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ABSTRACT 
 

The paper aims at assessing the reliability and availability of a critical ash handling unit of a 
steam thermal power plant by making a performance analysis and modeling, using 
probability theory and the Markov Birth-Death process. After drawing a transition diagram, 
differential equations are generated. After that, steady state probabilities are determined. 
Certain decision matrices are developed, which provide various availability levels. The 
behaviour analysis of the reliability module reveals that the availability decreases with 
increasing failure rates, while operational availability improves with initial increases in 
repair rates for different subsystems. Based upon various availability values, the 
performance of each subsystem is analyzed and used to make maintenance decisions for all 
subsystems.  
 

OPSOMMING 
 
Hierdie artikel poog om die betroubaarheid en beskikbaarheid van 'n kritiese 
ashanteringseenheid van 'n termiese stoomkragaanleg te beoordeel deur 'n 
werkverrigtingsanalise en modellering te doen aan die hand van waarskynlikheidsteorie en 
die Markovgeboorte-sterfteproses. Nadat die oorgangsdiagram opgestel is, is 
differensiaalvergelykings gegenereer. Vervolgens is die gestadigde-toestandwaarskynlikhede 
bepaal. Sekere besluitmatrikse is ontwikkel waar verskillende beskikbaarheidsvlakke verskaf 
is. Die analise van die gedrag van die betroubaarheidsmodule toon dat beskikbaarheid 
afneem met toenemende falingstempo's, terwyl operasionele beskikbaarheid verbeter met 
aanvanklike toenames en hersteltempo’s vir die onderskeie subsisteme. Gebaseer op die 
verskillende beskikbaarheidswaardes, word die werkverrigting van elke subsisteem ontleed 
en aangewend om instandhoudingsbesluite vir alle subsisteme te neem.  
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1.  INTRODUCTION  
 
The process industry is becoming increasingly complex, with huge capital investment being 
made in process automation to enhance the reliability of systems. Invariably, the proper 
maintenance of such systems and the frequency of maintenance are some of the issues that 
are gaining importance in the industry. Maintenance is not only performed on the process 
instruments but also on the equipment from utilities, playing a major role in the smooth 
running of the process [1]. Amongst others, ash handling units constitute an essential part 
of the power generation system of a thermal plant. An ash handling unit – whatever the 
operational intentions may be, whether continuous or intermittent – is expected to furnish 
excellent performance. The high performance of an ash handling unit can be achieved with 
a highly reliable power plant and perfect maintenance. One of the widely used measures of 
such performance is ‘availability’, which is a function of both reliability and 
maintainability. In principle, it is the proportion of the uptime of the total time the unit is 
in service. For the prediction of availability, several mathematical models in the literature 
handle wide degrees of complexity [2, 3, 4, and 5]. Most of these models are based on the 
Markovian approach, where the failure and repair rates are assumed to be constant. In 
other words, the times to failure and the times to repair follow exponential distribution. 
 
Complex repairable systems present scenarios where operating and maintenance activities 
take place and multiple entities (persons, machines, and environments) interact in a 
complex manner. Dynamic changes usually occur in the entities themselves. The behaviour 
of such systems can be studied in terms of their reliability, availability, and maintainability 
(RAM) [4]. For example, Zervick [5] pointed out in the context of pressure vessels that a 
systematic strategy based on RAM principles helps to evaluate changes in inspection 
frequency, maintenance actions, or condition monitoring strategies, leading to a decrease 
in the frequency of planned shutdowns, increases in the time between statutory 
inspections, and a reduction in maintenance costs. Kurien [6] developed a simulation model 
for analyzing the reliability and availability of an aircraft training facility. The model was 
useful for evaluating various maintenance alternatives.  
 
According to Barabady et al. [7], the most important performance measures for repairable 
system designers and operators are system reliability and availability. The improvement of 
system availability has been the subject of a large volume of research and articles in the 
area of reliability. Availability and reliability are good measures of a system’s performance. 
Their values depend on the system structure as well as on component availability and 
reliability. These values decrease as component age increases – i.e. their service times are 
influenced by their mutual interactions, the applied maintenance policy, and their 
environments [8]. 
 
According to Ebling [9], factors that affect the RAM of a repairable system include 
machinery (type, number of machines, age, arrangement of machines in relation to one 
another, arrangement of components in the machine, inherent defects in components), 
operating conditions (level of skill and number of operating personnel, working habits, 
inter-personnel relationships, absenteeism, safety measures, environmental conditions, 
severity of tasks assigned, and shock loading – accidental or otherwise), maintenance 
conditions (competence and strength of maintenance personnel, attendance, working 
habits, safety measures, inter-personnel relationships, defects introduced by previous 
maintenance actions, effectiveness of maintenance planning and control), and infra-
structural facilities (spare-parts, consumables, common and special tools). 
 
Over the years, as engineering systems have become more complex and sophisticated, the 
reliability prediction of engineering systems has become increasingly important as factors 
such as cost, risk of hazard, competition, public demand, and usage of new technology have 
changed. A high reliability level is desirable to reduce the overall costs of production and 
the risk of hazards in larger, more complex and sophisticated systems such as a thermal 
power plant. It is necessary to maintain the steam thermal power plant to provide reliable 
and uninterrupted electrical supply for lengthy periods of time. 
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Considerable efforts have been made by researchers to provide general methods for the 
prediction of system reliability [10-12], designing equipment with specified reliability 
values, demonstrating reliability values [13], focusing on issues of maintenance, inspection, 
repair, and replacement, and on the notion of maintainability as a design parameter [12]. 
To obtain regular and economical generation of electrical power, a plant should be 
maintained at a sufficiently high availability level corresponding with minimum overall cost. 
To this end, this research presents a ‘reliability and economic evaluation model’ for a 
steam thermal power plant, to predict its operational availability. 
 
An interest in the consideration of systems with randomly failing repairable components is 
found in many engineering fields [14-18]. A computer network consisting of servers, hubs, 
routers, and workstations; a power distribution system consisting of generation plants, 
transmission lines, substations, and local distribution lines; and a highway transportation 
network consisting of roadways, tunnels, and bridges are examples of such systems. The 
interest lies not only in the availability of the system for operation at any given time, or in 
the reliability of operation during a specified interval of time, but also in measuring how 
rapidly the system can be put back into service after each failure. Furthermore, one is 
often interested in identifying critical components within a system, particularly in the 
context of upgrading the system’s availability or reliability, or reducing the duration of 
downtimes [19].  
 
The need for an efficient and reliable ash handling system is well recognized in view of the 
large capacity power stations being installed in India. A thermal power plant is a complex 
engineering system comprised of various units: coal handling, steam generation, cooling 
water, crushing, ash handling, power generation, and feed water. For the regular and 
economical generation of power, it is necessary to maintain each ash handling subsystem. 
The failure of each item of equipment or subsystem depends upon the operating conditions 
and maintenance policies used. From the economic and operational points of view, it is 
desirable to ensure an optimum level of system availability. The goal of maximum power 
generation may be achieved under the given operating conditions, making the ash handling 
unit failure free, by examining the behavior of the system and making the maintenance 
decision a top priority for the most critical subsystem. In this paper, the maintenance 
aspects of an ash handling unit – an important part of the power generation function of a 
thermal power plant – is discussed.  
 
2.  NOMENCLATURE 
 
These are the symbols and notations associated with the transition diagram:  

1.  indicates the system in the operating condition.  
2.  indicates the system in the breakdown condition. 
3.  indicates the system in the reduced capacity state. 
4. A, B, C, D indicate that the subsystems are working at full capacity.  
5. D1 indicates that stand-by unit of subsystem D is in an operating state.  
6. B’ indicates that subsystem B is working at a reduced capacity. 
7. a, b, c, d indicate that all subsystems are in a failed state due to the failure of a 

standby unit as well. 
8. 1   Failure rate of subsystem A (electrostatic precipitator). 
9. 2  Failure rate of subsystem B (hopper). 
10.   3  Failure rate of subsystem C (slurry pump).  

11. 4  Failure rate of subsystem D (low pressure pump). 
12. 1  Repair rate of subsystem A.  
13. 2  Repair rate of subsystem B.  
14. 3  Repair rate of subsystem C. 

15. 4  Repair rate of subsystem D. 
16. t/ indicates derivative w.r.t. time ‘t’. 
17. P0 (t) denotes the probability that at time ‘t’ all units are working. 
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18. P1(t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem A. 

19. P2 (t) denotes the probability that at time ‘t’ the system is a reduced capacity state due 
to the failure of subsystem B. 

20. P3 (t) denotes the probability that at time ‘t’ the system is in a failed state due to 
failure of subsystem C. 

21. P4(t) denotes the probability that at time ‘t’ the system is working at full capacity with 
standby unit D. 

22. P5 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem A, and subsystem D is working with a standby unit. 

23. P6(t) denotes the probability that at time ‘t’ the system is in a reduced capacity state 
due to the failure of subsystem B, and subsystem D is working with a standby unit. 

24. P7 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem C, and  subsystem D is working with a standby unit. 

25. P8 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem D. 

26. P9 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem A, and subsystem B working at reduced capacity. 

27. P10 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem B when operating at reduced capacity. 

28. P11 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem C, and subsystem B working at reduced capacity. 

29. P12 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem A, subsystem B is working at reduced capacity, and subsystem D is 
working with a standby unit. 

30. P13 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem B, and subsystem D is working with a standby unit. 

31. P14 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem C, subsystem B is working at reduced capacity, and subsystem D is 
working with a standby unit. 

32. P15 (t) denotes the probability that at time ‘t’ the system is in a failed state due to the 
failure of subsystem D (working with a standby unit), when subsystem B was working at 
reduced capacity. 

 
3.  MODEL DESCRIPTION AND FORMULATION 
 
The ash handling system consists of four subsystems: 
 
1. Electrostatic precipitator (ESP), denoted by A, having a single unit, failure of which 

results in plant failure. 
2. Hopper, denoted by B, having a single unit, failure of which results in reduced capacity 

of the plant. 
3. Slurry pump, denoted by C, having a single unit, failure of which results in plant 

failure. 
4. Lower pressure pump, denoted by D, having two units (one working and one on standby 

at any given time), the failure of one resulting in the other starting. 
 
4.  RELIABILITY AND AVAILIBILITY MODELLING 

A reliability prediction module for a thermal power plant has been developed to predict 
operational system availability. The failure and repair rates of the different subsystems are 
used as standard input information to the module. The flow of states for the system under 
consideration has been described in the state transition diagram shown in Figure 1, which is 
a logical representation of all possible state probabilities encountered during the failure 
analysis of a steam thermal power plant.  Formulation is carried out using the joint 
probability functions based on the transition diagram. These probabilities are mutually 
exclusive, and provide reason to implement a Markovian approach for an availability 
analysis of power generation process [11-14, 20]. The following assumptions are made: 
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Or (t)P t - (t)Pt  )()( 1101  tPttP   

Or )]()(.[)()( 1011 tPtPttPttP    
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0t Lt  
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Or )( )( ] t/[ 01 tPtP    (Z) 

 
Using the concept in equation (Z), and considering constant failures and repair rates, the 
mathematical formulation is done using the probabilistic Markov birth-death approach. The 
various probability considerations give the following differential equations associated with 
the ash handling unit; and these equations are solved for determining the steady state 
performance of the coal handling system.  
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With initial conditions at time t = 0  
Pi(t) = 1  for i = 0   and  = 0 for  i ≠ 0 

4.1 Solution of equations 
 
The steady state behavior of the system can be analyzed by letting t→∞ and d/dt→ 0; the 
limiting probabilities from equations (1) – (16) are: 
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Solving these equations recursively, we get 
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Now 1  P P  P P P P P P P P P P P P P P 151413 1211109876543210   
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c)ba)(1/(b))(a/(c)ba)(1/( cba1/[1 POr 
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332211 0






 (P) 

 
Therefore 6420 0 P P  P P A  a]cb[1 P   0    (R) 

 
5.  RELIABILITY AND AVAILABILITY ANALYSIS 

Using the maintenance history sheet of the ash handling unit of the thermal power plant, 
and discussions with the plant personnel, appropriate failure and repair rates of all four 
subsystems are chosen and decision matrices (availability values) are prepared accordingly 
with the failure and repair rate values in expression (R) for A0. The decision support system 
deals with the quantitative analysis of all the factors, viz. courses of action and states of 
nature, which influence the maintenance decisions associated with the ash handling unit of 
the thermal power plant. The decision models are developed in the real decision-making 
environment – i.e. decision-making under risk (probabilistic model) – and are used to 
implement the proper maintenance decisions for the ash handling unit. Tables 1, 2, 3, and 
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→ Availability (Av) → A0 

 
Table 3:  Decision matrix of the slurry pump subsystem of the ash handling system 

 
 
 

 
 

Figure 4:  The effect of the failure and repair rate of the slurry 
pump subsystem on the ash handling unit’s availability 

 
 
 

→ Availability (Av) → A0 

 

Table 4:  Decision matrix of the low pressure pump  
subsystem of the ash handling system 
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