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Abstract. Power transformers face significant aging issues, which threatens their reliability 
and service life. This research aims to develop an accurate method for predicting the remaining 
lifespan of transformers. Current studies highlight the inadequacy of existing approaches in 
determining transformer lifespan, which is affecred by the degradation of paper insulation 
through furan compounds and hotspot temperatures. This method adheres to the CIGRE D1 
738 (2018) standard, which converts furan concentration into Degree of Polymerization 
(DPest) as an indicator of paper insulation condition. The methodology involves analyzing oil 
test data and operational temperature to estimate the remaining life of the transformer. This 
research not only aims to improve the accuracy of paper insulation assessments but also 
integrates sustainability principles. The goal is to optimize the use of existing transformers, 
reduce premature replacements, and conserve material and energy resources. By minimizing 
unexpected failures, this research contributes to reducing industrial waste and environmental 
impact. Furthermore, this approach aligns with practices that support economic and social 
sustainability. Extending the lifespan of critical devices can lower maintenance costs while 
ensuring a reliable and sustainable energy supply. The proposed method provides a 
comprehensive framework for predicting transformers longevity. 
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1. Introduction  

Power transformers are critical components of electrical networks, with some units 
operating beyond their intended service life (Kaliappan & Rengaraj, 2021; Prasojo et al., 2021). 
The limited lifespan of transformers raises significant concerns about potential failures and their 
associated impacts (Islam et al., 2023). This research aims to accurately predict the remaining life 
of power transformers, thereby preventing failures of aging units and mitigating associated risks.  

One major issue linked to a shorter service life is the generation of hazardous waste from 
degraded transformer oil, which contains toxic, non-biodegradable compounds (Rashed et al., 
2022). Frequent replacements also accelerate the consumption of natural resources required for 
manufacturing new equipment, placing additional pressure on ecosystems. Moreover, improper 
disposal and recycling of old transformer components can contribute to air and water pollution. 
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Extending the service life of transformers through effective maintenance and accurate condition 
assessments not only prevents failures but also minimizes environmental impact by reducing 
waste and conserving resources (Adekunle et al., 2023; Liang et al., 2024). 

 The aging of insulation systems is significantly influenced by electrical, thermal, mechanical, 
and environmental stresses (CIGRE A2 - 761, 2019; Prasojo et al., 2017; Prihantiny et al., 2021). 
Irreversible structural changes in paper insulation contribute to its degradation (Hydroelectric 
Research and Technical Services Group, 2005; Prihantiny et al., 2021), making it a key factor in 
studying transformer life expectancy. 

The oxidation of transformer oil at high temperatures and moisture levels leading to acid 
formation, which accelerates paper insulation degradation (Aciu et al., 2020; CIGRE 494, 2012; 
CIGRE D1 – 738, 2018; Prasojo, Kurniawan, et al., 2023). Paper degradation involves 
depolymerization and the production of furan compounds (CIGRE 494, 2012; CIGRE D1 - 738, 
2018; Thiviyanathan et al., 2020). The degree of polymerization serves as a key indicator for 
assessing the condition of paper insulation and estimating the remaining lifespan of the 
transformer (CIGRE Brochure 323, 2007; CIGRE D1 - 738, 2018). Previous research (Prasojo, 
Kurniawan, et al., 2023; Prasojo, Safarina, Duanaputri, Hakim, et al., 2023; Prasojo, Safarina, 
Duanaputri, Kurniawan, et al., 2023) has extensively examined paper insulation conditions using 
oil test parameter evaluations. Analyzing gas and physical parameters is crucial for assessing the 
health and performance of transformer systems. Gases such as carbon monoxide (CO), carbon 
dioxide (CO2), hydrogen (H2), methane (CH4), acetylene (C2H2), ethylene (C2H4), and ethane (C2H6) 
provide insights into insulation degradation (Diwyacitta et al., 2017). Elevated CO and H2 levels 
may indicate damage, while increased CH4 and C2H2 levels often signal overheating or insulation 
failure. Physical parameters, including moisture content, surface voltage, acidity level, and 
temperature, also play essential role in transformer condition assessments. High moisture levels 
weaken insulation performance, while elevated acidity levels indicate oil degradation (Prasojo, 
Safarina, Fiqh, et al., 2023). Monitoring these parameters is essential for early detection of 
potential issues and effective maintenance planning, helping to extend transformer lifespan and 
enhance electrical system reliability. 

This study proposes a method to determine the remaining lifespan of transformers based on 
the CIGRE D1 – 738 (2018) standard. The method converts furan content into the Degree of 
Polymerization to evaluate paper insulation (Cheim et al., 2012; Mtetwa, 2009). The use of CIGRE 
D1 - 738 (2018) is essential for addressing transformer aging, as it provides a comprehensive 
framework for assessing aging conditions. This standard employs a data-driven approach to 
analyze aging markers, such as furanic compounds, offering valuable insights into insulation 
degradation and transformer life estimation. By modeling cellulose aging kinetics and considering 
oxygen and moisture levels in the insulation system, CIGRE D1 - 738 (2018) supports transformer 
managers develop effective life extension strategies. The standard also encourages the evaluation 
decommissioned units to refine reliable aging models and improve life management decisions. 
This approach aims to enhance transformer condition assessments and facilitate accurate lifespan 
predictions, ultimately reducing maintenance costs and ensuring stable energy supply. 
Understanding transformer conditions allows for better maintenance planning, extending 
equipment lifespan and preventing premature replacements. This not only saves costs and 
supports economic and environmental sustainability by minimizing waste and conserving 
resources (Ariannik et al., 2020; PLN, 2014). 

 
2. Method  

The flowchart in Figure 1 illustrates the process of determining the remaining life of a 
transformer based on the condition of its paper insulation, which is evaluated to support 
maintenance and operational decisions. This study uses test data from five 150 kV transformers 
in East Java and Bali. The secondary data includes oil test results (2FAL) and historical data such 
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as load and temperature. The relationship between furan compounds, load, and temperature plays 
a crucial role in assessing the reliability of paper insulation in transformers and can assist in 
estimating the remaining lifespan of the equipment. Furan compounds, such as 2FAL, serve as 
indicators of insulation material degradation, arising as products of cellulose breakdown. When a 
transformer operates under high load, the temperature tends to rise, and if it exceeds the safe 
maximum threshold, the degradation of insulation accelerates. Consequently, this may lead to a 
decline in the reliability of the paper insulation, increasing the risk of transformer failure and 
significantly reducing its operational lifespan. 

2.1 Data Preparation 

The first step is to convert the results of the 2FAL test into DPest. In this study, the conversion 
of 2FAL to DPest is performed using Equation (1) from Stebbins (PLN, 2014), as the solid 
insulation of transformers in the East Java and Bali Regional Unit utilizes Thermally Upgraded 
Paper. The Equation (1) is as follows: 

DPest =
log(2FAL × 0.88) − 4.51

−0.0035
                                                  (1) 

The second data preparation step is calculating the hotspot temperature to proceed with the 
calculations for determining remaining life of transformer. The hotspot temperature can be 
calculated using the ambient temperature and top oil temperature with the following Equation 
(2) (IEC 60076-7, 2005): 

𝜃ℎ(𝑡) =  𝜃𝑎 + ∆𝜃𝑜𝑟 .  [ 
1 + 𝑅 . 𝐾2

1 + 𝑅
 ]

𝑥

+ H gr 𝐾𝑦                                               (2) 

These include (θa), which represents the ambient temperature surrounding the transformer. 
The temperature difference (∆θor) between the top oil temperature and the ambient temperature. 

 

Figure 1. Flowchart for determining the remaining life transformer 
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Additionally, (R) which denotes the ratio of measured losses to no-load losses, and (K) 
representing the load per unit. The equation incorporates variables like (x), the exponent of oil 
properties, (H) the hotspot factor, (gr) indicating the temperature rise from winding, and (y) the 
winding exponent. These parameters collectively contribute to the accurate estimation of the 
hotspot temperature (IEC 60076 – 7, 2005). 

2.2 Paper condition 
To determine the condition of paper insulation from the furan (2FAL) value that has been 

converted to DPest, refer to Table 1. In determining DPest, furan testing is conducted first, as 
furans form due to thermal effects caused by excessive load and temperature influences on the 
transformer (Duanaputri et al., 2023). Therefore, load and temperature significantly affect the 
determination of paper insulation condition. Data from the Meteorology and Geophysics Agency 
show that the average ambient temperature in Indonesia is approximately 30°C (IEC 60354, 
1991).  

One of the primary factors affecting transformer operational condition is high temperature, 
which can accelerate insulation aging and shorten the transformer's lifespan. Monitoring winding 
and top oil temperatures can diagnose transformer condition and provide indications to reduce 
the risk of catastrophic damage to the cooling system, preventing operational emergencies (CIGRE 
A2 - 761, 2019). The hotspot temperature rise limit specified in the literature is 80°C (110°C – 
30°C) for IEEE and 78°C (98°C – 20°C) for IEC 60076-2. 

2.3 Remaining life 
In determining the remaining life of a transformer, it can be calculated based on the DP value 

and predicted parameters influenced directly by high temperature caused by excessive load 
(Kanumuri et al., 2020; Syadad, 2019). This affects the mechanisms of paper insulation and hot 
spot spacing in cellulose materials, leading to accelerated aging of paper insulation (CIGRE A2 - 
761, 2019; CIGRE D1 - 738, 2018). To calculate the remaining lifespan of the transformer, Equation 
(3) can be used. 

Remaining Life =  

1
DPt

 – 
1

DPo
A . 24 . 365

 . e
EA
RT(year)                                               (2) 

 
Where, DPt is the estimated age value of the transformer in use, DPo is the end-of-life value of the 
transformer, R is the molar gas constant (8.314 J/mol/K), T is the hotspot temperature (K), EA is 
the activation energy (KJ/mol), and A is the environmental-dependent constant.  

2.4 Transformer recommendation  
Regardless of whether the condition of the transformer paper insulation is found to be good 

or bad after furan analysis, maintenance of the paper insulation should still be conducted 
according to the recommendations in Table 2. Transformer condition should also be monitored 
by assessing the loading and hotspot temperature values. If the hotspot temperature exceeds the 
standard limits, it indicates abnormal transformer performance and will shorten its operational 
lifespan.  

Table 1. Transformer condition based on DPest value (Source: CIGRE A2 - 761 (2019)) 

Parameter 
Condition 

Good Fair Poor 

DPest from 2FAL >800 500 – 800 <500 
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3. Result and discussion 
3.1. Test parameter data 

The assessment of paper insulation condition from transformer oil testing results using the 
furan analysis method, applied to five transformers, as examples of subjects analyzed, can be 
observed Table 3. The assessment of paper insulation condition using furan is considered accurate 
because furan compounds directly adhere to cellulose paper. Therefore, if the DPest value is 
sufficiently high, the reliability of the paper insulation is also relatively low. 

3.2. Result of transformer remaining life calculation 
The hotspot temperature cannot be directly measured but can be calculated using the 

ambient temperature, top oil temperature, and load. Calculating the hotspot temperature involves 
Equation (2) with coefficients defined by the IEC 60076-7 (2005) standard. 

Based on the remaining life calculation in Table 4. Transformer 1 has the shortest remaining 
lifespan of 2.4 years. This is due to its highest hotspot temperature of 107.13 K. Conversely, 
Transformer 2 has the longest remaining lifespan of 18.3 years, as its hotspot temperature is the 
lowest at 90.84 K. This difference is attributed to the condition of the paper insulation and the 
higher loading conditions, which cause the transformer to work harder and generate more heat. 
This accelerates the aging rate of the paper insulation and reduces the transformer's remaining 
life.  

3.3. Transformer maintenance 
Based on the remaining lifespan calculation of the transformer presented in Table 4, it is 

evident that transformers are more susceptible to aging when acids mix with high temperatures 

Table 2. Recommendations for paper condition based on Furan testing (Source: Hydroelectric Research 
and Technical Services Group (2005), CIGRE Brochure 323 (2007)) 

Recommendations Category 
Normal furan concentration, continue routine testing. Good 

If furan concentration exceeds normal limits, check for paper samples 
contaminated by moisture levels, acids, and other compounds. Also, inspect 
operational temperatures and design, as well as the insulation oil filters. 

Fair 

High furan concentration: conduct internal investigation to assess transformer 
paper insulation condition, consider replacing transformer paper. If replacement 
is not feasible, consider replacing the transformer itself. 

Poor 

Table 3. Data parameters for transformer remaining life 

Trafo 2FAL DPest 
Load 
(pu) 

Ambient 
temperature (°C) 

Ambient 
temperature for 

nominal load (°C) 

Top oil 
temperature (°C) 

1 1684 383 0.77 32 30 53 
2 68 781 0.58 33 30 58 
3 1184 426 0.66 30 30 53 
4 274 608 0.59 34 30 50 
5 83 756 0.61 30 30 58 

Table 4. Results of transformer remaining life 

Trafo Hotspot temperature (K) Remaining life (years) 

1 107.13 2.4 
2 90.84 18.3 
3 93.60 9.9 
4 88.80 16.9 
5 91.50 3.3 
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and moisture levels, leading to oil degradation. Without regular maintenance, this condition can 
significantly reduce the reliability of the paper insulation. Therefore, it is crucial to ensure that the 
transformer loading does not exceed the maximum value of 0.80 pu, as outlined in IEC 60354 
(1991). Additionally, the operating temperature of the transformer must remain within the limits 
set by IEC 60076-14, with a maximum normal hotspot temperature of 98°C. By adhering to these 
standards, transformers can operate normally and achieve a longer service life. 

4. Conclusion 
Furan compounds are important indicators for measuring the aging of transformer paper 

insulation due to electrical, thermal, and mechanical stresses. By utilizing the concentration of 
furan (2FAL) to determine the Degree of Polymerization (DP), the condition of the insulation can 
be effectively monitored. Research findings show that high levels of furan in transformer oil 
accelerate insulation aging and indicate that the transformer is nearing the end of its service life, 
especially at high hotspot temperatures and low DP estimates. This research supports 
sustainability by providing an accurate method to extend the life of transformers, thereby 
reducing the need for early replacements and the use of new resources. Routine maintenance 
based on furan and DP testing, along with efficient cooling systems, helps maintain transformer 
performance, reduces waste and environmental impact, and lowers operational and maintenance 
costs, ultimately contributing to the stability of a reliable and sustainable energy supply. 
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