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Abstract: Fire and explosion accidents of oil-filled electrical transformers are leading to negative
impacts, not only on the delivery of energy, but also on workplace health and safety as well as
the surrounding environment. Such accidents are still being reported, regardless of applying the
regular maintenance strategy in the power plants. The purpose of this paper is to integrate a
sustainability perspective into the maintenance strategy. The problem addressed is: how can we
approach the relevant cost-effective sustainable maintenance for oil-filled electrical transformers?
For this purpose, an empirical study in a power plant in Kuwait was introduced. The first stage
was to carry out a sustainability assessment using the ABCD procedure. In this procedure, gaps to
approach sustainability were identified and actions prioritized to close these gaps were demonstrated.
Applying this procedure yielded an early fault diagnosis (EFD) model for achieving cost-effective
sustainable maintenance using a fault trend chart based on a novel numerical method. Implementing
this model resulted in an extension of the lifetime of transformers with suspected failure propagation,
leading to a deferral of the replacement investment costs. The principal conclusion of this paper is
the importance of viewing the maintenance strategy of transformers from a strategic sustainability
perspective, in order to approach relevant cost-effective sustainable maintenance.

Keywords: maintenance strategy; sustainable maintenance; ABCD procedure; strategic sustainable
development; transformer failures

1. Introduction

The basic components of an oil-filled electrical transformer are copper windings and
an iron core. The windings contain copper coil turns bundled together and wrapped with
insulating paper. These components are entirely immersed in a mineral insulating oil
in the transformer tank [1]. Overheating of the insulating oil in-service can occur due
to increased current load, oxidation, and corrosion deposits on windings, or unexpected
electrical and mechanical faults resulting in the formation of partial discharge (corona)
and arcing phenomena, which in turn can generate flammable gases. The energy in these
phenomena can be very high and develop temperatures in hundreds of degrees, though for
a short time, causing fire and explosion accidents [2–5]. The transformer fires that contain
several tons of mineral insulating oil can not only impact on the delivery of energy, but also
on workplace health and the surrounding environment [6,7]. In [8], statistical data analysis
of the failure rate of European substation transformers between 2000 and 2010 showed
that around 9.5% of the total failures caused fire accidents and 3.3% caused explosion
accidents. Another source of failure rates from 2015 [9] showed a significant increase in fire
and explosion accidents in USA. These accidents occurred regardless of using the regular
maintenance strategy during the transformer’s useful life [2,10].

Energies 2021, 14, 3670. https://doi.org/10.3390/en14123670 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2634-3987
https://orcid.org/0000-0002-2637-6175
https://orcid.org/0000-0003-2563-8273
https://orcid.org/0000-0003-4704-3641
https://orcid.org/0000-0001-7238-5745
https://orcid.org/0000-0002-5802-1360
https://doi.org/10.3390/en14123670
https://doi.org/10.3390/en14123670
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14123670
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14123670?type=check_update&version=2


Energies 2021, 14, 3670 2 of 17

The common regular maintenance strategy used for high voltage substation power
transformers is condition-based maintenance (CBM) [3,11] which is defined according to
EN 13306:2017 [12] as “preventive maintenance, which includes assessment of physical
conditions, analysis and the possible ensuing maintenance actions”. Oil analysis technology
is commonly used in the condition monitoring (CM) parameters to detect faults, such as
partial discharge, arcing, oxidation, and corrosion [2,13–15]. Fault detection is based on
the concentration value level of the measurable variables, such as hydrogen gas, acetylene
gas, acidity, hydrogen sulfide gas, toluene, and more, related to the standard caution
limit (the maximum value that indicates fault incidence). The corrective action is carried
out once the measured value of a measurable variable exceeds its caution limit [13–17].
Onsite electrical testing technology is also used in the maintenance strategy to identify the
type and location of the fault. However, this technology is usually recommended at the
transformer shutdown time for scheduled maintenance or when a fault is suspected [3,18].
Assessment of the transformer’s condition, based on CM parameters, is a crucial key
in the CBM. In this context, several mathematical models are utilized in modelling the
deterioration status in order to assess the overall condition of transformers [11,19,20]. The
drawbacks of these models are modelling the deterioration with a single path without
considering the complexity of the deterioration in transformers [21], and the assessment of
overall condition without providing information about the root cause of the fault [20].

Sustainable maintenance of transformers is considered a new challenge that requires
an understanding of the process of sustainable development and the integration between
social and environmental aspects [11,22,23]. The vital objectives of sustainable mainte-
nance are extending the lifetime of the transformers and reducing the negative impacts
in a way that contributes to the organization’s own competitiveness [24]. Sustainable
maintenance is defined according to [22] as “proactive maintenance operations striving
for providing balance in social, environmental, and financial dimensions”. Nowadays,
investigations spotlight three technical methods for achieving sustainable maintenance.
The first method [25], is selecting energy-efficient green transformers from manufacturers
that perform best with sustainability aspects. The concept of “green” according to [26]
is related to a consideration of the environmental aspect as well as the economic benefit.
An example of this method is provided by qualified raw resources such as amorphous
materials used in the core design, yielding a core with higher hardness compared to cur-
rent common iron core (silicon steel laminations), resulting in reduced energy loss and
greenhouse gas emissions [25]. The main shortcoming of this method is its availability
only for the newly manufactured transformers. The second method [27–29] is replacing
the mineral insulating oil with natural ester oil. The strength in using natural ester oil is
the excellent specifications, such as higher cooling efficiency, lower inflammation risk due
to high flash point value, and lower toxicity than mineral oil. The disadvantages of this
oil are the low electrical resistivity, which reduces the insulation capability of the oil, and
the high investment costs comparing with mineral oil [28]. The last method [30] is the
waste oil recycle process to remove the hazard contamination. One of the vital techniques
in this process is using the reduction procedure to remove the toxic chemical, such as
polychlorinated biphenyl (PCB) from oil waste, which has negative impacts on human and
environmental health [31]. In general, the most critical challenge for achieving sustainable
maintenance is the investment costs of these available technical methods and the return on
investment [25,27,30]. Therefore, it is crucial and necessary to establish a relevant sustain-
able maintenance with regard to minimized costs, i.e., relevant cost-effective sustainable
maintenance. The purpose of this paper is to integrate sustainability perspective into the
maintenance strategy.

Sustainability assessment in many organizations is still unclear for stakeholders [22,24].
The main reason for this challenge is the complications of carrying out the assessment
due to the lack of a well-organized procedure and lack of competence in the integration
of sustainability in the maintenance strategy. However, the sustainability assessment can
be addressed by utilizing ABCD procedure of the Framework for Strategic Sustainable
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Development (FSSD) [32–34]. The outcome of applying this procedure in a power plant was
creating a model for early fault diagnosis to achieve the prioritized action for improving
the maintenance strategy toward sustainability.

2. Methods and Materials
2.1. Methodological Approach

An empirical study was applied in this study to explore how a strategic sustainability
perspective could be integrated into the maintenance strategy of transformers in order to
approach relevant cost-effective sustainable maintenance. According to [35], an empirical
study design should include five elements. The first element is the formulation of relevant
questions related to the problem, which can be used in the first interview with the organi-
zation team. The second element is study propositions to be examined in the research. The
third element is the identification of the problem to be studied. In this step, the problem
should be defined and bounded. These three elements can help in identifying the data to
be collected. The fourth element is linking the collected data to the study propositions. The
last is establishing criteria for interpreting the findings. The last two elements elucidate
the suggested process after the data have been collected. These elements are handled
in this empirical study by using the ABCD procedure structure to assess sustainability.
Therefore, the ABCD procedure acts both as a structure for achieving the study design and
as a theoretical framework to be tested for its applicability in the context of maintenance
strategy development.

2.2. The ABCD Procedure

A long-term strategic perspective is crucial when working with sustainability to ensure
that actions lead in the right direction towards full sustainability and contribute to the
own organization’s competitiveness. In order to be strategic, it is necessary to know the
desired vision of success. This comes with the challenge of defining sustainability in a way
that is neither too broad, not providing any guidance in practice, nor too specific, making
it difficult for people to agree and risking becoming obsolete in the face of, for example,
new technology advances. Within the Framework for Strategic Sustainable Development
(FSSD), the following principle-based definition of sustainability is used: In a sustainable
society, nature is not subject to systematically increasing (1) concentrations extracted from
the Earth’s crust, (2) concentrations of substances produced by society, (3) degradation by
physical means; and people are not subject to structural obstacles to (4) health, (5) influence,
(6) competence, (7) impartiality, and (8) meaning-making [33,34,36]. These eight principles
represent the root-causes of unsustainability, up-stream in cause-and-effect chains. Thereby,
the myriad unsustainability-related impacts in social and ecological systems, such as
climate change, biodiversity loss, ozone depletion, discrimination, etc., can be related to
a few comprehensive mechanisms of destruction. These eight principles can be used as
boundary conditions for the re-design of socio-technical systems. They can be used to
create that vision, which is necessary to be able to be strategic. This provides the basis
for backcasting, i.e., starting the planning process with the end in mind, asking what is
necessary to happen in order to reach the vision over time. Thereby, the direction of change
can be anticipated, enabling decision-making that makes sure to be on the right track and
giving benefits to the organization, e.g., by being ahead of legislation or meeting new
customer demands [37]. The funnel metaphor of the FSSD can be used to understand
the sustainability challenge and the self-benefit of strategic sustainability thinking based
on backcasting from a vision framed by the eight sustainability principles [34,36,38] (see
Figure 1).
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Figure 1. Funnel metaphor for transformers and the ABCD procedure for strategic sustainable
development. The violations of the sustainability principles are represented here as red stars,
which are hitting the funnel wall. These violations should be evaluated to identify the hotspots of
sustainability impact.

The decreasing cross-section of the funnel represents the systematic degradation of
the social and ecological systems. Over time, a situation must be achieved where this
is no longer the case, and the funnel turns into a cylinder—this represents a sustainable
state. However, society is currently moving towards the funnel walls, which represents a
collapse of the social and ecological systems. This unsustainable development comes with
important dynamics from a business perspective. The closer society comes to the funnel
walls, the greater the need for sustainable solutions and to stop unsustainable practices.
Therefore, there will be increasing business opportunities for companies that can contribute
towards developing a sustainable path, while there will be increasing threats for companies
that enforce unsustainable development. Such threats and opportunities, i.e., risks, can be
related to, for example, legislative change, brand and reputation, shifting customer needs,
raw material and waste costs, the ability to attract and retain talented employees, and
more [37]. An organization must identify solutions that can work as flexible platforms on
the way towards the sustainable vision and that help to exploit business opportunities and
avoid threats [39].

To operationalize this strategic sustainability thinking, the FSSD includes the ABCD
procedure. Step A includes setting up a shared understanding of the sustainability chal-
lenge and defining the overall vision within the restrictions of the sustainability principles.
In this step, the organization must take a long-term perspective and think of an ideal
success vision. Besides the sustainability principles, there are no other constraints such as
the feasibility from today’s perspective. The vision created in this step provides the basis
for backcasting. In step B, an assessment of the organization’s current reality and activities
are carried out and analyzed through the lens of the proposed vision. Thereby, hots-spots
of sustainability impact are identified, and a baseline is created. In step C, possible actions
are identified and listed to close the gaps between the vision defined in step A and the
current reality that was analyzed in the step B. In step D, strategic guidelines are applied to
analyze the possible actions in the step C and select the prioritized ones to be utilized in the
organization’s plan of moving to sustainability. According to the basic strategy guidelines
of the FSSD, the prioritized actions should be flexible platforms for future steps and achieve
a balance between the rate of improvement toward the sustainable vision and return on
investment [33,34,36]. The organizations need to ensure that the return on investment
of applying the prioritized actions toward sustainability is satisfactory to continue the
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process of moving toward sustainability. However, when the cost of actions is very high, it
is recommended to wait for more studies and investigations in order to find appropriate
economic solutions. The actions that can be easily implemented with a good return on
investment should be started first to set up a concrete structure for the future process for
the other actions [33,34]. The ABCD procedure has been applied in various contexts to
support strategic planning for sustainability, including in the context of sustainable product
development [32].

2.3. Empirical Study Design

The ABCD procedure was applied in the Primary Substation Maintenance Department
(PSMD) power plant, an organization of the Ministry of Electricity and Water in Kuwait
State. The PSMD power plant is responsible for moving toward sustainability, primarily to
prevent fire and explosion accidents of transformers, which recently increased. According
to statistical data from PSMD power plant, around 1.5% of 3950 transformers were reported
as out of service due to fire and explosion accidents during the last two decades, regardless
of applying the regular maintenance strategy. In addition, there is also a growing problem of
oil waste due to the replacement of many old and scraped transformers with new ones. The
PSMD power plant was selected among others in this study due to the availability of good
historical data of a massive quantity of transformers, and the appreciated cooperation of the
maintenance team. Two online workshop meetings were organized by the first author with
the PSMD team from maintenance, safety, and economic departments. The first workshop
took around three hours, where relevant questions were addressed to the PSMD team. The
main questions discussed the vision, current condition monitoring practices, actions need
for sustainable maintenance, and current sustainability challenges. The problem of the
increasing rate of fire and explosion accidents was also discussed. The second workshop
took around two hours, where the problem was defined and bounded, and the propositions
were studied. Accordingly, the capability to implement the ABCD procedure to integrate
a strategic sustainability perspective in the current maintenance strategy was proposed.
Besides, the need for the development of an effective diagnosis model for early fault
detection was also proposed. The PSMD team approved to provide access to oil analysis
data of 972 nominated oil-filled electrical transformers, with medium and large power
rates, from the laboratory’s application software in order to evaluate the transformers’
condition and study the current activities from a sustainability perspective. The outcome
of the gathered data of the oil analysis was analyzed and categorized according to the fault
type (see Figure 2). The importance of the categorized data is identifying the fault types
and defining the category that can be utilized in the ABCD procedure.
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The category of “Arcing Fault” is at 6% of the fault mode. The arcing fault can be
indicated by detecting a high concentration value above the caution limit of the two gases,
hydrogen and acetylene. This arcing can generate extremely high temperatures over 700 ◦C,
though for a short time, in the oil, leading to fire accidents [4,13,16]. The category “Partial
Discharge Fault” is at 7% of the fault mode. Partial discharge can be indicated by detecting
a high concentration value above the caution limit of the hydrogen gas in the oil. This fault
can occur at any temperature over 200 ◦C [4,13,16]. The category of “Oxidation Deposits
Fault” is at 10%, the most dominant fault mode. Oxidation products such as acidity may
convert to ester and thereafter form sludge deposits on the transformers’ windings. This
fault can be indicated by detecting a high concentration value above the caution limit of
the acidity in the oil [5,15]. The category of “Corrosion Deposits Fault” is at 3% of the
fault mode. The corrosion deposits are in the form of copper sulfide on the windings
of the transformers. This fault can be indicated by detecting a high concentration value
above the caution limit of the hydrogen sulfide gas and toluene compound in the oil [2].
The category “Starting Fault” is at 7% of the fault mode. This category represents the
transformers with suspected failure propagation, that have a fault in progress and need
corrective action. The investigation in this study focused on the “Starting Fault” category
to apply a model of early fault diagnosis in order to follow up the fault before progression
to a risky level. The last category “Good Condition” represents the transformers which
have not any fault’s indication.

3. Results

In this section, the results of applying the ABCD procedure on the transformers of the
PSMD power plant are presented, as well as a model for early fault diagnosis, which was
identified as a prioritized action.

3.1. ABCD Procedure for PSMD Power Plant

As seen from the fault type mode in Figure 2, the percentage of the total fault incidences
was around 26% of the addressed transformers. These faults have already occurred and
need proper corrective actions to avoid further progress. However, the recommended
corrective actions for these faults are demonstrated in the discussion section. The category
that needs to be further investigated from a sustainability perspective is “Starting Fault”,
to detect faults in the initial stage and find solutions to avoid transformer failures.

3.1.1. Step A: Building a Shared Understanding and Vision

The main vision of the PSMD power plant is to provide sustainable power for cus-
tomers in the future with regard to minimized costs and implied integration between
maintenance and sustainability aspects; social, environmental, and economic. The other
visions are preventing transformers failures and catastrophic accidents, extending the
lifetime of the transformers, and finding a solution to the hazardous oil waste.

3.1.2. Step B: Assessing the Current Reality

In this step, the current activities in the maintenance of transformers of the PSMD
power plant were investigated. Furthermore, the violations of the sustainability principles
were evaluated to identify hotspots of sustainability impact. In this study, oil analysis
technology is exclusively used in the condition monitoring (CM) parameters. The electrical
testing was excluded in this study due to the shortcoming in this technology to detect a
fault in the initial stage [3,18]. Measurable variables of oil analysis are demonstrated in
Table 1.
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Table 1. Measurable variables of oil analysis related to fault type used in the PSMD power plant.

Measurable Variable (Oil Analysis) Fault Type Standard Method

Hydrogen & Acetylene Gases Arcing IEC 60567 [40]
Hydrogen Gas Partial Discharge IEC 60567 [40]

Acidity Oxidation Deposits IEC 62021-1 [41]
Hydrogen Sulfide Gas & Toluene Copper Corrosion Deposits ASTM D5504 [42] & D5580 [43]

Three significant violations of the sustainability principles were recorded in the PSMD
power plant. The first hotspot is the usage of several tons of insulating oil in the transform-
ers. That presents a violation of sustainability principles one and two, since it contributes
to systematically increasing concentrations of substances from the Earth’s crust (fossil oil)
and substances produced by society (chemical products in the oil, which can be persis-
tent and bio-accumulating). The second hotspot is the existence of a huge quantity of oil
waste, which can include toxic chemicals used as additives or generated as by-products of
chemical reactions in the oil during the transformer’s useful life. That can be a violation of
sustainability principle two. The third hotspot is the possibility of exposing the workforce
or people near the fire and explosion accidents to negative impacts. That can be a violation
of sustainability principle four, since it can present a structural obstacle to health.

3.1.3. Step C: Brainstorming Actions to Close the Gaps

The main gap in the current maintenance strategy is the shortcoming in detecting
faults in the initial stage during the transformers’ useful life to prevent failures. In this
context, the interpretation and evaluation of the analysis results are currently based on
the standard guidelines that recommends corrective action when the measured value
of a measurable variable exceeds its caution limit. For example, standard guideline IEC
60422 [15] recommends starting corrective action such as oil regeneration or oil replacement
as soon as the acidity value, which is considered the indication key of oxidation deposits
on the windings, exceeds its caution limit. However, this corrective action can be no
more useful to solve the issue early because the deposits may have already, partially or
entirely, formed. Another gap is the lack of the maintenance team’s competence in the
implementation of sustainable maintenance. Accordingly, a list of possible actions can be
indicated to close most of the mentioned gaps. The suggested possible actions in order to
comply with the sustainability principles and to approach the vision are:

1. Improving the maintenance strategy for more effectiveness being able to detect early
faults and carry out corrective actions at the correct time. Hence, it is necessary to
develop an effective fault diagnosis model to provide information that can trigger
an alarm for carrying out corrective action before fault incidence, on the other hand,
before the measured value of a measurable variable exceeds its caution limit.

2. Providing sustainable maintenance training to enrich the maintenance team of the
PSMD power plant with the knowledge of sustainability and improve the company’s
effectiveness.

3. Recycling waste oil to reduce the impacts of toxic compounds on the environment.

3.1.4. Step D: Prioritization

One or more prioritized actions can be selected among the possible actions indicated in
step C. Analyzing all these actions shows that the third action received a lower priority due
to the requirements of an economic plan to evaluate the return on investment of recycling
several tons of waste oils. The first and second actions are the highest priority to the PSMD
power plant in order to accomplish the sustainable vision, due to the following strategic
guidelines:

• Possibility to apply in today’s scenario.
• Flexible platforms for future development if required.
• It can reduce the PSMD power plant misalignments with the sustainability principles.
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• Cost-effective and good return on investment.

For achieving the first prioritized action, a numerical method for early fault detection
was developed to define the correct time of carrying out corrective action before the
measured value of a measurable variable exceeds its caution limit (see Section 3.2 for
details). Furthermore, a model for early fault diagnosis was created based on this numerical
method to follow up the fault’s progression during the useful life of the transformers, see
sub-Section 3.3.

Regarding the second prioritized action, the lack of competence in sustainable mainte-
nance can be a source for improper maintenance. According to a case study in [35], 40%
of the breakdowns of eight Swedish manufactures were due to improper maintenance.
It is important for the PSMD power plant to provide training on sustainability for the
maintenance team to increase their competence in the sustainable maintenance.

3.2. Development of Numerical Method

There are few studies related to the use of mathematical theories to improve the
effectiveness of maintenance strategy. An investigation in the study [11] applied Markov
prediction model (MPM) to assess transformer condition based on available CM parameters
under various pre-determined maintenance repair rates, and to ascertain the corrective
action for maintenance, repair, and replacement. The MPM provides a simulation of the
asset’s deterioration using health index % (HI) to assess the condition as good, fair, poor,
etc. HI is defined in [11,19] as a method that uses historical condition data in a single
measurable index in order to provide a comprehensive assessment of the current state of
transformers. In another study [19], a statistical distribution model (SDM) was utilized
to predict the HI of transformers using the data of CM-parameters. The main outcome
of applying SDM was establishing a modelling framework for future health index of
transformers with even limited historical CM-parameters data. MPM is also applied in
an investigation [20] based on CM-parameters to model the future deterioration in the
transformers. However, all the mentioned models provided relevant information about the
overall current condition status of transformers, and predicted the condition in the future,
but none of them integrated a method to detect early faults.

In this study, a novel numerical method was created in order to create a model for
early fault diagnosis. The numerical method aims to calculate relative alarm threshold
(RAT) and relative fault detection value (RFDV) of a measurable variable before a measured
value exceeds its caution limit (CL) in order to detect faults in the initial stage. In addition,
the daily trend (DT%) of a measured value was calculated to investigate the increased
amount percentage of this value per day after a period.

1. Relative alarm threshold (RAT): RAT is estimated as a critical threshold for any
measurable variable that can be used in the indication of the probability of having a
fault. According to the international standard IEC 60599 [13], the probability of having
a failure may increase significantly at values much above typical concentration levels.
The situation is then considered critical, for even though a fault may never occur at
these high levels, the risk of having one is high. To calculate the RAT, three limits are
required. The first limit is the caution limit (CL), that can be recorded from standard
guidelines such as IEC 60599 [13], IEC 60422 [15], IEEE C57.106 [44], ASTM D3487 [45],
CIGRE TB 771 [46], as well as limits reported by experimental investigations [2].
Selecting one of these standard guidelines is based on the organization’s maintenance
plan. Table 2 displays the CLs and standard guidelines used in the PSMD power plant.
The second limit is the warning limit (WL), which was estimated here by supposing
the starting of a fault’s progression can occur when a measured value exceeds a typical
value such as 50% of the caution limit (CL) value.

WL = CL × 0.50 (1)
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The third limit is alarm limit (AL) based on 80% of the CL. Estimation of 80% is based
on an experimental investigation carried out by [47], which revealed that the relative error
in the oil analytical method could be until 20% of the measured value. The sources of the
error can be from oil sampling procedure, instrument inaccuracy, result deviation, human
error, etc.

AL = CL × 0.80 (2)

So, the relative alarm threshold (RAT) can be calculated based on the difference
between AL and WL relative to WL (see Equation (3)).

RAT = (AL − WL)/WL (3)

As seen in Table 2, the RAT value for any measurable variable was found to be 0.60 at
different CLs.

Table 2. Relative Alarm Threshold (RAT) of measurable variables.

Measurable Variable (Oil Analysis) CL WL AL RAT

Hydrogen Gas 150 ppm 1 75 120 0.6
Acetylene Gas 20 ppm 2 10 16 0.6

Acidity 0.150 mgKOH/g 3 0.075 0.12 0.6
Hydrogen Sulfide gas 1 ppm 4 0.5 0.8 0.6

Toluene 2 ppm 5 1 1.6 0.6
1,2 according to standard guideline IEC 60599 [13], 3 according to standard guideline IEC 60422 for power transformer HV ≥ 170 kV [15],
4,5 according to experimental investigation [2].

2. Relative fault detection value (RFDV): RFDV is calculated based on the difference
between the first measured value (w1) of a measurable variable and WL relative to
the WL, as demonstrated in Equation (4):

RFDV = (w1 − WL)/WL (4)

where w1 is the first measured value of a measurable variable.
If the value of the RFDV < RAT (0.60), the transformer is still in a good condition.

Whereas, if REDV ≥0.60, that is an indication of the probability of having a fault. Hence,
a new oil sample from the same transformer should be analyzed after a period, i.e., one
month as recommended in [13] to record the second measured value (w2).

3. Daily trend (DT%): DT is calculated according to the following equation:

Daily Trend, DT% = ((w2 − w1)/w1) × 100)/nd (5)

where w1 is the first measured value, w2 is the second measured value after a period, and
nd is the number of days between w1 and w2.

If the DT ≥ 0.33%, there is a strong indication of starting a fault in the transformer.
Accordingly, it is recommended to immediately carry out a corrective action to prevent
the progression of the fault to a risky level. The factor 0.33% is the critical percentage of
increasing the rate of measured value per day according to the standard IEC 60599 [13],
which considered the increase in the measured value more than 10% per one month (~0.33%
per day) as an indication of an active fault. In contrast, if DT < 0.33% this is an indication
of not having a significant trend in the measured values. Accordingly, the transformer can
be considered still in a safe condition.

3.3. Early Fault Diagnosis (EFD) Model—Concept and Verification

The suggested early fault diagnosis (EFD) model is established to approach relevant
cost-effective sustainable maintenance based on a fault trend chart that shows the faults’
progression during the useful life of the transformers. This chart is created based on the
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outcome of the numerical method for early fault detection. In order to verify the outcome
of the numerical method throughout the fault trend chart, four transformers with suspected
failure propagation, of the PSMD power plant from the category “Start Fault” were selected
based on covering all fault types to follow up their progression. The measurable variables
that used in this chart were hydrogen gas, acetylene gas, acidity, hydrogen sulfide gas,
and toluene to detect anticipated arcing, partial discharge, oxidation, and corrosion faults.
The standard methods used for analysis of these measurable variables are demonstrated
in Table 1. The uncertainty (Uexp.) of five repeated measurements of each measurable
variable; hydrogen gas, acetylene gas, hydrogen sulfide gas, toluene, and acidity, was ±3.6
of mean value 104.4 ppm, ±0.37 of mean value 10.1 ppm, ±0.035 of mean value 0.51 ppm,
±0.063 of mean value 1.51 ppm, and ±0.031 of mean value 0.10 mgKOH/g, respectively.
Furthermore, the relative standard deviation (RSD%) for same measurements was 3.2%,
3.8%, 3.1%, 3.6% and 3,2%, respectively. The historical data of these four transformers has
been gathered since December 2018. Measured values for each transformer were recorded
with three months interval, in March, June, September, and middle of November and
December 2019 (see Figure 3).
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Figure 3. Fault trend chart of the four transformers with suspected failure propagation. CL= Caution Limit; WL= Warning
Limit; w1 = First measured value; w2 = Second measured value. (a) Chart of “Arcing Fault” for the generation of the gases
hydrogen and acetylene in the first transformer registered serial number 107772 (Power rate = 20 MVA, HV = 33 kV);
(b) Chart of “Partial Discharge Fault” for the generation of the hydrogen gas in the second transformer registered serial
number 20081807 (30 MVA, 132 kV); (c) Chart of “Oxidation Deposits Fault” for the generation of the acidity in the
third transformer registered serial number 3247PG1548 (300 MVA, 275 kV); (d) Chart of “Corrosion Deposits Fault” for
the generation of the hydrogen sulfide gas and toluene compound in the fourth transformer registered serial number
07MD970101 (30 MVA, 132 kV).
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4. Discussion

The purpose of applying ABCD procedure in the PSMD power plant was to assess the
sustainability level of the transformers and find the gaps to approach the vision of providing
sustainable power with regard to minimized costs. The outcomes of this investigation can
be summarized as follows:

1. The suggested early fault diagnosis (EFD) model using the fault trend chart, which
shows the faults’ progression based on the novel numerical method, was proved
as a relevant model for approaching cost-effective sustainable maintenance. By
utilizing this finding, the gaps to achieve the PSMD power plant vision were fulfilled,
resulting in the extension of the lifetime of the four transformers with suspected
failure propagation. A foremost challenge connected to this suggested model is the
application on old transformers with insufficient historical data of oil analyses.

2. As seen in charts a–d of Figure 3, the measured values in March and June 2019
were less than warning limit (WL), which indicates that the transformers were in
good condition. In September, the values exceeded the WL, but the calculated RFDV
was <0.60, which indicates that the transformers were still in good condition. In
November, the measured values (w1) for all transformers were significantly increased
and accordingly the calculated RFDV was >0.60, which indicates the probability of
having a fault in the initial stage. Hence, the analysis of the second measured values
(w2) was carried out one month later, December 2019, to calculate the daily trend% as
follows:

• Figure 3a represents the generation of hydrogen and acetylene gases before
exceeding the caution limits (CLs) of 150 and 20 ppm, respectively. The daily
trend after one month was >0.33%, which indicates that the arcing fault is in
progress. Accordingly, carrying out arcing measurement was recommended to
find the source of overheating. In the arcing measurement, a high-frequency
current transducer clamping on the transformer’s grounding cable was used to
detect the source and site of the arcing [48].

• Figure 3b represents the generation of hydrogen gas before exceeding the CL
of 150 ppm. The daily trend after one month was <0.33%, which indicates that
the partial discharge fault is not in progress. However, if there is an indication
of a partial discharge progression, the recommended corrective action could be
to carry out a partial discharge test [49,50], utilizing infrared thermal imaging
technology [51] to find the source of overheating and the site of the expected
flashpoint in the transformer.

• Figure 3c represents the formation of acidity before exceeding the CL of
0.15 mgKOH/g. The daily trend after one month was >0.33%, which indi-
cates that the oxidation fault is in progress. Accordingly, adding an antioxidant
additive in the insulating oil was recommended to suppress the oxidation reac-
tion [52].

• Figure 3d represents the generation of hydrogen sulfide gas and toluene com-
pound before exceeding the CLs of 1 and 2 ppm, respectively. The daily trend
after one month was <0.33%, which indicates that the corrosion fault is not in
progress. However, if there is an indication of a corrosion progression, the rec-
ommended corrective action could be adding an anticorrosion additive in the
insulating oil to suppress the corrosion reaction [53].

3. An example of applying the numerical method is demonstrated here to elucidate
the calculation process. Suppose a maintenance team in a power plant observed a
variation in the transformer performances when the measured value of hydrogen gas,
a key indicator of partial discharge, was high. An oil sample from this transformer
was analyzed for the first measured value of hydrogen gas (w1) and was found
125 ppm. The question: Is there any indication of partial discharge fault in progress?
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As the measured value of the hydrogen was 125 ppm in the example, which is below
caution limit (CL= 150 ppm) but above the alarm limit (AL= 120 ppm) (see Table 2), the
relative fault detection value (RFDV) of hydrogen gas value should be calculated according
to Equation (4),

RFDV = (w1 − WL)/WL = (125 − 75)/75 = 0.67

The REDV was >RAT (0.60), so it was recommended to take another oil sample after
one month (30 days) for analysis of the second measured value (w2). The value of w2 was
found 138 ppm. Then the daily trend should be calculated according to Equation (5),

DT = ((w2 − w1)/w1) ∗ 100)/nd = ((138 − 125)/125) ∗ 100)/30 = 0.35%

As the DT of hydrogen gas value was >0.33%, there is a strong indication of starting a
partial discharge fault. Accordingly, it is recommended to start an investigation to solve the
problem before fault’s progression to a risky level. This example shows that the corrective
action could be carried out before a measured value exceeds its caution limit. The flow
diagram in Figure 4 elucidates the process steps of using the numerical method in the
maintenance strategy.
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The flow diagram starts with oil analysis of the first measured value (w1) representing
any related measurable variable. There are three alternative evaluation outcomes for the
w1. The first is w1 less than WL, which reveals good condition of the transformer, hence
a new oil sample could be recommended annually according to [15] or according to the
organization maintenance plan. The second is w1 more than CL, which indicates a fault in
progress, i.e., fault has already occurred and may lead to fire and explosion accidents. The
last is w1 more than WL and below CL, which reveals the probability of having a fault in
the initial stage. In this last alternative, the numerical method could be applied to assess
the fault level and carry out appropriate corrective action to prevent fault incidence. If
the fault is not in the risky level, the oil sample could be recommended for analysis with
three months interval according to [2], in order to gather sufficient data for an accurate
evaluation of the fault’s progression. The generic procedure described in Figure 4 provides
a structured process for CBM purposes using any measurable variable at any caution
limit. The main advantage of applying the numerical method is the possibility of early
faults detection before progression to a risky level. The disadvantage is the requirement of
historical data to track the fault level.

4. By applying the fault trend chart using the numerical method, the faults were de-
tected early before progression to a risky level, resulting in the extension of the
lifetime of the transformers with suspected failure propagation. Hence, the gap in the
implementation of sustainable maintenance is fulfilled.

5. The outline of capabilities and shortcomings in the early fault diagnosis (EFD) model
comparing with other technical methods of sustainable maintenance are demonstrated
in a matrix schedule (see Table 3).

Table 3. Matrix of capabilities and shortcomings in the technical methods of sustainable maintenance.

Methods of Sustainable Maintenance Efficiency Cost Investment Ease of Apply Limitation

Energy-efficient green transformers Good High No Only for new transformers
Natural ester oil Good High No Low electrical resistivity
Waste oil recycle Good High No High investment cost

Early Diagnosis Method (EFD) Model Good Low Yes Needs historical data

6. For further verification and validation, the model will be applied for tracking the
fault type “copper corrosion” on 84 transformers at the PSMD power plant. For
future work, the application of the EFD model can be extended to another field, such
as any asset containing oil in production manufacturing. Future work could also
involve investigations to find a solution to the insufficient historical oil analysis data
of transformers to be used in the EFD model.

5. Conclusions

The principal conclusion of this paper is the importance of viewing the maintenance
strategy of transformers from a strategic sustainability perspective, in order to approach
relevant cost-effective sustainable maintenance. This was proven in the empirical study by
detecting the faults in the initial stage using the early fault diagnosis (EFD) model. Several
conclusions can also be highlighted as follows:

• The suitability of applying the ABCD procedure to assess the sustainability aspects
for moving toward sustainable maintenance. Due to its intelligible guidance structure
and its flexible process, the ABCD procedure is a useful and well-organized tool for
integrating sustainability into transformer maintenance, which was demonstrated by
the empirical study.

• The suggested EFD model for the empirical study has succeeded in filling the gap to
approach relevant cost-effective sustainable maintenance.
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• The importance of defining the correct time of carrying out corrective actions before
the measured value of a measurable variable exceeds its caution limit. This was
illustrated throughout tracking the faults in the fault trend chart.

• The benefits of integrating the EFD model in the CBM strategy compared with other
models detecting faults in the initial stage, defining the correct time of corrective
actions, easily modelling any measurable variable in the fault trend chart at any
caution limit, and providing a transformer diagnosis at specific and overall fault
parameters.
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