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ABSTRACT

In previous columns, gas chromatog-
raphy and electrochemical approach-
es for dissolved gas measurement
were described. In this column, the
oldest and emerging method, spec-
trometry, is described. It is an appli-
cable method for most online and
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portable devices, and it may reappear
in laboratories as reliable and stand-
ardized. It can be said that the first
DGA analysis was performed using
the spectrometric principle, while to-
day, the majority of DGA tests are per-
formed by instruments that issue the
final results using the spectrometric
methodology.
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In this column, the pros and cons of
spectrometric gas detection for DGA
will be described.

KEYWORDS:

DGA, spectroscopy, analytical spec-
troscopy, nonlinearities, comparative
study
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Introduction

As described in the previous part of the
column, dissolved gas analysis is neither
an electrical measurement nor a math-
ematical or software methodology. Dis-
solved gas analysis is a pure chemical
method that belongs to the category of
analytical chemistry.

Spectroscopy is related to the interaction
of molecules with electromagnetic radia-
tion.

The invention and evolution of spectros-
copy as a scientific discipline involved the
collective efforts of numerous scientists
across different time periods and regions.
It started with the Newton prism in the
17th century, through Joseph von Fraun-
hofer and Gustav Kirchhoff in the 19th
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The important fact for understanding the
differencebetweenall spectroscopic methods
and other analytical methods for DGA is the
existence of photons and energy at discrete

levels

century, until the quantum mechanics of
Bohr, Einstein, Heisenberg and others. It
continues to be a vibrant and interdisci-
plinary field, with applications ranging
from astronomy and chemistry to materi-
als science and biochemistry.

This column will not explain the basic
theories of spectrometry, which are, of
course, based on quantum physics. The
important fact for understanding the
difference between all spectroscopic
methods and other analytical methods
for DGA is the existence of photons and
nergy at discrete levels.

Photons are fundamental particles of
light. They are the smallest units or quan-
tum of electromagnetic radiation, includ-

ing visible light, ultraviolet light, infrared
radiation, radio waves, microwaves, and
X-rays. Photons have both wave-like and
particle-like properties, exhibiting char-
acteristics of both waves and particles
according to the principles of quantum
mechanics.

Electromagnetic interactions

Photons interact with specific particles
through electromagnetic force. They can
be absorbed, emitted, or scattered by
charged particles, leading to phenomena
such as absorption, emission, and reflec-
tion of light.

The interactions of electromagnetic en-
ergy waves with any atom, molecule or
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Analytical spectroscopy is a branch of spectroscopy that focuses on
using spectroscopic techniques to analyze and quantify the chemical
composition of substances

substance have a different specific pat-
tern. This is the basis of analytical spec-
troscopy.

Analytical spectroscopy is a branch
of spectroscopy that focuses on using
spectroscopic techniques to analyze and
quantify the chemical composition of
substances. It involves the measurement
and interpretation of the absorption,
emission, or scattering of electromag-

netic radiation by molecules or mate-
rials to obtain information about their
chemical composition, structure, and
properties.

Analytical spectroscopy for DGA mainly
encompasses absorption spectroscopy.
In absorption spectroscopy, the amount
of light absorbed by a sample at specific
wavelengths is measured. This can pro-
vide information about the presence and

concentration of particular chemical spe-
cies in the sample.

Pros and cons of
spectrometric gas detection
for DGA

Advantages:
« “Black box” for users
« Friendly user interface

_aaee) Studyof Interaction of
v ?‘};ﬁ' Electromagnetic Radiation

SPECTROSCOPY

with Matter

Resulting
Spectrum

Sample
(Matter)

cessemeeesamecnsss SPECTROSCOPY ------=c=cecsccomu--

r
ABSORPTION:
Ground State to Excited State

Matter

Ground State

N\

INSNSTH

Electromagnetic
Radiation

. Excited State

h ]
EMISSION:
Excited State to Ground State

. Excited State

W Electromagnetic
\ Radiation

. Ground State

ELECTROMAGNETIC RADIATION

Electric
Field

Mass or takes
up Space

Figure 1. Spectroscopy principles of interaction of electromagnetic radiation with matter
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Figure 2. Electromagnetic spectra and relevant regions with main phenomena

Analytical spectroscopy for DGA mainly encompasses absorption
spectroscopy, where the amount of light absorbed by a sample at specific
wavelengths is measured

« Affordable price compared to gas
chromatography devices

« Theoretically maintenance-free, no
spare parts or consumables

« No need (permit) to be calibrated by
users

« Leading technologies are well estab-
lished, very robust, and reliable

« Fast and immediate identification of
gases in the gas phase

« Intensely researched and emerging
gas detection method for multiple
applications including DGA

Disadvantages:

« Needs more than one detector type
to measure all DGA gases

« Relatively high detection limits and
low range of concentration response
- limited linearity range

« Sensitive to external environmental
conditions, such as pressure, mois-
ture, noise, pollution

« Affected by internal interference and
the memory effect

« Allows only factory maintenance,
calibration, and replacement - time
and transportation costs need to be
considered if any type of mainte-
nance is required

« Relatively new approaches for these
applications and not standardized
for DGA with all consequences -
users should always take the results
with a grain of salt

Because none of the spectrometric
methods is standardized, a careful
user prefers not to make any import-
ant decisions based on them. The

main problem is that the obtained
output (i.e. voltage signals in mV) are
not linearly related to the concentra-
tions in the common ranges. The user
needs to understand the method’s
principles, limitations, and perfor-
mance very well to be able to rely on
them. There is a large difference in the
quality and stability between different
manufacturers. Usually, all repairs
and maintenance are done at the fac-
tory, and the devices need to be trans-
ported a long way by air. The cost of
transportation needs to be taken into
consideration.

The analytical methodology for DGA
spectroscopy employs the vibrational
measurements of molecules, as seen in
Figure 3.
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Figure 3. Molecule types sensitive to electromagnetic energy
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Hydrogen also has the lowest molecular
weight, which makes it almost impossible
to detect by IR absorption interaction

Asymmetrical molecules absorb discrete
energy levels at significant intensity due
to the multiple vibrations. Symmetric
molecules such as oxygen and nitrogen
have relatively weak absorption bands
in the infrared region. Their absorption
spectrum of nitrogen primarily involves
rotational-vibrational transitions, which
may not be as intense or distinct as those
of other gases. This can make it chal-
lenging to detect and quantify nitrogen
and oxygen using conventional IR spec-
troscopy techniques, especially at low
concentrations. Hydrogen also has the
lowest molecular weight, which makes
it almost impossible to detect by IR ab-
sorption interaction.

In principle, analytical spectroscopy
consists of three main parts:

1. Energy source for exciting a specific
molecule in the gas sample

2. Gas sample — gases should be extract-
ed and purified before measurement

3. Detection of signals evolved from the
interaction of electromagnetic waves
with specific materials — those feed-
back signals may consist of electro-
magnetic energy or acoustic reactions

All the spectroscopy systems should be
calibrated for the correct identification
of specific species and for their quantifi-
cation. This requires careful wavelength
selection to be as unique as possible to
the desired species and with maximum
absorbed energy intensity.

The quantification of each species
is obtained by the application of the

Beer-Lambert law.
A=¢ecl

« A is the absorbance (dimensionless,
since absorbance is a logarithmic ratio),

« eisthe molar absorptivity or extinction
coeflicient of the absorber at a given
wavelength (L-mol-1-cm-1),

« cis the concentration of the absorbing
species in the solution (mol-L-1),

« lis the path length of the light through
the solution (cm).

Formulation by German mathematician
and chemist August Beer in 1852 states
that the absorptive capacity of a dissolved
substance is directly proportional to its
concentration in a solution.

The Beer-Lambert Law assumes that the
absorption of light by each layer of mol-
ecules in the solution is independent of
the concentration of the molecules in oth-
er layers and that the absorbing medium
does not scatter the light. It is widely used
in quantitative spectroscopy for applica-

Figure 4. Basic spectrometer
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Formulation by German mathematician and chemist August Beer in
1852 states that the absorptive capacity of a dissolved substance is
directly proportional to its concentration in a solution

tions ranging from the determination of
concentrations of solutions in a lab to the
monitoring of gases in the atmosphere.

The key points to remember about the
Beer-Lambert Law include its limitations,
such as its applicability mainly to dilute
solutions (to avoid intermolecular inter-
action effects that can alter absorbance)
and to solutions where the absorber does
not change its chemical state upon ab-
sorbing light. Additionally, deviations
can occur at high concentrations due to
changes in refractive index and at wave-
lengths where the absorbent undergoes
saturation.

Although it should theoretically be a lin-
ear dependence, it is such in a quite lim-
ited range, significantly lower than the
linearity range for gas chromatography, as
seen in Figure 3.

This means that the measurement de-
pends on the sample box size and the con-
centration of the specific gas. The target is
to have a longer path with high concen-

tration for absorbance at higher energy
levels.

The main challenges of DGA spectrosco-
py are:

1. Excitation part: Selection of specif-
ic energy (wave frequency) to be as
much positive selective, seen in Figure
6. The spectrum of each gas appears at
a different range of the spectrum due
to different molecular vibrations. The
spectrum itself consists of discrete lines
and very accurate wavelengths, not, as
sometimes presented, smooth curves.
This means that the exciting energy
should be very accurate and remain
stable at a very specific energy. Other-
wise, other species may be erroneously
identified.

2. Test cell internal interferences — water;
Gases should be present in the cell and
be as purified as possible. The main
interference is water vapor. Water ap-
pears in many parts of the spectrum at
very high intensity due to its molecu-
lar structure. Water concentration is
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Figure 5. Limited linearity range for spectrometry determinations
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also, in almost all cases, at the highest
concentration, therefore, it seriously
interferes with most of the gases. Algo-
rithms are used in most cases to calcu-
late the moisture content and subtract
from the obtained absorbances of spe-
cific gases. Because water concentra-
tion in the liquid is estimated by using
theoretical solubility coefficients, and
in the majority of cases, the estimate
is erroneous, and it may cause inaccu-
rate important gas determination. For
example, as the liquid ages, it dissolves
more water, meaning less water vapor
is present, so a spectroscopic DGA
device may display increased values of
gases only because the amount of water
in the gas phase has decreased, while in
reality, the gases have remained stable.
A few transformers around the world
were diagnosed incorrectly as possess-
ing increased gas trends of ethylene
and even acetylene because the online
DGA spectrometric device displayed an
increased amount of such gases only be-
cause the oil was aged. Aged oil cannot be
monitored just by the total acid number.

. Measurement element: Some spec-

troscopic methods are sensitive to the
environment, as described above. It is
also important to reduce the signal-
to-noise ratio. For example, acoustic
signals are a solution in specific cases
where only the excited molecule pro-
duces sounds, and it is easier to distin-
guish low concertation relative to other
existent mixtures, providing that the
background is quiet and dry.

. Stability: All spectrometric devices

consist of a source of energy that ex-
cites the substances for testing. This
source of energy is one of the main
stability concerns. Normal ageing due
to heating and improper usage may
considerably decrease the lifespan of
their sensors to several years, possibly
even less. Detector units, such as the
collection diode for energy feedback
or microphones, may also degrade.
Of course, the filters that protect the
sample cell may be affected by too
much-contaminated liquid, such as
very old or originating from the OLTC
compartment.
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Figure 6. Spectra lines of gas mixtures [1]

Because of limitations and issues, the DGA spectrometric domain is
quite dynamic, with many appearances and disappearances

5. Cost: A very reliable device with high
selectivity and long-term stability for all
the available gases for spectrometry de-
tection (without hydrogen, oxygen, and
nitrogen) may be obtained but at prices
that most DGA users cannot afford,
and higher than alternatives such as gas
chromatography. As usual, this product
is also a compromise between cost and
performance for the power transformer
industry. For other applications, such as
in the environment or space explora-
tion, those ideal devices may be found.

Because of all these limitations and issues,
the DGA spectrometric domain is quite dy-
namic, with many appearances and disap-
pearances. At least three main models were
developed over the years and vanished from
the market after a few years due to them.

Those were ATOM by ConEdison, TNU
by Syprotec and GE and SmartDGA by
Lumasense. The three were launched in
the past and are not available anymore.
Hopefully, lessons were learned, and the
new generation of devices will probably
remain on the market longer.

In the next part of the column, the excited
DGA spectroscopy measurement and its
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pros and cons will be described. Certainly,
the products available today for this ap-
plication are not final, and improvements
are expected in the future. Those potential
enhancements will be evaluated and an-
ticipated for both users and manufactur-
ers.

Disclaimer: This column is not a recom-
mendation to use spectroscopic or any
other technology for online DGA mea-

surement. Each transformer user should
consider the most adequate needs for on-
line DGA based on their specific needs,
budget and experts recommendations.
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