist the transformer operator in evaluating dissolved gas analysis (DGA) 
data obtained from natural ester and synthetic ester-filled transformers. 
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1.3 Limitation 

This guide is based on a limited amount of in-service DGA results and several laboratory-based 
experimental data sets. Experimental laboratory data can give insight into the insulating liquid’s behavior, 
but it does not replicate actual in-service conditions and fault conditions found in an operating transformer. 

Suitably trained personnel following the ASTM D9231 procedure should perform DGA sampling. The 
measurement of gas concentrations should be performed by an analytical laboratory according to the 
methods defined in ASTM D3612, or by suitably trained personnel using a portable instrument, or by 
means of an online monitoring device. Knowledge of the equipment design, liquid, and solid insulation 
materials with an understanding of this guide are recommended to perform an adequate interpretation of 
DGA data. Computer assistance including utilization of spreadsheets, databases, analytical software, 
maintenance management systems, etc. can be useful because of the large amount of data. The nature of the 
interpretation also depends upon the context or application of the equipment. 

Repair decisions should be based on a variety of tests and inspections that may include multiple 
confirmation DGA samples. Using a single DGA sample should be avoided as the basis for a repair 
decision. Results should be confirmed by additional DGA and other tests with expert consultation before 
performing inspection and/or repairs. Local operating conditions, requirements, and safety issues should be 
undertaken for the sample. 

Many techniques for the detection and the measurement of gases have been established through experience 
and research. However, it must be recognized that analysis of these gases and interpretation of their 
significance is at this time not an exact science as there are many variables involved. The presence and 
quantity of dissolved gases are dependent on many variables such as type of equipment, location, and 
temperature of the fault; solubility and degree of saturation of various gases in the insulating liquid; the 
type of liquid preservation system; the type and rate of liquid circulation; the kinds of material in contact 
with the fault; and finally, variables associated with the sampling and measuring procedures themselves. 
While oxygen and nitrogen gases are not generated in the insulating liquid, these gases are often used to 
diagnose issues associated with tank integrity and the sample process. 

2. Normative references 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced 
document including any amendments or corrigenda applies. 

ASTM D923, Standard Practices for Sampling Electrical Insulating Liquids.2 

ASTM D3612, Standard Test Method for Analysis of Gases Dissolved in Electrical Insulating Oil by Gas 
Chromatography. 

ASTM D7150, Standard Test Method for the Determination of Gassing Characteristics of Insulating 
Liquids Under Thermal Stress. 

1 Information on references can be found in Clause 2. 
2 ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken, 
PA 19428-2959, USA (http://www.astm.org/). 
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3. Definitions, acronyms, and abbreviations 

3.1 Definitions 

For the purposes of this document, the following terms and definitions apply. The IEEE Standards 
Dictionary: Glossary of Terms & Definitions should be referenced for terms not defined in this clause.3  

dissolved gas analysis (DGA): The extraction, detection, and quantification of gases dissolved in 
insulating liquid. 

high oleic based natural ester insulating liquid: An insulating liquid comprised of a natural ester liquid 
having a high (greater than 75%) oleic acid (monounsaturated fatty acid, C 18:1) level composition. These 
liquids can be derived from high oleic sunflower or safflower oils. 

high oleic sunflower based natural ester insulating liquid: Natural ester insulating liquid derived from 
high oleic liquids with a typical fatty acid composition: 82% of oleic acid, 9% of linoleic acid, <1% of 
linolenic acid. 

key gases: Gases generated in insulating liquid-immersed transformers that can be used for qualitative 
determination of fault types, based on which gases are typical or predominant at various temperatures. 
 
natural ester insulating liquid: Natural ester fluids are derived from an animal or agricultural (vegetable 
or seed) source.  
 
oxidation inhibitor additives: Any substance added to an insulating liquid to improve its resistance to 
deleterious attack in an oxidizing environment. 
 
rapeseed-based natural ester insulating liquid: Natural ester insulating liquid derived from rapeseed oil 
extract, with a typical fatty acid composition: 62% of oleic acid, 22% of linoleic acid, 10% of linolenic 
acid. 

soybean-based natural ester insulating liquid: Natural ester dielectric liquid derived from soybean seed 
oil extract, with typical fatty acid composition: 24% of oleic acid, 54% of linoleic acid, 7% of linolenic 
acid. 

synthetic ester insulating liquid: An insulating liquid that is a reaction product from the combination of 
an organic acid and an alcohol such as pentaerythritol. 

total dissolved combustible gas: Summation of hydrogen, methane, ethane, ethylene, acetylene, and 
carbon monoxide gas concentrations. 

3.2 Acronyms and abbreviations 

C.I. confidence interval 

DGA dissolved gas analysis  

GCMS gas chromatography mass spectrometry 

TDCG total dissolved combustible gas 

3 The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/. 
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4. General theory 

4.1 Background4 

Synthetic ester insulating liquids have been primarily used as a less flammable liquid substitute in specialty 
transformer applications since the early 1980s. Natural ester insulating liquids were first used with small 
distribution transformers in the late 1990s and were introduced for use in power transformers in 2001.  
With an increasing population of ester-immersed transformers, there is an increasing need for a specific 
guide to the dissolved gas analysis (DGA) of these liquids. 

It is best when a large number of field observations can be used as the basis for defining a normally 
operating transformer. As yet, there have not been enough failures of ester-immersed transformers to 
clearly define characteristic transformer faults or risk of failure, so laboratory data is used to provide 
indication of normal operation, failure conditions, and trending along with a comparison to mineral oils. 

The value of DGA derives from the fact that certain gases are produced by the abnormal release of thermal 
and/or electrical energy into liquid-immersed equipment. Analysis of the dissolved gas is used to indicate 
the type of fault. Determination of the rates of gas production is used to indicate the severity of the fault.  

The differences between an ester liquid and mineral oil are far greater than the differences between any two 
mineral oils. Fortunately, the gases generated in ester liquids under fault conditions are the same as those 
that are generated in mineral oil. However, the ratios and rates of generation can be very different. This at 
least allows for the use of common methods for sampling and testing. 

The differences in the chemical structure of ester liquids leads to important differences in how some gases 
are produced. Gases produced by these different processes give new or additional meaning to the possible 
interpretation of DGA results. This means that a common method for interpretation of mineral oils data will 
not work as reliably for ester liquids. Modifications to interpretative methods for mineral oils are necessary 
for their use with ester fluids. 

The most significant differences in gas production for ester fluids are as follows: 

 Ethane produced from non-fault conditions for ester fluids containing linolenic acid 
 Methane, ethane, and ethylene produced in greater amounts and at lower temperatures from 

overheating 
 Methane, ethane, and ethylene produced in different proportions than mineral oil from overheating 
 Carbon dioxide and carbon monoxide produced abundantly from overheating of the ester liquid 

causes of gas formation 

As with mineral oil insulating liquids, the fundamental steps of the decomposition of esters involves the 
breaking of carbon–hydrogen and carbon–carbon bonds. Active hydrogen and hydrocarbon fragments, 
called “free radicals” are formed. These free radicals can combine with each other to form gases, molecular 
hydrogen (H2), methane (CH4), ethane (C2H6), etc., or they can recombine to form new, condensable 
molecules. Further decomposition and rearrangement processes lead to the formation of products such as 
ethylene and acetylene and, in the extreme, to modestly hydrogenated carbon in particulate form. 

The two principal causes of gas formation within an operating transformer are thermal and electrical 
stresses. Heating due to conditions such as overload, excessive conductor resistance, and magnetic flux 
leakage can produce gases from thermal decomposition of the liquid and the solid insulation. Gases are also 
produced from the decomposition of liquid and solid insulation exposed to electric discharge. Generally, 
where decomposition gases are formed principally by low energy and partial discharges, there is little or no 

4 Reprinted with permission from TJ|H2b Analytical Services, Inc., Understanding Dissolved Gas Analysis of Ester fluids-Part 2 
Thermal Decomposition of Ester Fluids, ©2012. 
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associated heat.  Progressively higher energy discharges will also produce progressively greater amounts of 
heat energy.  

The abundance of the ester groups and carbon chains of sixteen to eighteen carbons combined with the lack 
of the naphthenic and aromatic structures found in mineral oils give ester liquids a notably different 
composition. Although many of the gases generated under thermal and electrical stress are the same for 
mineral oils and ester insulating liquids, there are differences in the production, proportions, and solubility 
of these gases. 

 

4.1.1 Stray gassing 

Stray gassing refers to the gases produced from the liquid under normal operating and overload conditions 
in the absence of a fault. The laboratory test for measuring stray gas formation, ASTM D7150, is conducted 
at 120 °C. Characteristic stray gassing occurs in natural esters that contain linolenic acid.  Linolenic acid 
produces ethane as a by-product of oxidation. Soybean and rapeseed-based liquids contain higher amounts 
of this acid and routinely have measurable amounts of ethane produced under normal operating conditions. 
Exposure to oxygen, light, and heat affect the amounts of ethane observed, so special consideration should 
be given to the storage and handling of both bulk fluids and laboratory samples. 

The production of ethane from stray gassing can be significant but it has been observed to stabilize or level 
off over time. The ethane gas concentration can reach several hundred ppm without observing significant 
increases in other combustible gases as noted in Annex H, [B16], and [B9]. The stray gassing phenomenon 
may require additional monitoring until the gas stabilizes to establish a trending baseline. 

4.1.2 Electrical stress 

The relative proportions or ratios of fault gases produced by partial discharge and D1 region from the 
Duval Triangle Analysis method illustrated in Annex G, in ester fluids are very similar to those produced in 
mineral oils. Under identical conditions the amount of the discharge fault gases measured is similar for 
mineral oil and synthetic ester liquids.  Under the same conditions the amount of discharge fault gases 
produced in natural ester liquids is an order of magnitude lower.  

To clarify these relationships, if both the liquid volumes and the fault conditions were identical, the 
concentration (in ppm) of a fault gas would be similar for mineral oil and synthetic ester liquid while the 
concentration in the natural ester liquid would be approximately ten times lower. 

4.1.3  Thermal stress 

Ester liquids subjected to sufficient heating produce gases from the thermal decomposition of the 
hydrocarbon portions of the esters, from the thermal decomposition of the ester groups, and from the 
dissociated acid groups as well as from stray gassing reactions. The total amount of gas produced tends to 
be two or more times greater than what is produced from mineral oils as seen in Annex D. 

4.1.3.1 Acid production 

One of the principal ester liquid pyrolysis reactions is the decomposition of the triglyceride to two free fatty 
acids, propenal, and the ketene from the third fatty acid. While this reaction produces no gaseous products, 
each of the products reacts further to produce gases described in the following subclauses. The total acid 
number rises from this reaction and provides corroboration that the following gases arose from pyrolysis of 
the ester fluid. 
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