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Abstract

:

In this paper, a methodology for optimal decision making for electrical systems is addressed. This methodology seeks to identify and to prioritize the replacement and maintenance of a power asset fleet optimizing the return of investment. It fulfills this objective by considering the risk index, the replacement and maintenance costs, and the company revenue. The risk index is estimated and predicted for each asset using both its condition records and by evaluating the consequence of its failure. The condition is quantified as the probability of failure of the asset, and the consequence is determined by the impact of the asset failure on the whole system. Failure probability is estimated using the health index as scoring of asset condition. The consequence is evaluated considering a failure impact on the objectives of reliability (energy not supplied -ENS), environment, legality, and finance using Monte Carlo simulations for an assumed period of planning. Finally, the methodology was implemented in an open-source library called PywerAPM for assessing optimal decisions, where the proposed mathematical optimization problem is solved. As a benchmark, the power transformer fleet of the New England IEEE 39 Bus System was used. Condition records were provided by a local utility to compute the health index of each transformer. Subsequently, a Monte Carlo contingency simulation was performed to estimate the energy not supplied for a period of analysis of 10 years. As a result, the fleet is ranked according to risk index, and the optimal replacement and maintenance are estimated for the entire fleet.
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1. Introduction


Utilities are facing challenges in their operation, maintenance, and planning. This is a consequence of fulfilling regulations, seeking improvements in both profitability and strategic objectives. Regulation demands more sustainability, reliability, quality, and security of the system with a constant assessment of a utility’s revenue. In order to accomplish higher regulations and to meet the company goals, decisions must be optimized [1]. Most of these decisions are related to intensive investments on physical assets. These investments commonly include the replacement, refurbishing, or monitoring of aging assets. Investments are subject to budgetary constraints, the lack of qualified staff able to do the replacement, long waiting times for manufacturing some power assets, etc. These challenges are summarized in the CIGRE TB 787 [2], where it is stated that the assessment of power systems assets needs to increase its sophistication and rigor because they are in a perfect storm. Therefore, decisions must be made considering optimal cost effectiveness. For instance, in [3], a conceptual framework is shown for linking physical asset management practices and their performance implications. The framework was implanted in a survey measuring the next AM variables: strategy and plan, life-cycle, asset information, asset review, and, finally, risk assessment. A similar work was presented recently in [4] seeking to establish the relationship between asset management and business performance.



In order to improve decision making, the decisions must be supported and aligned with the utility objectives. One way to support the decisions is by using an asset management strategy [5]. With such a strategy, both asset condition and criticality can be employed to support optimal decisions using the risk index. However, issues related to the index estimation of electric assets must be faced as a consequence of a lack of consensus and international standards [6].



In spite of these asset management challenges, improvements in asset maintenance and replacement strategies using data analytics are reported in the literature. For instance, algorithms using big data to estimate optimal maintenance and replacement of distribution transformers and poles by predicting the aging of assets are addressed in [7]. However, these algorithms are focused on preventive maintenance due to their simple implementation at the distribution level.



In [8], RADPOW (reliability assessment of electrical distribution systems) code is used to develop a method assessing, in a cost-benefit way, the impact of a maintenance strategy on the reliability of power distribution systems. Similarly in [9], a transformer maintenance assessment method is developed using a semi-Markov state diagram. In the aforementioned methods, both the rate of failure and their impact are provided by statistics over a whole network. Therefore, asset condition records are not considered, implying that a forecast of the future condition is not contemplated. In [10], a model for optimal decision making considering reliability and cost is addressed for power transformers. The optimal decision making is focused on evaluating the maintenance strategy by which the maximum reward is obtained. However, in the cost function, the energy not supplied due to a transformer failure is assumed to be constant. In [11], a procedure to realize a replacement plan considering reliability and cost is addressed. The decision making considers the impact on the whole system. In this tool, the asset age is represented by a bathtub curve considering its condition and the reliability N-2 criteria.



A model of composite power system assets is addressed in [12]. This model seeks to identify critical components of a power system. The critical analysis is performed using the costs of system contingencies with a state enumeration instead of a Monte Carlo simulation. The advantage of using state enumeration is that the probability of failure of the assets can be analyzed independently of their failure consequence. In this case, the consequence is the cost of the expected energy not supplied. Nevertheless, load forecasting and condition assessment are not considered.



OFGEM, Great Britain’s independent energy regulator, published a common framework [13] for Distribution Network Operators, where the methodology for risk assessment is addressed, including the estimation of health index, probability of failure, and monetization of criticality throughout time. However, in this framework, methodologies for supporting optimal decision making and the use of historical condition records for forecasting asset condition are not addressed, and the major of the variables are estimated using the operation conditions of Great Britain. A global asset management approach has been introduced in the project PRIAD [14] by Hydro-Quebec, proposed to develop an asset management decision support tool in order to ensure utilities’ sustainability and performance [15]. This plan considers developing modules for data warehouses, asset behavior, reliability, transmission system simulator, risk, and optimization, while considering the decision-making process in a holistic way. These modules are currently under development and just consider maintenance strategies. Additionally, the methods to optimize the maintenance strategy are currently under investigation. Finally, in [2], approximations performed by different utilities are presented, where the importance of risk assessment using estimations of probability of failure and critically can be concluded. However, the lack of both consensus for the definition of asset index and decision-making optimization methodologies can be evidenced.



In [16], the CIGRE defined the modern asset management in power networks as the use of asset health and asset criticality to prioritize the replacement or maintenance of an asset fleet. The health index could be linked with the probability of failure in order to estimate the risk index. In line with the CIGRE’s definition and in order to support decision making in electrical systems in a common asset management framework, the present paper proposes a methodology to estimate in a novel way the optimal decision making for both replacement and maintenance. This methodology assesses and predicts the condition, reliability, and risk of an electrical asset fleet considering individual assets as a part of a whole system. The condition is scored using diagnostics records, the reliability is assessed by Monte Carlo contingency simulations during an assumed period of planning, and the risk is computed as the impact of the contingency by the probability of failure. The objective function is formulated to obtain the highest return of investments (ROI) considering incomes, risk monetized, and cost of decisions. This assessment can be used as an input for cost-effective decision making in maintenance and replacement of physical assets, as well as for benchmarking. Finally, this methodology was implemented in an open library called PywerAPM.



According to the literature review, the main contribution of this paper is considering in a novel way the whole optimization problem with the following methodology features:




	
Criticality assessment by Monte Carlo simulations considering both load growth and profile;



	
Forecasting of asset management index using diagnostic records;



	
Monetization of strategic objectives such as financial, environmental, legal, and reliability;



	
Comparison between “do nothing”, replacement, or maintenance strategies for an asset fleet considering the optimal ROI modeling the risk variation in time as TOTEX outcomes;



	
A mathematical formulation in order to reduce the computational effort to estimate optimal maintenance strategies and replacement time is presented.








Figure 1 summarizes the framework proposed to estimate the optimal return of investment of a power asset fleet from replacement or maintenance.



The remainder of this paper is organized as follows: Section 2 presents the approximation used to estimate the risk index of a fleet of assets using their condition and criticality. Section 3 describes the formulation to compute the optimal replacement and maintenance frequency of an asset. Section 4 presents the results of the assessment of the entire power transformer fleet belonging to the IEEE 39 Bus System. Finally, Section 5 closes with conclusions.




2. Asset Management Framework


In this section, the risk index (RI) assessment of an asset fleet is addressed. The index is estimated using the probability of failure of an asset and the assumed impact of this failure on the whole network. This impact is defined as the criticality. The conceptual model of the asset management framework is presented in [17].



2.1. Asset Condition Using Health Index (HI)


To score the condition of a physical asset, the health index (HI) is commonly used [18,19]. HI can be computed using a weight function as follows:


  H I  t  =     ∑  n = 1  N    β n   ( S   t  n   ·   w n  )     ∑  n = 1  N   β n   w n    ,  



(1)




where t is the evaluation time,   S  t    is the score of a specific condition, which is commonly normalized in the range [0–1], 0 being the best condition and 1 the worst condition; w is the weight given to the condition;  β  is a binary coefficient which represents the data availability; and N is the number of conditions scored. Health index at the instant t   H I ( t )  , as the score   S  t   , can take values in the range [0–1], 0 being the best condition and 1 the worst condition.




2.2. Reliability Assessment


With the condition scored by the HI, the failure rate of an asset   λ   [20] can be estimated as follows:


  λ  t  = a  ·   e  b  ·  H I  t    + c ,  



(2)




where   a , b , c   are constants to fit using both historical failure rates and condition reports. In order to formulate the optimization problem addressed in Section 3, it is proposed to fit the following logistic function using Equation (2):


  λ  t  =  L  1 +  e  − k  t −  t 0       +  λ 0   



(3)




where   L , k ,  t 0    are the parameters of the logistic function to be fitted. In other words, with the purpose of fitting the failure rate to a logistic function using the health index forecast Equation (1), the points to fit Equation (3) are computed using Equation (2), which are estimated using the HI. Hence, the integral of the cumulative failure rate is given by


   ∫   t  b e g     t  e n d    λ  t  d t =  ∫   t  b e g     t  e n d       L  1 +  e  − k  t −  t 0        +  λ 0   d t  



(4)







With the estimation of the failure rate, the reliability   R  t    of an asset during its life can be computed by


  R  t  =  e  −  ∫   t  b e g     t  e n d    λ  t   d t   ,  



(5)




where   t  b e g    and   t  e n d    are the current time and the end time of the assessed period, respectively. Finally, the probability of failure   P O F  t    can be estimated using the reliability as follows:


  P O F  t  = 1 − R  t   



(6)








2.3. Risk Index


The risk index   R I   of an asset is defined as the probability of failure   P O F   times the criticality   C r   or impact of the failure on the entire system as follows:


  R I  t  = C r  t   ·  P O F  t   



(7)







However, the   P O F   and the   C r   are time varying. As the asset ages, operating conditions can influence its health. To illustrate this, the condition degradation of a power transformer can be accelerated due to high temperatures, electromagnetic transients, or an incipient internal failure which influences the oil and insulation quality. On the other hand, the criticality can increase throughout time as a consequence of system growth and therefore with the energy not supplied (ENS) during a contingency. Hence, the criticality depends on both the duration of the failure rate and the operating conditions during the failure. The duration of failure can be assessed with the mean time to repair   M T T R  , and the operating conditions can be assessed using reliability analysis, such as N-POF(N) (probabilistic assessment) instead of   N − 1  , with load forecast models during an assumed period of planning.



In order to assess the decision making using the risk index, it is suggested to measure the criticality as a monetary consequence [16] of the asset failure. This consequence can be evaluated considering different objectives, such as safety, finance, environment, reliability, etc. The risk monetization facilitates the costs/benefits assessment of different decisions and therefore the determination of optimal expenditure strategy on assets.





3. Proposed Risk Assessment Procedure


The proposed algorithm to estimate optimal decision making considering the risk is addressed.



3.1. Risk Index Forecasting


The algorithm proposed to estimate the risk index is shown in Figure 2. The inputs of the procedure are the net name, the asset portfolio, the starting date of assessment, the number of Monte Carlo trials, and the number of hours of the assumed period of planning. The algorithm is divided into three main stages, as suggested in [8]. In the first stage, the health index of the entire fleet is assessed. Subsequently, in the second stage, to assess the reliability of the system and to estimate the expected energy not supplied, a Monte Carlo simulation is performed during the assumed period of planning. Such a simulation models the probability of operating the system under security margins when an asset fails. Security margins are determined by the loading limits of transformers and lines and by bus voltages; for this, redundancy is commonly used at the transmission level. Finally, in the third stage, the risk assessment for each asset is performed using the results of the Monte Carlo simulation. To simplify the risk assessment, an optimal secure power flow rescheduling considering losses and cost is not taken into account.



For condition assessment, the scoring normalization of the health index is carried out using a linear interpolation for each condition assessed. Subsequently, to predict the health index, a function fit for each condition is performed as follows:


  S  t  = 1 −  e  −    t l   m    ,  



(8)




where m and l are the constants to fit using the historical condition records. Additionally, in order to improve the fit, the conditions at the beginning of the asset life    S  t  b e g    = 0   and at the end of life    S  t  e n d    = 1   are assumed.



The reliability assessment using Monte Carlo simulations is performed seeking to quantify the impact of an asset failure on the ENS during contingencies. This impact is computed running load flows and considering the load profiles, the expected load growth, and the mean time to repair (MTTR) of each asset. Hence, for every hour of the assumed period of planning, the POF of each asset is evaluated, followed by a load flow running. This calculation is realized in order to assess the security limits during the contingency. The probability of failure is computed using the health index by which the condition assessment is considered. Hence, the criticality associated with the reliability objective is estimated as the cost of the expected ENS during a year due to the failure of an asset. To summarize, trials are performed in order to simulate in a probabilistic way (N-POF(N)) the expected ENS for a whole power system during a period of planning. Hence, the probability of failure of each asset is considered.



Using the results of the Monte Carlo simulation, the density and cumulative functions of the expected energy not supplied are computed to estimate the monetized criticality corresponding to ENS   C  r  E N S     along the assumed period of planning. In this proposal, the total criticality of the failure is assumed as the monetized impacts:


  C r  t  = C  r  E N S    t  + C  r  F i n   + C  r  E n v   + C  r  L e g a l    



(9)




where   C  r  F i n    ,   C  r  E n v     and   C  r  L e g a l     are the financial, environmental, and legal impacts as a consequence of the failure, respectively. These monetized values can be estimated using the regulation and expert knowledge, as suggested by the CIGRE [1]. Finally, the risk matrix is assessed, and subsequently, a priority ranking is performed and presented by a Pareto plot using the risk index.




3.2. Optimal Decision-Making Assessment


With the asset fleet ranked by the risk index, and assuming the risk as a financial outcome, the return of investment   R O I   can be stated as follows:


  R O I  t  =   I n c  t    R I  t  + O P E X + C A P E X   − 1  



(10)




where   I n c  t    is the estimated revenue for operating the asset at the instant t, and OPEX and CAPEX are the assumed constant operating expenses and capital expenses, respectively. In order to assess the optimal decision making, in this paper, we proposed to maximize the ROI by optimizing the maintenance or replacement of a fleet of assets.



3.2.1. Optimal Replacement Strategy


In this section, the optimization problem is formulated to estimate the optimal replacement of an asset. Hence, the influence of the replacement on the ROI can be formulated as follows:


  R O I  t  =   I n c  t    R I  t ,  t  r e p    + O P E X + C A P E X   − 1  



(11)




where   t  r e p    is the time when the asset is replaced. To estimate the influence of replacement in the RI with Equation (7), the cumulative failure rate can be expressed as follows:


   ∫   t  b e g     t  e n d    λ  t  d t =  ∫   t  b e g     t  r e p       L  1 +  e  −  k 1   t −  t 1  +  t  b e g         +  λ 0   d t +  ∫   t  r e p     t  e n d       L  1 +  e  −  k 2   t −  t 2  +  t  r e p         +  λ 0   d t  



(12)




where   t 1  ,   t 2  ,   k 1  , and   k 2   are the cumulative function fit factors for the current and new asset, respectively. Integrating Equation (12), the following expression is obtained:


      ∫   t  b e g     t  e n d    λ  t  d t =       λ 0  + L    t  e n d   −  t  b e g    + L    ln   e   k 1    t  b e g   +  t 1  −  t  r e m      + 1  − ln   e   k 1   t 1    + 1    k 1   +           ln   e   k 2    t  r e m   +  t 2  −  t  e n d      + 1  − ln   e   k 2   t 2    + 1    k 2       



(13)







With Equations (6), (7), (11) and (12), the optimization problem is formulated as follows:


      max  t  r e p           I n c  t     1 −  e  −  ∫   t  b e g     t  e n d    λ  t ,  t  r e p     ·  d t     ·  C r  t  + O P E X + C A P E X   − 1        s . t .        t  r e p   >  t  b e g          s . t .        t  r e p   <  t  e n d       



(14)




where the decision variable is the replacement time    t  r e p    , and   t  e n d    is the assumed life in which the asset generates income.




3.2.2. Optimal Maintenance Strategy


In this section, the optimal frequency of maintenance is addressed. The OPEX is taken as the maintenance expenditures given by the maintenance cost times the number of maintenances. As in the previous section, the ROI is assumed as the objective function as follows:


  R O I  t  =   I n c  t    R I  t , T  +   ∑  n = 0   N − 1     M c  + C A P E X   − 1  



(15)




where   M c   is the maintenance cost, N is the amount of maintenance during the asset life, and a constant maintenance period T equivalent to the time between maintenance tasks is assumed. To assume constant T, the planning of maintenance in a medium large time is simplified. Hence, the influence of maintenance in the cumulative failure rate is given by


   ∫   t  b e g     t  e n d    λ  t  d t =  ∑  n = 0   N − 1    ∫  0  T     L  1 +  e  − k  t −  t 0        +  λ 0   d t  



(16)




where   N =    t  b e g   −  t  e n d    T   . The result of solving the integral of Equation (16), assuming    t  b e g   = 0  , is the following:


   ∫   t  b e g     t  e n d    λ  t  d t =   t  e n d   T    L k   ln   e  k   t 0  − T    + 1  − ln   e  k  t 0    + 1   + T   λ 0  + L    



(17)







Substituting Equation (17) into Equation (10), the optimization problem is given by


      max T         I n c  t     1 −  e   ∫ 0  t  e n d    λ  t , T      ·  C r  t  +   t  e n d   T   ·   M C  + C A P E X   − 1        s . t .       T > 0        s . t .       T <  t  e n d       



(18)




where the decision variable is the maintenance period   T  .






4. Evaluation of the Proposed Procedure


The proposed procedure is implemented in Python language, in a library called PywerAPM, and evaluated using the IEEE 39 Bus System [21]. Hence, an assessment using the algorithm shown in Figure 2 is performed to model, in a probabilistic way, the impact of a contingency consequence of assets’ failures to support the decision making. For this case, in the asset portfolio, only the power transformer fleet was considered. To simplify, the criticality of each transformer is defined as the expected energy not supplied when it fails plus the impact shown in Table 1. For the simulation, the following conditions were assumed: number of trials   N = 750  , starting date 1 January 2020, planning period of 10 years equivalent to 87,600 h, and load growth rate of 2/year. The load patterns and the records of transformer diagnostic tests were provided by a local utility.



4.1. System Description


The IEEE 39 Bus System is composed of 19 loads, 10 generators, 34 lines, and 12 power transformers. The system topology is shown in Figure 3. The rating of power transformers and lines was assumed constant, making a conservative assumption. In other words, dynamic rating was not considered.



The operating conditions of the assumed power system during the first week of the period of planning are shown in Figure 4. These conditions were computed following the procedure proposed in [22]. Figure 4a,b shows the assumed load profiles for each of the 19 loads on Wednesday and Sunday. These are considered as the days with a higher difference in the load patterns. The load profiles were approximated using Fourier series, such as addressed in [23]. The loading of the transformers and lines as well as the voltages of the buses were computed using the pandapower tool [24] by running load flows at each hour.



As security margins, a conservative loading less than 100 for lines and transformers was assumed, and to simplify, dynamic ratings were not considered. For buses, the voltage limits are from 0.9pu–1.1pu. In Figure 4c,d, it can be appreciated that the transformers TR_1, TR_3, TR_4, TR_5, TR_6, and TR_10 are close to 50 of their loading during load peak operation. Additionally, by these transformer flows, the maximum peak power is close to 500  M  VA . Figure 4e,f shows the loading of lines. Here, it can be appreciated that the LN_16_19 is operating close to its security margin with a power flow near 500  M  VA . Finally, Figure 4g,h shows the voltage assessment where Bus_36 and Bus_33 are close to their upper limit.




4.2. Power Transformer Conditions


To assess the condition of the transformer fleet, historical diagnostic records of a local utility were used. Figure 5 shows the records of total dissolved combustible gas (TDCG), the furan 2FAL, and the dielectric breakdown voltage (DS). In particular, Figure 5a presents the assessment of TDGC using the IEEE Std C57.104™-2008 [25], and it can be noted that the condition of TR_5 indicates that the transformer has been heavily overloaded, and/or an arc has occurred inside. A similar behavior of this transformer is shown in the records of the furan 2FAL. According to Figure 5b, the transformers TR_3, TR_10, and TR_12 present a historical increasing rate of the furan 2FAL. Finally, the records of dielectric breakdown voltage are shown in Figure 5c. These records were assessed according to IEEE Std C57.152™-2013 [26] and demonstrate that almost all of the transformer fleet is outside of the acceptable margin, and an accelerated degradation of the assets can occur in the lifetime.




4.3. Condition Assessment


In order to estimate the transformer health index, each condition assessment is normalized from 0 to 1, where 0 is the score with the best condition, or as new, and 1 is the worst condition score. To illustrate, a value of dielectric breakdown voltage greater than 55   k V / m m   will be scored with 0 and a value close to 0 will be scored with 1, using the IEEE Std C57.152™-2013. Additionally, considering that the condition records are reported on different dates, a curve fit using (8) is performed in order to predict the asset condition. Hence, the normalized condition of power transformers is assessed using the tables reported in [27], and the curve fit is performed using the condition records and the Python library SciPy [28]. With these normalized conditions, the health index is computed using Equation (1). To illustrate this procedure, the normalized conditions of transformers TR_2, TR_3, and TR_12 are predicted for the years 2020, 2021, 2025, and 2030 and exposed in Figure 6. These dates correspond to the assumed periods for planning maintenance (2020), refurbishment (2025), and replacement (2030) of a power transformer fleet. Here, it can be appreciated that the transformers present differences in the number of diagnostics tests, i.e., by the current policies of maintenance of the asset owner by which the kind of diagnostic for each transformer is defined.



To assess the transformer condition using the health index Equation (1), the normalized historical diagnostic records are employed. The weights   ω   used for each condition are presented in [27]. Table 2 shows the estimated HI for the power transformer fleet during the assuming periods of planning. Here, it can be appreciated that the transformers TR_1 and TR_11 present the highest rise of degradation, increasing from 0.24 to 0.53 and from 0.4 to 0.72, respectively.



Subsequently, the rate of failure   λ  t    is estimated with (2) using the health index. The constants assumed to estimate  λ  are shown in Table 3. However, these constants should be estimated with both condition and failure records of the utility when the data are available. Finally, once the failure rate is calculated, the reliability and therefore the probability of failure are computed. In Figure 7a, HI predictions are shown, whereas Figure 7b pictures the cumulative probability forecast of failure for each asset.




4.4. Reliability Assessment


The risk assessment can be addressed as the criticality times the   P O F  , according to (7). An objective of the criticality assessment in electric systems is the quantification of the expected cost by energy not supplied (ENS) as a result of an asset failure. Nevertheless, as a consequence of power demand variation depending on the hour, day, week, and year, the ENS when an asset fails depends on the operating conditions during the failure as well as the time to repair. In this case, on the one hand, a mean time for repair (MTTR) of 8  h  and of 16  h  for transformers located close to generators (step up) and for transmission transformers (step down) was assumed, respectively. These times consider the use of mobile substations or substitute transformers, commonly employed at the transmission level. On the other hand, the expected ENS was estimated performing the Monte Carlo simulation shown in the algorithm of Figure 2. This reliability assessment can be called   N − P O F  N   . The simulation results are shown in Figure 8 and Figure 9, where both histograms of the cumulative density of expected ENS and the ENS cumulative probability can be appreciated for the entire power system. Figure 9 shows with vertical lines the cumulative probability of 85, 95, and 99% for each period of planning. The cumulative expected energy not supplied is shown in Table 4.




4.5. Risk Assessment


In order to assess the contribution of an asset failure in the entire risk of the whole power system, violin plots are performed as shown in Figure 10. In these plots, the cumulative expected ENS associated with each transformer failure is compared with the cumulative ENS of the fleet during the assumed periods of planning.



In Figure 10i, it can be appreciated that the transformer TR_12 has the highest impact on the total ENS of the system. Additionally, this asset presents the highest contingency impact as a result of its failure, with a cumulative expected ENS close to 350  G  W  h . However, this result is a consequence of the transformer function, since TR_12 is the link between the transmission system and the generator G02, which was assumed as the slack for running load flows.As future work, a power rescheduling strategy must be included for the assessment. The second transformer with the highest expected impact on the risk of the system is the TR_3. In Figure 10b, it can be observed that all failures of this transformer produced contingencies, and therefore the energy not supplied is expected for all studied cases (inner violin plot always has values greater than 0). On the contrary, transformers TR_5 and TR_6 (Figure 10d,e) present a high failure rate, but their impact on the risk assessment of the whole system is lower for almost all failures. Finally, the expected failures of transformers TR_2, TR_9, and TR_11 do not impact the risk and therefore do not cause ENS. For this reason, their violin plots are not shown.



Figure 11 shows the predicted risk matrix of the transformer fleet during each year of the periods of planning assumed. The criticality for each transformer was assumed as the root mean square of the ENS associated with its failure. The size of the circles represent the MTTR assumed for each asset, and the color represents the risk index.



Finally, Figure 12 shows the risk index using a Pareto ranking during the assumed periods of planning. Only the assets with   R I > 0   by ENS are shown. Here, it can be appreciated that the transformers TR_3 and TR_12 present the highest risk. On the one hand, it is estimated that the TR_5 shows the highest risk increase by ENS, and on the other hand, the TR_7 presents the lowest increase. These types of analyses can be used to support decision making. For instance, in the year 2021, the prioritized decision over the fleet should be related to TR_3 and TR_12. Subsequently, in the year 2025, the prioritized transformers should be TR_10, TR_4, and TR_6. This decision making must consider budgetary constraints as well as a positive opportunity. The opportunity is measured as the risk reduction monetized to carried out the decision minus the cost of it.




4.6. Optimal Decision Making


With the model for forecasting the risk index, the optimal asset replacement and maintenance frequency are estimated assuming a regulatory life of 35 years. The financial variables are shown in Table 5.



To estimate both optimal replacement and maintenance frequency, the formulations given by were implemented in the SciPy optimization package [28].



4.6.1. Optimal Replacement


The optimal replacement time for the entire fleet compared with not replacing the asset is shown in Figure 13. According to the results, here, it can be appreciated that the highest benefit is replacing the TR_1 in the year 7.7. This decision is a result of the associated legal impact shown in Table 1, which is the highest of the fleet. A similar assessment is done for the transformer TR_10. The second decision with the best benefit is related to transformer TR_12, because this asset has both a high criticality by ENS and a poor condition. In other words, it presents a high risk index as can be appreciated in Figure 12. For TR_12, the result of not replacing it (do nothing) is a negative ROI. The next decisions with a positive benefit are changing the assets TR_9, TR_11, and TR_6 at years 5.9, 6, and 7.3, respectively. For the rest of the assets, the optimal decision is to do nothing and therefore assume taking the risk. The benefit is assumed as the difference between ROI of the optimal replacement time and the ROI of the do nothing decision.



To illustrate the influence of replacement on   R O I  , Figure 14 shows the   R O I   for the decision with the highest benefit (TR_1) considering different replacement times. Here, it can be appreciated how an early or late replacement significantly impacts the return of investment. The point at time 35 refers to the decision to do nothing.



The influence of replacing TR_1 on the failure rate and POF is shown in Figure 15. Here, it can be appreciated that when the asset is replaced at time 7.7, approximately in the year 2029, the failure rate comes to   λ 0  , and the growth of both cumulative failure rate and POF decreases compared with the do noting decision.




4.6.2. Optimal Maintenance


In order to enhance the decision-making process, an optimal maintenance strategy must be estimated. In this paper, the strategy considers a constant frequency of maintenance seeking to obtain the maximum ROI at the end of life of the asset. In this case, for the assessment, a strategy by which the health index is held below 0.2 after each major maintenance is assumed. In other words, the maintenance has a direct impact on the HI. In Figure 16, the comparison between replacement and maintenance strategies under the assumed conditions is shown, where bar numbers mean the optimal replacement time and frequency of maintenance, respectively. Here it can be appreciated that the optimal decision for TR_1 is replacing the asset in the year 7.7 instead of performing maintenance every 4 years. For the rest of the assets, a higher ROI is obtained with maintenance instead of replacing. It is worth emphasizing that the transformer with the lowest maintenance interval is the TR_12, which is a consequence of its poor condition and high failure impact.



To illustrate the influence of maintenance over the assets, Figure 17 shows the failure rate behavior for TR_1, employing the estimated optimal maintenance frequency: in this case, approximately every 4 years. By doing maintenance, the POF is reduced to less than 40% compared to almost 100% if doing nothing. Figure 18 shows the influence of using different maintenance frequencies on ROI and the optimal frequency estimated using the proposed methodology. The slopes in the plot are the result of the integer value of the number of maintenance instances.





4.7. Discussion of Results


The implementation of the proposed methodology for supporting decision making by prioritizing ranking was supported by the definition of replacement times and maintenance strategy for a transformer fleet. The ranking was computed to optimize the ROI, solving the proposed problem formulation. This optimization considers a monetized risk increasing in time. Considering risk forecasting using the condition records as well as critically in a novel optimization formulation was the main contribution of this paper. This methodology was assessed considering common power transformer condition records and common strategic objectives by computing the criticality.





5. Conclusions


As the main contribution of this paper, a novel methodology for decision making based on optimal return on investment considering a holistic view was proposed. As part of the methodology, a mathematical formulation to optimize the ROI for decision making was developed in order to determine the replacement times and maintenance periods. This methodology can be used to support decision making in electrical systems using the risk index to optimize the return on investment. The risk assessment is based on the cost of decisions and their impact on the risk. We employed a monetized criterion of the RI using the penalties when the strategic objectives are impacted. The strategic objectives assessed were financial, reliability-related, environmental, and legal; however, according to the organization context and stakeholder expectations, objectives such as safety, reputation, and compliance, among others, can be considered. In this way, it would be possible to evaluate the cost of decisions such as repairs, refurbishment, replacement of the asset, or doing nothing. This methodology seeks to estimate the risk index through the use of a historical diagnostics test estimating the asset health condition. To summarize, the asset manager can use the findings in this paper to improve replacement and maintenance strategies considering a holistic view seeking to obtain the value of the assets. However, the internal financial issues must be considered, and the relationship between the HI and the failure rate must be fitted using records of failures. This fit can be performed, for example, by using Bayesian statistics.



As future research, in order to improve the risk forecasting, alternative methods to predict the asset condition could be employed. The methodology proposed in this work was implemented for power transformers in an open source tool. The library is open to including, in future research, other types of assets into the portfolio fleet such as lines, circuit breakers, etc., as well as other technologies such as dynamic ratings to support decision making.
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Figure 1. Proposed framework for optimal decision making of a power asset fleet using risk assessment. 
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Figure 2. Proposed pseude-algorithm for risk assessment of an electric asset fleet. 
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Figure 3. Transmission System of IEEE 39 New England Bus System [21]. 
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Figure 4. Operating conditions assuming a normal operation of the IEEEE 39 Bus System and considering load forecasting for the first assessed week. 
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Figure 5. Historical diagnostic test of the power transformers. 
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Figure 6. Normalized diagnostic condition assessment of the power transformer fleet of IEEE 36 Bus System transmission, where C_H20, PF, IP, WR, IR, TR, IT, AN, and SAT are water content, power factor, polarization index, winding resistance, insulation resistance, winding ratio, interfacial tension, acidity and relative saturation, respectively. 
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Figure 7. Health index prediction and cumulative probability forecast of failure for the transformer fleet. 






Figure 7. Health index prediction and cumulative probability forecast of failure for the transformer fleet.



[image: Energies 14 04987 g007]







[image: Energies 14 04987 g008 550] 





Figure 8. Histogram of the expected accumulated energy not supplied for each period of planning. 
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Figure 9. Cumulative probability of the expected energy not supplied by year. 
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Figure 10. Impact of asset fleet failures on the cumulative expected ENS. 
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Figure 11. Transformer fleet risk matrix for the assumed periods of planning. 
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Figure 12. Asset fleet risk index ranking for the assumed periods of planning. 
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Figure 13. Ranking by higher benefit of optimal asset fleet replacement. 
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Figure 14. ROI for TR_1 considering different replacement times. 
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Figure 15. Influence of the optimal TR_1 replacement on their failure rate and POF. 
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Figure 16. Comparison between ROIs obtained to employ an optimal replacement and a maintenance strategy for the entire asset fleet. 
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Figure 17. Influence of the optimal TR_1 maintenance strategy on its failure rate and POF. 
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Figure 18. ROI for TR_1 considering different maintenance frequencies. 
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Table 1. Assumed criticality for the asset fleet.
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	Asset
	   Cr Fin   
	   Cr Env   
	   Cr Legal   





	TR_1
	8.40E+04
	
	1.00E+05



	TR_2
	1.20E+05
	
	



	TR_3
	1.20E+05
	1.00E+03
	



	TR_4
	9.60E+04
	1.00E+03
	



	TR_5
	8.40E+04
	
	



	TR_6
	9.60E+04
	
	



	TR_7
	1.20E+05
	
	



	TR_8
	7.20E+04
	
	



	TR_9
	3.60E+04
	
	



	TR_10
	9.60E+04
	
	1.00E+05



	TR_11
	3.60E+04
	
	



	TR_12
	8.40E+04
	2.00E+03
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Table 2. Condition assessment forecast using health index.
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TR Rating-[S]

	
HI




	
2020

	
2021

	
2025

	
2029






	
TR_1 700  M  VA 

	
0.24

	
0.31

	
0.48

	
0.53




	
TR_2 1000  M  VA 

	
0.50

	
0.52

	
0.58

	
0.63




	
TR_3 1000  M  VA 

	
0.69

	
0.70

	
0.77

	
0.82




	
TR_4 800  M  VA 

	
0.47

	
0.48

	
0.53

	
0.57




	
TR_5 700  M  VA 

	
0.81

	
0.82

	
0.87

	
0.89




	
TR_6 800  M  VA 

	
0.33

	
0.40

	
0.50

	
0.54




	
TR_7 1000  M  VA 

	
0.56

	
0.57

	
0.62

	
0.66




	
TR_8 600  M  VA 

	
0.41

	
0.43

	
0.52

	
0.61




	
TR_9 300  M  VA 

	
0.55

	
0.57

	
0.65

	
0.73




	
TR_10 800  M  VA 

	
0.75

	
0.76

	
0.79

	
0.82




	
TR_11 300  M  VA 

	
0.40

	
0.48

	
0.68

	
0.72




	
TR_12 700  M  VA 

	
0.61

	
0.65

	
0.74

	
0.79
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Table 3. Constants to estimate transformer failure rate [20].
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TR Rating-[S]

	
Constant




	
a

	
b

	
c






	
S ≤ 25  M  VA 

	
0.01565

	
2.2478602

	
−0.008148




	
S > 25  M  VA 

	
0.00962

	
2.5618677

	
−0.004615
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Table 4. Cumulative probability of the expected energy not supplied.
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Year

	
Cumulative ENS—GW h




	
85%

	
95%

	
99%






	
2020

	
6.4

	
41.2

	
54.8




	
2021

	
24.5

	
49.8

	
74.1




	
2025

	
65.4

	
95.9

	
134.4




	
2029

	
112.1

	
154.1

	
208.6
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Table 5. Assumed financial parameters for the asset fleet.
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	Asset
	CAPEX [$]
	OPEX-   M C    [$]
	Income Per Year [$]





	TR_1
	63e3
	1.4e3
	7e3



	TR_2
	90e3
	2e3
	10e3



	TR_3
	90e3
	2e3
	10e3



	TR_4
	72e3
	1.6e3
	8e3



	TR_5
	63e3
	1.4e3
	7e3



	TR_6
	72e3
	1.6e3
	8e3



	TR_7
	90e3
	2e3
	10e3



	TR_8
	54e3
	1.2e3
	6e3



	TR_9
	27e3
	0.6e3
	3e3



	TR_10
	72e3
	1.6e3
	8e3



	TR_11
	27e3
	0.6e3
	3e3



	TR_12
	63e3
	1.4e3
	7e3
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