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Abstract

:

This research focuses on exploring various techniques and models for simulating the random behavior of energy facilities or systems. These simulations are essential in identifying the likelihood of component failures within the studied facilities. By assessing the potential consequences of emergency scenarios, this analysis serves as a fundamental aspect of synthesizing and analyzing reliability in the cyber-physical system. Ultimately, the study aims to enhance the management and control of reliability and safety for these facilities. In this study, a unified heating source is considered as an energy facility (as part of district heating systems), for example, a combined heat and power plant. However, the developed methods and models have sufficient universality for their adaptation to other energy facilities without significant changes. The research methodology is based on the use of Markov random processes and laws of the probability theory. The basic model of the energy facilities is formulated for the conditions of the simplest events flow with appropriate assumptions and constraints, in particular, ordinary events and independence of events (failures and restorations). To take into account the non-ordinary events (failures) and dependences between some failures, corresponding modifications of the basic model are proposed. A computational experiment was carried out using the developed models, and graphical interpretations of the results are presented. The obtained results allow us to formulate some preliminary conclusions about the range of influence of the simulated factors on the reliability analysis of studied facilities and to outline conditions and areas of their admissible application.
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1. Introduction


The energy facilities forming modern integrated energy systems are cyber-physical objects interacting with each other in a distributed area and functioning to ensure a reliable and efficient energy supply to consumers. Managing and operating such facilities at all stages of the life cycle becomes a complex multi-factorial problem with many uncertain parameters and rapidly changing processes [1,2,3,4]. One of the key targets for the functioning of cyber-physical energy facilities is the management and control of their reliability, which involves the solution of a number of methodological problems. To solve these problems of reliability and safety of the functioning of these facilities, it is necessary to create an appropriate cyber-physical system that includes the entire complex of stages of reliability management and operation: collection and processing of information on the accident rate and condition of facilities, statistics of repairs and maintenance, formation of a system of criteria and standards, the reliability assessment and analysis of the studied facilities, development of ways and methods to ensure reliability and optimization (synthesis), planning of repair programs and equipment maintenance, etc. Among these problems, one of the main ones is the development of methodological and scientific assurances for the reliability analysis of the studied facilities.



This study focuses on a specific energy facility, namely a unified heating source (HS) like a combined heat and power plant (CHPP). However, it is important to note that the developed methods and models for reliability analysis can be universally adapted for other energy facilities with minimal modifications. Considering the chosen facility, this paper provides a concise overview of the reliability analysis methods applicable to various types of HSs. Additionally, it should be acknowledged that these studied HSs primarily function within district heating systems (DHSs). As a result, many aspects of reliability issues in DHSs are relevant to HSs, therefore the literature review will also touch upon the reliability problems specific to DHSs.



Based on the review of the methods for the HS and DHS reliability analysis, we can distinguish two main methodological problems: (1) physical assessment of the consequences of the failures of components (emergency states); (2) stochastic or probabilistic assessment of the consequences of the failures of components. The first problem involves mainly thermal–hydraulic modeling of the heating processes in accordance with the given facility’s configuration diagram and conditions of modeling. The models of the theory of hydraulic circuits (THC) and other models describing technological processes should be used as a methodological basis for such calculations [5]. The second problem is aimed at determining the probabilities of the modeled emergency states, which, in combination with the results of its physical analysis of consequences, are used to determine the reliability indices (RIs). This study is carried out within the framework of methodological issues of solving the second problem (stochastic assessment).



The reliability analysis of HSs is carried out by various methods, which can be grouped into two large groups: (1) analytical and (2) statistical methods including contemporary machine learning methods [6]. The first group includes general methods based on the application of Markov and semi-Markov random processes [7,8,9,10,11]. For the correct application of the random processes for the reliability analysis of energy facilities, its calculation diagram with the given reliability parameters of components is required. The second group of methods usually involves the realization of imitation algorithms based on random variables. Among such algorithms, the Monte Carlo method or the method of statistical tests is widely used [7,12,13]. The use of this method requires a sufficiently large array of initial data to obtain accurate results.



Generally, the analysis and ensuring of HS reliability are inextricably connected with similar problems solved at a higher hierarchical level of the DHS, including the reliability of heat networks [7,14]. At the present stage of development, modern DHSs are being transformed into district-distributed heating systems (DDHSs), which integrate different energy technologies (incl. renewable ones) and ensure the high efficiency and reliability of heating supplied to consumers. This stage of technological transformation in heat supply corresponds to the so-called 4th generation DHS [15,16,17,18,19]. The sector of distributed generation of a DDHS is formed, first of all, at the level of prosumers [20,21,22,23,24]. The introduction of prosumers with their HSs brings about new functional properties when the structure and parameters of systems change, which requires adjustment of methodology [25,26,27]. Papers [28,29] have presented methods of the economic optimization for heat-prosumer-based district heating systems with thermal energy storage. Some methodological issues of ensuring these systems’ reliability, given the functions of the prosumers, are considered in [30,31]. The paper [30] proposes a method for determining an optimal time redundancy of a prosumer considering the restoration properties of the system. The study [31] presents a model for ensuring the system reliability based on the optimal combination of the reliability parameters for the components and the heat redundancy of the prosumer.



Thus, the methodology for probabilistic assessment of the states of HSs and their subsystems in the framework of reliability problems is based on various approaches. The reliability problems for energy facilities and systems with given block diagrams are mainly solved using analytical methods relying on the data on failures and restorations of components (reliability parameters). The widely used methods among these ones are the methods based on the theory of random processes, in particular, Markov and semi-Markov processes [7,32]. Some initial conditions corresponding to real-life facilities make it possible to use this mathematical framework to describe their functioning under the simplest events flow with the assumptions of stationarity, ordinariness and independence of events (failures and restorations of components) [7,32,33]. In this context, the initial basic model of the Markov random process of the evolution of states is formulated. However, when analyzing the reliability of complex real-life energy facilities (including CHPPs), the assumptions made become too rigid, which is due to the parallel operation of both the technical components of facility itself and its cyber-physical control system. In this regard, the probability of both simultaneous and dependent (mainly, failures of the components) events increases. In this study, to accounting these factors, the basic model of the random process of the studied CHPP is used to develop corresponding modifications with a view to factoring in the non-ordinary events flow and the dependences between them. The proposed models were used to carry out computational experiments whose results were analyzed with their graphical interpretations given. Conclusions and directions for further research are formulated.




2. Methodology


2.1. Initial Conditions and a Basic Model of a Random Process of Operation of a Heating Source (with the Example of CHPP)


The operation of a CHPP from the standpoint of a probabilistic description is characterized by a sequence of failure and restoration events that occur with a certain frequency at all stages of production and output of thermal energy. The basis for modeling a random process is the set of states modeled according to a given combination of failed and operable components. The principle of formation of this set and further methodological procedures will be considered for a CHPP (referred to as facilities) consisting of four main subsystems: (1) fuel supply system (FS); (2) boiler units (BUs) with auxiliary equipment; (3) turbine units (TUs) with auxiliary equipment; (4) heat exchange equipment (HE).



The complete set of states for the studied facilities consists of four levels: one of the simple states corresponding to the failure of one component of each subsystem and three levels of complex states corresponding to combinations of failures of 2, 3, and 4 components from different subsystems. Figure 1 shows a graph of states illustrating the generated set of states. The evolution of the states of facilities over time in the simplest case (with maximum constraints) is described by the simplest events flow with assumptions about the ordinariness and independence of events and by the stationarity of state probabilities [32]. These conditions correspond to the basic model of the Markov random process of facilities’ functioning, which is described by the system of linear equations [7,32]:


   p s    ∑  i ∈  I s       (  λ i  +  μ i  )   =   ∑  z ∈  E s      p z    ∑  i ∈  I z       (  λ i  +  μ i  )     ,   s ∈ E ,  



(1)




where    p s  ,    p z    are probabilities of states of the studied energy facilities;    λ i  ,      μ i    are transition probabilities of the random process: failure and restoration rates of some component  i  respectively, 1/h;  E  is a set of states;    E s    is a subset of states from which the direct transition (without intermediate states) to the state  s  is possible;    I s    is a subset of components whose failure or restoration corresponds to the direct transition from the state  s  to some other state  z ;    I z    is a subset of components whose failure or restoration corresponds to the direct transition from the state  z  to some state  s .



It should be noted that determining the initial modeling parameters (in particular, the failure and restoration rates of components) is the most important problem of information support for the reliability analysis of any technical systems. For distributed and complex systems, such as energy systems, this problem is especially acute due to the many random factors affecting the operating conditions of components and the insufficient identification and control of their states (the weakest state control corresponds to electrical and heating network components distributed over a large area). To obtain reliable estimates of the reliability parameters of components, in particular, failure rates, statistical methods are usually used for processing retrospective data on the functioning of these components in combination with the normative curve of the life cycle, which has three main stages (running-in, normal operation and aging). Determining reliable values of failure rates of components (as well as other reliability parameters) is the subject of a special study, which is of great importance in the calculation of real-life energy facilities and systems. These questions go beyond the scope of the presented study of the features of modeling the random process of functioning of studied objects, which is carried out under the assumption that these parameters are either specified or a range of their values is considered to identify some dependencies (as, for example, in Section 4). However, the authors conduct a statistical analysis of the failure rates of some facilities in parallel with purely methodological studies, as evidenced by some publications [33].



Increasing the accuracy of reliability assessments, in particular, determining the probabilities of simulated states, is achieved mainly in two directions. On the one hand, this is due to obtaining reliable initial data on the reliability parameters of components (failure and restoration rates) as stated above. On the other hand, the modeling results can be improved at the methodological level due to the formalized consideration of a number of factors, such as accounting the non-ordinariness and the dependence between failures of components (if any). Both are the subject of this study.




2.2. Modeling the Evolution of States Given Non-Ordinary Events


Operation of such complex facilities as CHPPs is related to many different technological processes that occur in parallel, and simultaneous failures of several components are quite possible. To take this factor into account, we apply the basic laws of probability theory. So, when events are mutually independent, the probability of their combination is the product of their probabilities [32].



Accordingly, the rate of non-ordinary transitions between states, interpreted in this case as a transition probability, is determined by the product of failure and/or restoration rates of components:


   ν  s w   =   ∏  i ∈  I w      λ i      ∏  i ∈  I s      μ i  ,     s ∈ E ,   w ∈  E 1    ,  



(2)




where    ν  s w     is the rate of the non-ordinary transition from state  s  to state  w ;    E 1    and  w  are a set of states into which the object can transition from state  s  due to several events that occur simultaneously;    I w    is a set of components that are in a state of failure in the event of state  w ;    I s    is a set of components that are in a state of failure in the case of state  s .



Depending on the number of simultaneous events taken into account, several levels of non-ordinary events can be considered. Set    E 1   , describing a set of rates    ν  s w     for all states  s , is formed individually for each such level. Given these conditions, the model of the random process of facilities’ operation is represented by the following expression:


    p s      ∑  z ∈  E 1      ν  s z     +   ∑  u ∈ U      ∑  w ∈  E 1 *      ν  s w u         =   ∑  z ∈  E 2      p z   ν  z s     +   ∑  u ∈ U      ∑  w ∈  E 2 *      p w   ν  w s u         ,   s ∈ E  ,  



(3)




where    ν  s w u     and    ν  w s u     are the rates of non-ordinary transitions from state  s  to state  w  and vice versa for the  u -th level of non-ordinariness of events;  U  is the number of considered levels;    p w    and    E 2    are the probability and a set of states from which facilities can transition to state  s  due to several simultaneous events. In fact, it is practically inexpedient to consider more than two simultaneous events, which will be shown below based on the results of numerical study.



The principle of formation graph of non-ordinary transitions is shown in Figure 2a for the state “1 + 2” where arcs indicate the rates of “double” transitions connecting this state with others. Figure 2b presents a graph showing the structure of non-ordinary (in this example, “double”) events for the considered facilities consisting of four subsystems (see Figure 1). Each arc corresponds to either two failures, or two restorations, or simultaneously one failure and one restoration. It should also be noted here that increasing the rank of non-ordinary failures (the number of simultaneous failures) can lead to a significant complication of the model and the calculations themselves, especially when studying diagrams of real-life facilities with a large number of components. Considering the decrease in the probability of failures as the rank of non-ordinariness increases, it is necessary to find a balance between increasing accuracy and complicating the model.




2.3. Modeling the Evolution of States Given the Dependent Events


Technological processes occurring during the operation of CHPPs are often accompanied by dependent equipment failures. Modeling of such failures can be carried out by introducing conditional probabilities into the random process describing the operation of the studied facilities. For example, consider component  i  with failure rate    λ i   . Let us assume that in the event of its failure, the conditional failure probability of component  k  equals    ϕ  k / i    . Dependent failure of component  k  for the failed component  i  will have rate    λ  k / i     determined by the conditional probability    ϕ  k / i     [32]:


       λ  k / i   =  λ k  ( 1 +  ϕ  k / i   )   g i v e n   0 ≤  ϕ  k / i   <  1 ,       λ  k / i   =  λ i    g i v e n    ϕ  k / m   = 1 .      



(4)







The joint use of the model for non-ordinary events (3) with expressions for determining rates of dependent events (4) allows representing the model of a random process of the facilities’ operation in terms of both these factors:


     p s      ∑  z ∈  E 1      ν  s z   ( 1 ±  ϕ  z / s   )   +   ∑  u ∈ U      ∑  w ∈  E 1      ν  s w u   ( 1 ±  ϕ  w / s   )       =   ∑  z ∈  E 2      p z   ν  z s   ( 1 ±  ϕ  s / z   )   +     +   ∑  u ∈ U      ∑  w ∈  E 2      p w   ν  w s u   ( 1 ±  ϕ  s / w   )     ,   s ∈ E    



(5)




subject to:


    0 ≤  ϕ  z / s   < 1 ,    ν  s z   >  ν  s z / s   ;   0 ≤  ϕ  w / s   < 1 ,    ν  s w u   >  ν  s w u / s   ;     0 ≤  ϕ  s / z   < 1 ,    ν  z s   >  ν  z s / z   ;   0 ≤  ϕ  s / w   < 1 ,    ν  w s u   >  ν  w s u / w   ;    



(6)




where    ϕ  z / s     and    ϕ  s / z     are the conditional probabilities of ordinary transitions of the complex from states  z  to  s  and vice versa, respectively;    ϕ  w / s     and    ϕ  s / w     are the conditional probabilities of non-ordinary transitions from states  w  to  s  and vice versa, respectively;    ν  s z / s     and    ν  z s / z     are the rates of dependent transitions from state  s  to state  z  and vice versa, respectively;    ν  s w u / s    ,    ν  w s u / w     are similar indices for non-ordinary transitions. Each magnitude    ϕ  z / s     corresponds to either failure, then    ϕ  z / s   =  ϕ  k / i    , or restoration, then    ϕ  z / s   =  γ  k / i     (  k ,   i   are some components).



Figure 3 shows the part of the state graph that reflects the principle of building the structure of events in the presence of dependent failures and restorations for the previously considered components and Equation (4) and notation as an example. Figure 3a shows an example of a graph of the relationship between some states i and k, provided that the failure of component k occurs with some probability    ϕ  k / i     after the failure of component i. Figure 3b shows a graph with an inverse relationship.



As in the case of non-ordinary events (Section 2.2), the modeling of dependent failures should be justified from the point of view of the significance of this factor for the specific studied facilities.



It should be noted that probabilities of joint failures could be assessed by the Bayes theorem [32]. In this case, not only should the conditional probability of failure of dependent component be established but also the inverse conditional probability of failure of influencing components. However, in practice the search for the inverse conditional probability of events is often a very difficult problem due to the lack of sufficient data on the equipment failure rate in studied systems.





3. Results of Computational Experiments


This section presents a series of computational experiments that rely on probabilistic models to simulate the random operational processes of a test aggregate diagram for a combined heat and power plant (CHPP). The obtained characteristics allow for the identification of certain modeling conditions that consider the influence of non-ordinary and dependent events on the results of reliability analysis.



Figure 4 showcases diagrams illustrating the ratio between probability values for states within the studied diagram, calculated under ordinary event flows versus non-ordinary event flows (specifically focusing on “double” component failures in the given example). The calculation was carried out in the range of 0.0001 to 0.1 for the change in transition probabilities of the random process (transition probabilities are interpreted as failure rates of components). Figure 4a indicates that the largest deviations of the probability values from the initial ones (from 10 to 22%) correspond to a fully operational state (p0) and states with one and two failures (groups p1–p4 and p12–p34, respectively) at the maximum levels of transition probability of the given range, i.e., 0.1 and 0.05.



For the remaining states, which correspond to the simultaneous failure of a larger number of components, the probability deviations are much smaller, which is logical: the lower the probability of the state is, the less likely the events that correspond to the transition to this state are. Figure 4b shows part of the diagram with an enlarged scale, which shows that the probability deviations for the states with simultaneous failures of three and four components (p123–p1234) do not exceed 1%.



The distribution of probability changes for different groups of states is depicted in Figure 5a, with each curve representing a specific transition probability value. Figure 5b illustrates the relationship between the change in state probabilities and the transition probability values of the random process. These diagrams highlight the ranges of transition probability values that can significantly impact reliability assessment when considering non-ordinary events in state modeling. The selected areas correspond to the range of values of transition probabilities of 0.01–0.1 (Figure 5b). The failure rate of components for real-life HSs, as well as other energy systems, is normally much lower than these values (see [7,33]), therefore, there is no need to model non-ordinary events for most of the practical calculations. At the same time, the influence of non-ordinary events can increase with the complication of the structure of studied facilities during their implementation in the integrated district-distributed heating systems with a large number of HSs including prosumers. In this case, the probabilities of simultaneous failures of components belonging to different subsystems rise significantly, and modeling of such events in the analysis of system reliability becomes relevant even if the components are highly reliable.



The generalized results of numerical modeling with dependent events (failures) considered are shown in Figure 6. The diagram presented in Figure 6a represents the dependence of the reliability function (F) for the studied facilities on the values of conditional probabilities of transitions between dependent events for different values of transition probabilities of a random process describing the evolution of states (the example at issue used failure rates of components as transition probabilities). This diagram reflects the degree of a possible decrease in the reliability (function F) from a certain calculated initial level (point A) under the influence of the dependence factor between failures of components. On this basis, one can single out a range of F values, which is limited by some minimum allowable level, for example, F = 0.85 (line a–b–c in Figure 6a). The figure cut off by this curve projected onto the horizontal plane of the diagram contains the ratios of the initial values of the parameters under which the specified reliability requirements are met. The corresponding projection of the diagram shown in Figure 6b is the gradient of parameter F. This diagram can be used to determine the initial parameters necessary to ensure a particular level of reliability. For example, point c* lies within the acceptable range of reliability (F is no less than 0.85) with the values of the conditional probability of dependent events equal to 0.1 and the transition probability of the random process of operation (p) equal to 0.0001. Obviously, with an increase in p, which in this case is interpreted as an increase in the probability of component failures, function F (point b) also decreases. An increase in the conditional probability of dependent events (failures) also leads to a decline in the level of reliability (point c).



The use of characteristics similar to the one considered above for operating HSs (including CHPPs) involves: (1) determining a feasible range of values of conditional probabilities for dependent events within which variation in the reliability assessment results is negligible, i.e., neglecting dependent events; (2) evaluating the necessary reserves, which provides compensation for possible emergency conditions in case of dependent failures, including those taking into account forced downtime of components, in a wide range of initial conditions for modeling and calculation. The values of the initial modeling parameters should be determined relying on a statistical analysis of the failure rate of facilities.




4. Discussion and Conclusions


When solving reliability problems for any energy systems, the probabilities of their states in various operating conditions can be determined relying on various approaches, methods, and models. One of the effective and proven methodological approaches in theory and practice is based on the use of models of random processes, in particular, Markov ones. In most applications, these models are described by the simplest events flow, which is characterized by the ordinariness and independence of events (but not only these). However, these conditions may change during the operation of real-world systems. Therefore, the accuracy of reliability models of many energy facilities and systems can be increased by modeling non-ordinary and dependent events. The paper proposes an approach to the construction of probabilistic models of HSs (for example, CHPPs) with the simultaneous implementation of several events based on the use of the rule of their combination in the event of their mutual independence. The relationship of transitions between some events is taken into account by introducing conditional probabilities for the occurrence of one event at the occurrence of another.



According to the results of numerical modeling, we can preliminarily conclude that consideration of non-ordinary events slightly changes (redistributes) the values of probabilities of the object states, since it follows from the condition of multiplying the probabilities that the greater the number of simultaneous failures in an event, the less likely it is. As test calculations have shown, changes in the state probabilities when taking into account non-ordinary events increase with an increase in the failure rates of the system components and reach significant values (more than 5%) at failure rates of more than 0.01 1/h. The failure rate of components for real-life systems is as a rule much lower than this order; therefore, most calculations can ignore the non-ordinary events.



At the same time, unlikely situations, accompanied by numerous simultaneously occurring failures, lead to complete long-term thermal energy undersupply for the consumer. Given the correlation between the practical possibility of the occurrence and the consequences, their influence on the reliability of heat supply can be significant. A local assessment of such events is necessary both for the development of preventive measures (creation of a reserves) and for optimal planning of restoration work. In addition, the influence of such events can increase with the complexity of the object, for example, implementation of HSs in integrated district-distributed heating systems with a large number of sources and prosumers. In this case, the probabilities of simultaneous failures of components belonging to different subsystems increase significantly.



Following the results of probabilistic modeling of dependent events, we obtained characteristics to quantify the degree of a possible (expected) decrease in the reliability of HSs (CHPPs) under the influence of the dependence between events whose probability cannot be accurately determined (including external disturbances). Similar characteristics obtained for real-life CHPPs enable preliminary estimation of the necessary reserve to compensate for possible emergencies in the event of dependent failures (including forced downtime of components) in a given range of initial modeling conditions. Modeling the dependent failures can be useful when assessing the resilience (flexibility) of the object.



Thus, the use of models with non-ordinary and/or dependent events should be justified from the perspective of the influence of these factors on the compliance of the result of the reliability assessment with the conditions of the operation of the real-life facilities. It is important to note that a high degree of uncertainty of the factors of non-ordinariness and dependence of events that are poorly amenable to stochastic analysis can lead to a significant error in the reliability assessment. It is advisable to address some rare but significant events in terms of the consequences separately from the main stochastic model of facilities and compensate for their influence at the stage of ensuring the survivability, which is the subject of special and further studies.
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Figure 1. Graph of states and transitions for CHPP represented as four subsystems. 
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Figure 2. Random process of operation of the studied facilities, given the non-ordinariness of events: (a) non-ordinary transitions graph of the example of 1 and 2 states (group 1—single transitions, group 2—“double” transitions); (b) graph of states for the object with “double” transitions. 
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Figure 3. Scheme of formation of a state graph with dependent events of the example of two components i and k: (a) failure of component k depends on failure of component i; (b) failure of component i depends on failure of component k. 
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Figure 4. Change (deviation) in the probabilities of states of a test diagram of facilities (CHPP) when modeling non-ordinary (in this example, “double”) events for different values of the transition probabilities of the model of random process of operation: (a) general diagram (values up to 25%); (b) enlarged diagram (values up to 1%). 
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Figure 5. Dependences of changes in the state probabilities for the test diagram of the facilities (CHPP) given the non-ordinary (for this example, “double”) events: (a) distribution of changes in probabilities by state; (b) dependence of the probability change on values of transition probabilities of random process. 
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Figure 6. Results of the computational experiment for test scheme of facilities (CHPP): (a) reliability function (F) depending on the values 