

  smartcities-07-00067




smartcities-07-00067







Smart Cities 2024, 7(4), 1706-1722; doi:10.3390/smartcities7040067




Article



Data-Driven Reliability Prediction for District Heating Networks



Lasse Kappel Mortensen * and Hamid Reza Shaker *





SDU Center for Energy Informatics, University of Southern Denmark, 5230 Odense M, Denmark









*



Correspondence: lkmo@mmmi.sdu.dk (L.K.M.); hrsh@mmmi.sdu.dk (H.R.S.)







Citation: Mortensen, L.K.; Shaker, H.R. Data-Driven Reliability Prediction for District Heating Networks. Smart Cities 2024, 7, 1706–1722. https://doi.org/10.3390/smartcities7040067



Academic Editor: Pierluigi Siano



Received: 22 May 2024 / Revised: 26 June 2024 / Accepted: 27 June 2024 / Published: 2 July 2024



Abstract

:

As district heating networks age, current asset management practices, such as those relying on static life expectancies and age- and rule-based approaches, need to be replaced by data-driven asset management. As an alternative to physics-of-failure models that are typically preferred in the literature, this paper explores the application of more accessible traditional and novel machine learning-enabled reliability models for analyzing the reliability of district heating pipes and demonstrates how common data deficiencies can be accommodated by modifying the models’ likelihood expressions. The tested models comprised the Herz, Weibull, and the Neural Weibull Proportional Hazard models. An assessment of these models on data from an actual district heating network in Funen, Denmark showed that the relative youth of the network complicated the validation of the models’ distributional assumptions. However, a comparative evaluation of the models showed that there is a significant benefit in employing data-driven reliability modeling as they enable pipes to be differentiated based on the their working conditions and intrinsic features. Therefore, it is concluded that data-driven reliability models outperform current asset management practices such as age-based vulnerability ranking.
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1. Introduction


District heating systems make up a vital part of the energy infrastructure in many cold-climate countries. With network assets, pipes, and joints specifically being designed to handle the immense mechanical and thermal stress required by their function and the relative youth of many district heating networks, there have been few failure cases historically. In light of this, district heating companies have relied on simple static life expectancies, and rule- and age-based failure probability methods for the long-term management of district heating pipes. Nevertheless, as district heating networks have aged, there has been an increasing focus on developing adequate predictive maintenance tools for these networks to ensure the longevity of their assets and their continued reliable operation.



The approaches to modeling the failure of district heating pipes can broadly be separated into two categories, namely bottom-up and top-down approaches [1]. Bottom-up models may also be referred to as physics-of-failure models. The main benefit of these in relation to district heating pipes is that they are built on established damage-accumulation and aging models, for which empirical data can be and have been obtained in lab environments through accelerated-aging tests and with knowledge transfer from material science in other domains [2,3,4].



For the development of accurate physics-of-failure models, researchers have studied the degradation of the parts constituting district heating pipes, namely the media pipe, the polyurethane (PUR) insulation foam, and the pipe’s outer jacket, related to the failure modes of the different materials. Ref. [5] studied how corrosion in district heating water affects the mechanical properties of welded carbon steel pipes. Vega et. al. investigated how cyclical, mechanical, and thermal loads affect the adhesion strength of PUR foam at the interface with the steel media pipe in [2,6], and further compared the accelerated aging and natural aging of district heating pipes on the adhesion strength of PUR foam in [7]. Leuteritz et. al. studied the degradation of polyethylene jackets of district heating pipes using accelerated-aging tests and the Arrhenius equation [8]. The material properties of naturally aged PUR foam in district heating pipes for different operating temperatures were compared in [9], which confirmed the influence of operating conditions on the degradation of PUR foam. With a basis in damage-accumulation theory, the equivalent full load cycles of district heating pipes were predicted in [10], which is correlated with the life expectancy of district heating pipes. Langroudi and Weidlich presented an overview of suggested physics-of-failure models for different subsystems of district heating pipes in [11].



For predictive maintenance physics-of-failure models, the failure of a material is typically defined as a violation of a design threshold value of one or more material properties, such as the proportion of closed cells and axial shear strength of PUR foam [12]. Using such failure definitions coincidentally results in a situation where a pipe can be faulty while the supply of district heating water remains adequate, and it may even be economically unbeneficial to rehabilitate the failed pipe. It was acknowledged in [1,11] that since district heating pipes are composed of several subsystems of different materials, singular physics-of-failure models are inadequate for the pipes as a whole. Furthermore, physics-of-failure models can have high requirements for data and observability, i.e., the proportion of pipes for which operational data are recorded.



The alternative to physics-of-failure models is top-down modeling. The benefit of top-down reliability models is their accessibility, in that they can be applied for systems with relatively low observability, which has been used to great effect for water distribution systems over the past few decades [13]. Only a few applications of top-down reliability models exist for district heating systems: e.g., in [14], where the failure rate of district heating pipes was modeled based on the Homogeneous and Non-Homogeneous Poisson Processes to identify the most vulnerable components. However, the state of evolution of the application of top-down modeling approaches for district heating pipes is low, with reliability analyses of district heating systems sometimes relying on the static failure rates of the district heating pipes [15,16]. Although the application of data-driven reliability models for district heating pipes is lacking, it is a vital part of the future development of asset management strategies for district heating systems [17]. In water distribution systems, the shift from parametric statistical models that do not consider explanatory features of pipelines [18,19] to those that do [20,21], and even applications of machine learning-based reliability models [22,23], has, however, achieved great results.



The combination of reliability models with machine learning provides a pragmatic approach to comprehending the complex relationships of failure cause–effect chains at a high level and can be carried out for grids with various degrees of observability. In light of this and the scarce literature on the application of reliability models for district heating pipes, we, in this paper, comparatively evaluate traditional reliability models that have obtained good results in water distribution systems and a machine learning-enabled reliability model developed in previous work for analyzing the reliability of power cables [24]. This evaluation is carried out with actual data from the district heating network of Funen, Denmark. Furthermore, we demonstrate how common data deficiencies may be accommodated by modifying the likelihood expression of the models, which is relevant as truncation is typically overlooked in engineering applications [18,20,21,25,26,27].



The contributions of this paper are as follows:




	
Assessment of the applicability of traditional reliability models to district heating networks;



	
Evaluation of machine learning-enabled reliability models in the context of district heating networks;



	
Demonstration of how common data deficiencies can be accommodated in the reliability analysis of district heating networks;



	
Comparative evaluation of the models based on data from an actual district heating network.









2. Methods


In the following, three reliability models are introduced alongside information on how they are applied. Additionally, the ways in which common data deficiencies such as right-censoring and left-truncation may be accounted for by modifying the likelihood expression of the models are detailed.



2.1. Herz Failure Distribution


The Herz failure distribution model proposed by Herz [28,29] is designed specifically for the reliability analysis of piping systems. It has seen multiple applications in the water distribution domain. Other researchers have hypothesized that it may be a good distributional choice for analyzing the reliability of district heating pipes. One reason that it may be especially appropriate for piping systems is that it discounts zero-inflated failure data as these are not representative of the aging-related degradation of the piping systems. Zero-inflation is the phenomenon wherein piping systems have relatively high infant-mortality rates due to installation defects [13]. These failures are discounted from the model by setting the hazard rate to zero when the age of the piping system is below a certain resistance time, c. This complements newer district heating systems in which pipes are installed with copper wires for electrical-resistance-based leakage detection as part of warranty control measures from the pipe suppliers. Weidlich and Schuchardt have argued that the Herz model’s asymptotic increase to a constant hazard rate is appropriate for piping systems as this corresponds to a constant rate of deterioration [1].



The hazard rate of the Herz model, i.e., the instantaneous rate of failure, is given as follows:


  h  ( t )  =        b  e  b ( t − c )     a +  e  b ( t − c )     ,     if  t ≤ c       0 ,    otherwise      



(1)




where a is an aging factor, and b is a failure factor. The reliability and probability density function for the Herz model are given, respectively, by the following:


  R  ( t )  =        a + 1   a +  e  b ( t − c )     ,     if  t ≤ c       1 ,    otherwise      



(2)






  f  ( t )  =         ( a + 1 )  b  e  b ( t − c )      a +  e  b ( t − c )    2   ,     if  t ≤ c       0 ,    otherwise      



(3)








2.2. Weibull Failure Distribution


The Weibull model is one of the most well-known and renowned reliability models; it has seen many applications in critical infrastructure systems, such as water distribution systems [19,25,30]. One of the key features of the Weibull model is its simplicity and flexibility. In one review of a reliability analysis for water distribution systems, it was reported that good results can be achieved using the Weibull distribution for predicting the time to first failure, while subsequent failures may be better predicted by using an exponential distribution [13].



The hazard rate of the Weibull model can, depending on the parameterization, be described as follows:


  h  ( t )  =  β α     t α    β − 1    



(4)




where  β  and  α  are the shape and scale parameters, respectively. The reliability,   R ( t )  , and probability density function,   f ( t )  , of the Weibull model are given by the following:


  R  ( t )  =  e  −    t α   β     



(5)






  f  ( t )  =  β α     t α    β − 1    e  −    t α   β     



(6)




In the case that   β < 1  , the hazard rate is monotonically decreasing. When   β > 1  , the hazard rate is monotonically increasing, which corresponds to an increase in the instantaneous rate of failure, and when   β = 1  , the hazard rate is constant and the Weibull model reduces to the exponential failure distribution model.




2.3. Neural Weibull Proportional Hazard Model


The Neural Weibull Proportional Hazard (NWPH) model is an extension of the Weibull model that enables the differentiation of assets’ hazard rates depending on a set of covariates describing the assets. The hazard rate, reliability, and probability density function of the NWPH model are given by the following [24]:


  h  ( t , z )  =  h 0   ( t )  r  ( z )  =  β α     t α    β − 1    e  g ( z )    



(7)






  R  ( t , z )  =  e  −    t α   β   e  g ( z )      



(8)






  f  ( t , z )  =  β α     t α    β − 1    e  g ( z )    e  −    t α   β   e  g ( z )      



(9)




where z is a vector of covariates describing, e.g., environmental factors, operating conditions, material properties, etc. of an asset.   g ( z )   represents an arbitrary neural network, whose output may be referred to as the relative risk. The reason for the exponentiation of   g ( z )   is that it ensures the positivity of the hazard rate. The benefit of the NWPH model is two-fold, with the flexible modeling of a neural network on the one hand and the fact that it enables data-driven reliability assessment on the other hand when compared to the Weibull and Herz models. While proportional hazard models, such as the Weibull Proportional Hazard model or the Cox Proportional Hazard model, which are characterized by linear relative risk functions, have been applied for reliability analyses, little research has been conducted on this type of combination of machine learning and reliability analysis. The application of the NWPH model in the district heating domain has never been executed before. For the purpose of this paper, the neural network,   g ( z )  , is a multi-layer perceptron with hidden layer dimensions [20, 10] and linear activation.




2.4. Incomplete Data and Maximum Likelihood Estimation


For a complete failure dataset, the parameters of a model can be be estimated simply by maximizing the likelihood, given by the following:


  L  ( θ | d )  =  ∏ i  f  ( θ |  t i  )   



(10)




where  θ  denotes the parameters of a reliability model, d denotes the observed failure data,   t i   is the age at failure of the  i th  asset, and the function f is the probability density function. Nevertheless, failure data are rarely complete, with right-censoring being perhaps the most common source of incomplete failure data. This is caused by assets such as piping systems not being observed for their entire lifetime. The main reason for this is that the assets are still in operation. In this case, the age at failure for the asset is said to be right-censored. The likelihood expression can be modified to accommodate these incomplete observations as follows [31]:


  L  ( θ | d )  =  ∏  i ∈ I   f  ( θ |  t i  )   ∏  j ∈ J   R  ( θ |  t j  )   



(11)




In Equation (11), I is the set of indices for uncensored observations, i.e., assets for which the age at failure is known, and J is the set of indices for right-censored observations, i.e., assets for which the age at failure is unknown because it has not happened yet. In this case,   t j   denotes the censoring time, which is the current age of the asset.



Another common source of incompleteness is left-truncation, which generally happens when a maintenance record is not kept from the time the asset is installed. When observation of the assets then begins, only the failures of those assets with sufficiently long lifetimes will recorded. The non-recorded failures can be a cause of bias for reliability models if unaccounted for. The way to account for this is by using an inverse probability weight, as follows [31]:


  L  ( θ | d )  =  ∏  i ∈ I     f ( θ |  t i  )   R ( θ |  y i  )    ∏  j ∈ J     R ( θ |  t j  )   R ( θ |  y j  )    



(12)




Here,   y i   and   y j   is the age of the   i th   and   j th   assets when observation began. Older assets will generally have a lower reliability and as such more emphasis is placed on these.



2.4.1. Estimating Parameters for the Weibull Model


Using maximum likelihood estimation, the parameters of the Weibull model can be estimated as follows: Firstly, the likelihood of the Weibull model is given by


  L  ( α , β | d )  =  ∏  i ∈ I      β α      t i  α    β − 1    e  −     t i  α   β      e  −     y i  α   β      ∏  j ∈ J     e  −     t j  α   β     e  −     y j  α   β      



(13)




and the log-likelihood is


  ln  ( L  ( α , β | d )  )  =  | I | ln  ( β )   −  | I | β ln  ( α )   +  ( β − 1 )   ∑  i ∈ I   ln  (  t i  )  −  ∑  i ∈ I       t i  α   β  +  ∑  i ∈ I       y i  α   β  −  ∑  j ∈ J       t j  α   β  +  ∑  j ∈ J       y j  α   β   



(14)




Here,   | I |   denotes the cardinality of the set I, which is equivalent to the number of uncensored observations. Taking the partial derivatives of the log-likelihood expression gives


       ∂ ln ( L ( α , β | d ) )   ∂ β   =   | I |  β  −  | I |  ln  ( α )  +  ∑  i ∈ I   ln  (  t i  )  −  ∑  i ∈ I       t i  α   β   ( ln  (  t i  )  − ln  ( α )  )  +  ∑  i ∈ I       y i  α   β   ( ln  (  y i  )  − ln  ( α )  )        −  ∑  j ∈ J       t j  α   β   ( ln  (  t j  )  − ln  ( α )  )  +  ∑  j ∈ J       y j  α   β   ( ln  (  y j  )  − ln  ( α )  )      



(15)






    ∂ ln ( L ( θ | d ) )   ∂ α   = −   | I | β  α  +  β  α  β + 1     ∑  i ∈ I    t i β  −  β  α  β + 1     ∑  i ∈ I    y i β  +  β  α  β + 1     ∑  j ∈ J    t j β  −  β  α  β + 1     ∑  j ∈ J    y j β   



(16)




Setting Equation (16) to 0 and solving for  α  gives


  α =      ∑  i ∈ I    t i β  −  ∑  i ∈ I    y i β  +  ∑  j ∈ J    t j β  −  ∑  j ∈ J    y j β    | I |     1 β    



(17)




 β  is found by first substituting Equation (17) into Equation (15) to obtain a univariate function derivative of the log-likelihood as a function of  β , and then using gradient descent with the following update rule:


   β l  =  β  l − 1   γ  ∇ β  ln  ( L  (  β  l − 1   )  )   



(18)




Here,   β l   is the value of  β  in the  l th  iteration, starting with an initial guess of   β 0  ;  γ  is the step size; and the derivative represented with    ∇ β  ln  ( L  (  β  l − 1   )  )    is Equation (17) substituted into Equation (15), evaluated at   β  l − 1   . After  β  has been determined,  α  is found simply by using Equation (17).




2.4.2. Estimating Parameters for the Neural Weibull Proportional Hazard Model


The likelihood function for the NWPH model under the consideration of right-censoring and left-truncation is as follows:


  L  ( α , β , ω | d )  =  ∏  i ∈ I      β α      t i  α    β − 1    e  g (  z i  )    e  −     t i  α   β   e  g (  z i  )       e  −     y i  α   β   e  g (  z i  )       ∏  j ∈ J     e  −     t j  α   β   e  g (  z j  )      e  −     y j  α   β   e  g (  z j  )       



(19)




Here,  ω  denotes the parameters of the neural network. The parameters of the NWPH model are found using gradient-based maximum likelihood maximization following the procedure outlined in [24]. The training procedure includes a pre-training step in which the parameters for the baseline hazard rate are found, i.e.,  α  and  β  in this case. Subsequently, all parameters, i.e.,  α ,  β , and the weights and biases of the neural network, are optimized jointly to minimize the negative log-likelihood.




2.4.3. Estimating Parameters for the Herz Model


For the Herz model, the likelihood may be expressed as follows:


   ∏  i ∈ I       ( a + 1 )  b  e  b (  t i  − c )     a + b  e  b (  y i  − c )       a + b  e  b (  t i  − c )     ( a + 1 )     ∏  j ∈ J      ( a + 1 )   a +  e  b (  y j  − c )       a +  e  b (  t j  − c )     ( a + 1 )     



(20)




Here, the assumption is that the age at failure is lower than the resistance time, i.e.,   t < c  . This can easily be enforced by dropping any observations for which   t < c  , which is aligned with the fact the purpose of the resistance time is to discount these zero-inflated failures that are not due to material degradation but rather are caused by installation or manufacturing defects. Moreover, these observations do by definition not contribute to the likelihood: see Equations (2) and (3).



The parameterization of the Herz model does not easily allow for a parameter estimation procedure that is similar to the one achievable with the Weibull model. Instead, we propose estimating the parameters of the Herz distribution by minimizing the negative log-likelihood using the Nelder–Mead simplex algorithm, with the resistance time, c, set manually to 5 prior to the application of the optimization heuristic.






3. Dataset


The models were implemented for a Danish district heating system on Funen, Denmark. Its grid consists of more than 1450 km of pipes, not accounting for service pipes; a screenshot of the Geographic Information System (GIS) showing transmission and distribution pipes, along with the location of likely historical failures, can be seen in Figure 1. The GIS contains more than 150,000 pipes currently active and decommissioned, including service pipes. A pipe segment in the GIS can represent multiple pipe segments in the real system, with joints saved in a different layer to be drawn on top.



The district heating system’s maintenance record covers the period of 2016–2021, while the eldest pipes are more than 60 years old. This means that the system’s failure data suffer from left-truncation. The maintenance record consists solely of a set of thermography reports, i.e., ground-surface hot spots that are indicative of leakages. There are 474 thermography reports in total. Since the vast majority of the pipes have not failed, the vast majority of the data are right-censored. The thermography reports were associated with specific pipes manually based on the coordinates at which the thermal imaging was performed, Google Maps, and the GIS. An example of a thermal image can be seen in Figure 2. If several hot spots were detected for the same pipe, only 1 failure was associated with it, as the models were employed to predict the time to first failure.



The operators of the district heating network report that based on their experience, the joints of the piping system are especially vulnerable, with the majority of leakages being caused by poor joints. This is likely the case in the example shown in Figure 2, as the hot spot coincides with the location of a joint in the GIS. While reliability analyses of the joints in the network by themselves would be of great interest, this is not possible, as the locations of the majority of joints are unknown to the operators. Reliability models are therefore applied to the combined piping system, consisting of both pipes and joints. In this setting, the joints are seen as attributes of the pipes, with the joints being associated with the upstream connecting pipe. For this reason, the service pipes, i.e., the pipes going from the street into consumers’ properties, were discarded from our analysis.



The distribution of the age at failure for the failed pipes is shown in Figure 3 alongside the installation year distribution of the pipes. The age-at-failure distribution indicates that the failure data are zero-inflated and it indicates a growing failure rate.



For the application of the NWPH model, the pipes were described according to a set a covariates or features. Reports by several engineering firms for the Danish district heating association, Dansk Fjernvarme, highlight that the risk of external corrosion of poor joints could be impacted by soil and groundwater conditions, and that road classifications for nearby roads are correlated with the pipe conditions [32,33]. There is also an emphasis on soil conditions in research papers that report reliability analyses of pipes in water distribution systems [21,27,34]. Therefore, the features of the dataset were selected to represent the environmental conditions that the pipes lie in, but also the estimated number of joints on the pipes, alongside information about the pipes, such as their nominal diameter. The estimation of the number of joints and the processing of the remaining features followed the strategy outlined in a previous work by the authors [35].



The pipes’ operational data were not included in the analysis as the grid has limited observability, meaning that, e.g., the pipes’ pressure and temperature are not monitored. Generally, the system is monitored at decentral heating plants and pump stations, typically located at the intersection between the transmission and distribution grid, and at the locations of individual consumers.




4. Results


To comparatively evaluate the models, repeated cross-validation was applied. In each iteration, the data were randomly partitioned into 80% training and 20% testing data in a stratified way (equal ratios between uncensored and right-censored observations in each dataset), with the model parameters being determined based on the training data and the performance metrics being calculated based on the testing data. The number of iterations was set to 20. We report the average performance metrics here.



4.1. Brier Score


The models are compared firstly according to the Inverse Probability of Censoring Weighted Brier Score [36,37] (referred to as the Brier Score in this paper),    BS IPCW   ( t )   , which can be thought of as a mean squared error for probabilistic predictions. The Brier Score spans the range [0, 1], with 0.25 being indicative of a naïve prediction of 50 % reliability. The inverse probability weighting accounts for the fact that right-censored observations become increasingly under-represented with time.



The Brier Scores for the models are shown in Figure 4. Evidently, the Brier Scores are very similar across the models, slight favoring the NWPH. However, the Brier Scores have a high standard deviation across the cross-validation experiment for all of the models. The figure shows this for the NWPH model as an example. This means that on a population basis and within the time domain currently covered by the data, the models performed equally well. It may be a testimony to the flexibility of the reliability models that they fit the data equally well, but also it may be a consequence of the relatively young population of the piping system that it is hard to discern the distributional properties of the population.




4.2. Ranking Performance


Another important characteristic of these reliability models is their ability to differentiate between the reliability or hazard rates of assets, which is important for asset maintenance decision-making and renovation planning. For this reason, the models are compared based on their fault capture length capture [35,38] (FCLC), which is a measure of the relation between the normalized cumulative sum of actual historical faults and the normalized cumulative sum of pipe length. As an example, the (0.2, 0.3) point on the FCLC curve would be interpreted as the 20% of the pipes length-wise that are identified as the most vulnerable being responsible for 30% percent of the failures. The larger the area under the curve (AUC), the better the result, with a naïve ranking of the pipes having an AUC of 0.5 on average.



Figure 5 shows the average FCLC for each of the reliability models and a ranking based entirely on the age of the piping system. All of the models achieve a better ranking than a naïve ranking, with the average performance of the Weibull and Herz models and the age-based ranking being identical. The NWPH on the other hand outperforms the Weibull and Herz models and age-based ranking in terms of this relative fault vulnerability ranking.



To determine whether the ranking performance of the NWPH model was statistically significantly better than the age-based ranking, we performed a series of tests. These non-parametric statistical tests for differences in the distribution and pairwise distributions of the NWPH model’s AUC and the age-based ranking’s AUC are presented in Table 1. The Wilcoxon two-sample statistic test was firstly employed to test whether the pairwise differences in the AUC for the NWPH model and the age-based ranking were zero-centered. The p-value of 1.91 × 10−5, with a significance level of 5%, confirms that this is not the case. Therefore, the alternative hypothesis is accepted. Subsequently, we tested whether the pairwise differences between the AUC for the NWPH model and the AUC for the age-based ranking were greater than zero, which is confirmed. It can therefore be concluded that the AUC of the NWPH model is significantly greater than that of the age-based ranking when compared pairwise on the repeated cross-validation samples.



To further substantiate this result, the non-parametric Wilcoxon rank-sum test was used to test the alternative hypothesis that the samples in one distribution are likely to be bigger than the other. For this test, the p-value is 0.0019. With the 5% significance level, this test therefore confirms that the AUC for the NWPH is larger than that of the age-based ranking. Since the age-based ranking is identical to the Weibull and Herz model in terms of the FCLC, the NWPH model also outperforms these models. These results therefore show that a contextual understanding of how the piping systems’ features impact its reliability is useful for ranking.




4.3. Distributions


Figure 6 shows the reliability, hazard rates, and probability density functions for the Weibull, NWPH, and Herz models based on the parameters estimated during cross-validation. For the NWPH mode, every unique covariate vector has its own unique functions, for which reason examples from two piping systems are shown in the figure. It is clear that there appears a great disparity between the reliability and hazard rates of the Weibull and Herz models as time increases. For t < 50, where the majority of the data reside, the reliability according to the two models is very similar, which is likely why the Brier Scores are almost identical. To further substantiate the disparity between models, consider that the expected lifetimes on average of the cross-validation for the Weibull and Herz models, respectively, are 256 years and 104 years.



Although the Herz model imposes an asymptotic limit for the hazard rate, the Weibull model does not come anywhere near this limit of about 0.05 for the first hundred years. Without failure data covering a longer period of the lifetime of the piping systems, determining which distributional assumption fits the population best in the long term is not possible.




4.4. Feature Importance


The importance that the neural network of the NWPH model puts on the features of the piping system is shown in Figure 7 using Shapley Additive Explanation (SHAP) values. To produce this plot, the NWPH model was trained on all data. The figure shows both the distribution of the SHAP values for each feature (primary x-axis) and the mean absolute SHAP value or model impact (secondary x-axis). The number of connections each pipe has, each being representative of a joint, is the most important feature, which is consistent with the operators’ experience regarding the failures being typically caused by poor joints. The degree of coverage of different soil types and the redox depth, which is the depth to the anaerobic boundary, also show a relatively high correlation with relative risk according to the NWPH model. The length of the pipe, while positively correlated with the relative risk, has a relatively low impact on the model’s predictions.





5. Discussion


Both the Weibull and Herz distributions are flexible enough to fit the data well within the first 50 years of operation. However, it proves impossible to discern between the Herz and Weibull failure distribution as the district heating system is relatively young. The fact that the models differ greatly in their long-term predictions of the hazard rate and reliability means that caution should be exercised when using these models to forecast failure rates and plan maintenance interventions. Forecasting failure rates only a few years into the future combined with continuous retraining and comparative evaluation of the models could be part of the solution to this challenge. More importantly, the comparative evaluation of the models for district heating systems that are relatively older should be prioritized in future research to validate the parametric assumptions of the models.



5.1. Estimation Techniques


In this work, the parameter estimation of the models was performed using maximum likelihood estimation. While this enabled a good fit on the current failure data, it does not guarantee good extrapolations. In [28], the use of ’soft’ estimation techniques is suggested for the Herz model, relying on the experience of experts such as maintenance personnel, operators, and pipe suppliers, determining the distributional parameters based on expected lifetime and lifetime variance. In this setting, the Danish district heating association, Dansk Fjernvarme, expects district heating pipes to have lifetimes of upwards of 100 years [39], which is consistent with the expected lifetime of the Herz model. On the other hand, the Weibull distribution has been used to good effect for modeling the reliability of water pipes using likelihood estimation techniques [20,26]. Using the existing literature to validate the distributional assumptions is therefore not straightforward. This is further complicated by the historic changes in the manufacturing and installation paradigms for piping systems, which likely incur changes in the failure distribution of the piping systems, forcing young district heating systems to largely navigate uncharted territory.



Another consideration regarding the expected lifetime based on the Herz and Weibull models is that of the definition of failure. While in this paper a failure refers to the leakage or degradation of insulation with enough severity to produce a ground-surface hot spot, in other contemporary work in the literature, a failure is considered to be the degradation of the material properties of a pipe or its components beyond a predefined threshold value, e.g., the percentage of closed cells in the insulating PUR foam exceeding 88% [12]. The traditional lifetime estimates of a minimum of 30 to 50 years [2,12], and expected lifetimes of upwards of 100 years, are therefore not directly relatable to the lifetime estimates based on the Herz and Weibull models in this paper.




5.2. Multi-Component Systems


The failure distribution of joints and pipes likely differ, with joints having a lower expected lifetime than district heating pipes. The failure distribution of the combined system is therefore likely to be different from that of any of its constituent parts. The Weibull and Herz distribution assumptions applied in this paper, based on their merits in the reliability modeling of water pipes, are therefore challenged by the multi-component application of the models. Without longer-spanning failure data, it is not possible to ascertain whether these are appropriate. The immediate solution is the disaggregation of the modeling of the joints and pipes, which is also not possible without precise information about all pipes and joints and a more detailed maintenance record that associates failures to specific components based on maintenance personnel’s investigations.




5.3. Repairs


Maintenance interventions following the failure of piping systems are typically decided upon based on the extent of the damage and the age of the asset. In some cases, a spot repair is carried out, after which the pipe system continues to be in operation. The models in this paper have been applied to predict the apparent time to first failure, but predicting any subsequent failures should be considered as well. This is a complex undertaking for several reasons. Firstly, the distribution of time to first failure and time to subsequent failures may follow different trends, as evidence has shown is the case for water distribution pipes [18,25]. In this case, several reliability models could be applied depending on the failure history of the piping system. In [18], it is found that the time to first failure follows a Weibull distribution, while the time to subsequent failures follows an exponential distribution, showing monotonically increasing and constant hazard rates, respectively. While the Weibull model can fit either setting, the Herz model has both an initial period of an increasing failure rate and a subsequent period of a near-constant failure rate.



A generalized renewal formulation, such as that proposed by Kijima and Sumita [40], of the Herz model could therefore be appropriate for having a single model that accommodates both settings. In either case, a generalized Herz renewal model or several Weibull models, determining the renewal parameter and the parameters of the distribution, requires statistics on the time to subsequent failures. Although the case dataset contains multiple thermography reports for the same pipe in a handful of cases, these are not necessarily detections of subsequent failures but are likely means to monitor the evolution of a hot spot before any maintenance intervention is carried out. The point is that the case dataset does not provide sufficient statistics to properly explore the modeling of repairable systems.




5.4. Data-Driven Reliability


Our comparison of the ranking performance of the NWPH approach and the Herz, Weibull, and age-based ranking approaches showed that there was a significant advantage to using data-driven reliability modeling compared to standard population-scoped reliability models and age-based ranking. The feature-importance investigation in Section 4.4 showed that the number of joints is the most important feature for determining the relative risk of the pipes, which is well aligned with the experience of operators. During the process of associating likely faults to pipes, it was noticed that the location of the detected hot spots typically coincided with the apparent location of joints, either those drawn into the GIS or branched connections.



As for the majority of other correlations found with the model between the relative risk and the remaining features, it showed that soil and conditions had a high influence on the model’s predictions. These cannot be guaranteed to be cause–effect correlations. Had there, however, been a record of the maintenance personnel’s evaluations of failure causes, it would provide a valuable tool in evaluating these correlations. A record of failure causes could also inform the initial feature selection, for which reason keeping such a record should be a focus point for future asset management efforts. Given that such a record does not exist, we primarily relied on our experience from other studies and research from similar domains for the feature selection.



District heating pipes are subject to cyclical loads due to temperature variations. Over time, these loads degrade the material properties of the pipe, effectively weakening the pipe and making it more prone to failure. District heating pipes are designed for a specific number of temperature cycles [41]. For this reason, the number of equivalent temperature cycles a pipe has been subjected to could be a valuable input for reliability models. Equivalent temperature cycles can be calculated using the Rainflow counting method [42]. It has been noted by several researchers that this calculation depends on the frequency of temperature measurements [43,44], with there being a positive correlation between measurement frequency and equivalent temperature cycles, which adds requirements to the data collection practices of district heating operators.



The intrinsic operational conditions of the pipes, such as temperature and pressure, were not included in this study due to the low observability of the pipes. Even though these data are not directly measured currently, they can be estimated. For this purpose, there exist commercial data-driven tools such as Heat Intelligence [45]. The intrinsic operating conditions of district heating pipes, should they be available, can be represented as static summary statistics or as time-dependent variables in the reliability model. Representing these conditions as time-dependent variables can be achieved, e.g., by dividing the hazard rate formulation into periods where the otherwise time-dependent covariates are constant [46].





6. Conclusions


This paper assessed the applicability of traditional and machine learning-enabled reliability models for district heating pipes, and comparatively evaluated them using data from an actual district heating network. The data-driven approach to reliability analysis using the NWPH model showed a significant benefit in comprehending the relationship between the working conditions and intrinsic features of the pipes and their relative risk. This paper also demonstrates how common data deficiencies from incomplete failure data can be accommodated by modifying the likelihood expression of the models. Although operational data were not available for our case system, several approaches to incorporate operational data are suggested here based on the literature. Discerning between the distributional assumptions of the models was not possible, with the relative youth of the network being identified as the likely reason for this. Nevertheless, it was found that all models performed better than a naïve prediction according to their Brier Scores. Future research should aim to validate failure distribution assumption by investigating old district heating networks and aggregating data from multiple networks.



The results regarding the features’ impacts on the model outputs show that out of the environmental features, those representing the soil types and the conditions that the pipes lie in have the highest impact on reliability. Moreover, the vicinity of the pipes to some road types also has a high impact on predictions of their reliability. It is therefore encouraged that practitioners and researchers improve and standardize their collection of failure data. Specifically, the collection of data on the failure modes, root causes, and material properties of failed and decommissioned pipes can help validate data-driven reliability models and provide insights into how they can be improved. In line with this, better management of GIS data, such that multi-component systems, i.e., joint–pipe systems, can be disaggregated, is advisable.
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Figure 1. Example of GIS data of the district heating system, including distribution and transmission pipes, and historical thermography reports indicating failures shown as red stars. 
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Figure 2. Example of the link between a thermography report and the GIS. (a) Thermal image from a thermography report showing a ground–surface hot spot, which is indicative of a leakage. (b) GIS at the location of the thermography report. The red star denotes the location of the thermal image, while the brown dots represent joints. 
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Figure 3. Age-at-failure distribution for failed pipes and installation year distribution for all pipes within the dataset. 
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Figure 4. Inverse Probability of Censoring Weighted Brier Score for the Weibull, Herz, and NWPH models. Each Brier Score is the average across 20 iterations of repeated stratified cross-validation. The integrated Brier Score, i.e., the area under the curve, is reported in the legend for each model. The figure also shows the Brier Scores for the NWPH model ± 1 standard deviation. 
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Figure 5. Fault capture length capture curves for the Weibull, Herz, and NWPH models. The curves represent averages across 20 iterations of repeated stratified cross-validation. The area under the curve (AUC) is noted in the legend for each of the model. 
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Figure 6. Reliability, hazard rate, and probability density function data for the Weibull, NWPH, and Herz models based on the parameters estimated during cross-validation. For the NWPH model, examples from two piping systems are shown. The shaded areas show the mean ± 1 standard deviation. 
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Figure 7. SHAP values for the features of the NWPH model (primary x-axis). The features are presented in descending order according to their mean absolute SHAP values, i.e., the most impactful features come first. The underlying horizontal bar chart shows the mean absolute model impact for each feature on the secondary x-axis. 
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Table 1. Non-parametric statistical tests for assessing differences in the distributions and pairwise distributions of the NWPH model’s AUC and the age-based ranking’s AUC.
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	Test
	Alternative Hypothesis
	Significance

Level
	p-Value
	Alternative Hypothesis

Confirmed





	Wilcoxon two-sample

statistic
	The distribution of pairwise differences in AUC between

the NWPH model and age-based ranking (  A U  C  N W P H   − A U  C  a g e    )

is not symmetric about zero
	0.05
	1.91 × 10−5
	Yes



	Wilcoxon two-sample

statistic
	The distribution of pairwise differences in AUC between

the NWPH model and age-based ranking (  A U  C  N W P H   − A U  C  a g e    )

is stochastically greater than a distribution

symmetric about zero
	0.05
	9.53 × 10−6
	Yes



	Wilcoxon rank-sum
	The distribution of AUC for the NWPH model is greater

than the distribution of AUC for the age-based ranking
	0.05
	1.90 × 10−3
	Yes
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