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Abstract: This article presents the performance (availability) evaluation of a typical coal-
fired power plant in a realistic working environment for identifying the critical sub-system 
and planning the preventive maintenance schedule. For analysis, the entire thermal system 
is broken down into six sub-systems i.e., turbine, condenser, coal supply, water 
circulation, air circulation and boiler sub-systems; these are further subdivided into a 
number of units. Formulation for availability of each sub-system is based on well-known 
Markov birth-death process. Sensitivity analysis is performed to identify critical units in 
each sub-system. The overall availability index of coal fired plant is evaluated by 
combining all six sub-systems. Results revealed that water circulation is a robust sub-
system, while boiler along with Fi unit (combined of furnace, boiler drum, tubings and 
fuel firing) is most critical for given failure and repair rates of each unit. For failure free 
plant operation, the repair priority of boiler and its unit Fi should be accorded. 

Keywords: Availability modeling, Markov birth-death process, Coal-fired power plant, 
Transition diagram  

1. Introduction 

A coal-fired power plant is a large and complex thermal system. For regular and 
economical electrical energy generation of steam, it is necessary to maintain the plant at 
an optimum availability level not only to reduce overall costs of production but also to 
mitigate the risk of unexpected failures. Availability index relates to the frequency of 
failure-free states, there are different methods for availability analysis-based on 
Deterministic approach (i.e., Preliminary hazard analysis and Failure Mode Effects and 
Criticality Analysis), Probabilistic approach (i.e., Fault tree analysis, Reliability block 
diagram, Markov analysis) and other modified methods (Hazard and Operability Study, 
Event Tree Analysis, Human Reliability Analysis) [1]. The efforts have been made in past 
to ensure cost effective and reliable electricity production by improving operational 
availability of power generation plants [2-5]. Sharma and Tewari [3], Arora and Kumar 
[4] and Kaushik and Singh [5] carried out availability analysis of sub-system and coal-
fired power plant using Markov birth-death process reported in [6].  
     Raje et al. [7] evaluated the availability index of two unit standby pumping system 
using actual field data to repair and failure rates. Several researchers employed the non-
traditional techniques (i.e., GA technique) and Monte Carlo simulation technique to 
predict the operational availability of sub-systems of thermal power plant. Solanki et al. 
[8] evaluated the reliability of thermal-hydraulic passive systems in an innovative nuclear 
reactor using thermal hydraulic code RELAP 5/MOD 3.2. Probabilistic models are not 
usually generic [9], as the number of components in the system increases, the states in the 
transition diagram increase drastically [10], making the system too intangible to solve. 
Amari [11] reported a novel method to compute the availability indices of any system 
configuration with embedded hierarchical k-out-of-n sub-systems subjected to suspended 
animation. Some studies are based on Markov method [12,13]. Michael et al [12] 
discusses the availability modelling and analysis in distribution lines. Shah and Dhillon 
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[13] present stochastic models to represent redundant three-state device systems with 
critical human errors and common-cause failures. 
     When large components were included in the state transition diagram, thermal 
system becomes intangible to understand and unpractical to solve for overall availability. 
Thus, herein, the entire thermal system was broken down into several sub-systems (viz., 
turbine, condenser, coal supply, water circulation, air circulation and boiler), which are 
further subdivided into units for simplification. This paper analyzes the availability of 
these sub-systems supplying the failure and repair rates from the literature (as much as 
possible). The overall availability of the plant has been obtained by combining all these 
sub-systems by assuming all good units/sub-systems are working even when the system is 
in a failed state. The criticality of a sub-system, in the context of power generation, is 
associated with the severity of sub-system failure and thus system operational condition. 
High critical sub-system demands more technical and economic resources for maintaining 
the plant. Thus, attempts were put to identify the most critical sub-system and its unit in 
the thermal plant in order to identify the relative importance of each sub-system. 
Notation 
 system operating at reduced capacity 
 system breakdown 
 system operating at full load condition  
 system operating at reduced efficiency 
Av availability  
P(t) probability of success at time t  

Subscripts 
k→ sub-systems, ƒi→ failure rate, ri→ repair rate, 0→ original state,  
L, K → parameters. Where i→ represent units of the various sub-system. 

2. The System 

The electrical power generation system consists of three broad sections; generation, 
transmission and distribution. The power generation section is much more sensitive to 
breakdowns. Thus, the focus is on power generation section. Herein, the energy 
transformation governs the following sequence: 
Chemical energy (coal) ⇒ thermal energy (high temperature gases) ⇒ hydraulic energy 
(high pressure steam) ⇒ mechanical energy (rotating turbine shaft) ⇒ electrical energy 
(generators). 

In a boiler, usually called steam generation system, the coal is supplied from coal 
bunkers via coal conveyors; which is crushed in coal mills. Air is preheating from flue gas 
(combustion gaseous products) in the air heaters via air circulation sub-system. Pulverized 
coal along with preheated air is supplied in boiler furnace for firing. The hot gases are 
forced to re-circulate through boiler tubes, boiler drum and other boiler accessories for 
exchanging the heat to water for converting it into dry and superheated steam. This 
superheated steam is used to run the turbines for mechanical energy and production of 
electrical energy in generators. The separated saturated water and water vapours form 
turbine passes through the condenser and heaters in order to convert into saturated water. 
This saturated water along with makeup water (pre-treated) is then injected into boiler via 
feed pumps to complete the cycle. The schematic diagram of a typical coal fired thermal 
power plant is shown in Fig. 1. 
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Figure 1:Block Diagram of Coal-fired Power Plant 

3. Formulation 

The entire thermal system was divided into several sub-systems (viz., turbine, condenser, 
coal supply, water circulation, air circulation and boiler); each sub-system is further 
subdivided into number of units for construction of transition diagram without any kind of 
ambiguity. The systematic division and adequate description of thermal plant/sub-system 
and their units/components along with baseline values of the failure and repair rates of 
each individual unit is given in Table 1. For formulation, following assumptions are 
invoked: 

1. Failure and repair rates are constant. 
2. A repaired unit is as good as new. 
3. The standby units are of the same nature and capacity as the active units. 
4. No simultaneous failure of components is allowed, however, repair facility is 

always available for each component. 
5. All good sub-systems are working even when the system is in a failed state. 

The turbine and boiler sub-system work at reduced efficiency when E2 and Bj fail 
respectively. However, the sub-system will be in reduced capacity state when the active 
components fail beyond the designed number of active units. Since, the failure of any 
components in air circulation, condenser, coal supply and water circulation sub-system do 
not force the sub-system in reduced efficiency state, therefore, the transition diagrams of 
these sub-systems includes only three states (i.e., working at full capacity, working at 
reduced capacity and failed state) based on Markov birth-death process and corresponding 
difference differential equations are developed for each sub-system [6].   
     The Turbine sub-system is subdivided into five units i.e., turbine blade (Tb), turbine 
lubrication (Tl), turbine governing (Tg), condenser evacuation and regenerative system 
(Ei), Seal oil system and generator cooling (Sj). 
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Table 1: Description of Sub-system /unit and along with Baseline Failure and Repair Rates  
Sub-
system 

Description of Unit Failure rate 
(failures/hr) 

Repair rate 
(repairs/hr) 

Ref. 

1. Turbine  

Tb : Turbine blade 0.00007 0.0025 [2] 
Tl : Turbine lubrication : having single unit 0.01 0.2 [3] 
Tg : Turbine governing : consists of a single unit 0.001 0.01 [3] 
Ei : Condenser evacuation(E1), Regenerative 
system(E2) 0.001 0.01 [3] 

Sj : Seal oil system(S1), generator cooling(S2)  0.0005 0.02 [3] 

2. 
Condenser  

Cp: Cooling water pump: include 2 units 0.01 0.15 [5] 
Cd : Condenser : consists of single unit 0.0002 0.05 [2] 
Gs ; Gland steam condenser : having single unit 0.0067 0.1 * 
Dc : Drain cooler : consists of a single unit 0.0033 0.2 * 

3. Coal 
supply 

Vs : Wagon tippler : with 2 units in parallel 0.025 0.35 • 
Cr  : Crusher : consists of a single unit 0.005 0.12 * 
Cm : Coal mills : 2 parallel units, each unit consist set 
of 3 coal mills; 4 works at a time; 2 are standby 

0.001 0.005 [2] 

Bk: Conveyor belt : consists of 2 units in parallel 0.05 0.3 • 

4. Water 
circulation  
 

Ce : Condensate Extraction Pump : having 2 units 0.005 0.1 [3]  
Hl : Low pressure heaters: include 3 units 0.005 0.1 * 
Da :Deaerator : consists of a single unit 0.0025 0.125 * 
Fp : Boiler feed pump : consists of 3 units 0.00006 0.013 [2] 
Hn : High pressure heater : consists of 2 units 0.0015 0.05 * 

 
5.Air 
circulation 

Ah : Air heaters : consists of 2 units in parallel 0.00008 0.025 [2] 
If : Induced draft fans : having 3 units in parallel 0.0001 0.02 [2] 
Ff : Forced draft fans : with 2 units in parallel 0.00005 0.02 [2] 
Pf : Primary air fans : consists of 2 units in parallel 0.001 0.01 * 

6. Boiler 

Fi : Furnace (F1), Boiler drum (F2), Tubings (F3), 
Fuel firing system (F4) 0.01 0.02 [3] 

Fr  : Safety valves (Fr1), Water level gages (Fr2)  0.001 0.025 [3] 
Bj : Superheater (B1), Reheater (B2), 
Economizer(B3), Furnace draft(B4)  

0.001 0.02 * 

* deduced from maintenance records and plant personnel, • unpublished work 

Figure 2 gives the transition diagram of turbine sub-system with four different working 
states, namely, working at full capacity, reduced capacity, reduced efficiency and failed 
state. It includes total 21 states (‘0’ to ‘20’) out of which state ‘0’ represents the success 
with full capacity, state ‘4’ designate the success with reduced capacity, state ‘10’ 
designate the success with reduced efficiency, state ‘15’ designate the success with 
reduced capacity as well as efficiency, while remaining all 17 states represent to failed 
state in the transition diagram (Fig. 2). Probability consideration relates the transition 
diagram by 21 differential equations using Laplace Transformation technique. Finally, the 
steady state availability of the turbine sub-system can be obtained by adding all working 
state probabilities as 
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Figure 2:State Transition Diagram of Turbine Sub-system 

Likewise, the steady state availability of condenser, coal supply, water circulation, air 
circulation and boiler sub-systems are formulated based on their respective transition 
diagrams (with authors). When the system generates electricity, the overall availability of 
the coal-fired power plant can be can be defined as a series of these six sub-systems (i.e., 
turbine, condenser, coal supply, water circulation, air circulation and boiler) [10,14] by 
assuming all good units/sub-systems are working even when the system is in a failed state. 

Thus,                    ∏ =
=

6

1k koverall AvAv    (2) 

Here k = turbine, condenser, coal supply, water circulation, air circulation & boiler. 

4. Results and Discussions 

Using transition diagrams and baseline failure and repair rates (Table 1), the availability 
figures for turbine, condenser, coal supply, water circulation, air circulation and boiler 
sub-system has been computed to be 0.86, 0.92, 0.91, 0.98, 0.99 and 0.67. The sensitivity 
analysis of availability has been performed by doubling (two folds) the baseline failure 
and repair rate for each unit in the respective sub-system (Table 2). Results show that the 
turbine governing, gland steam condenser, coal mill, dearator, primary air fan and Fi 
(combined furnace, boiler drum, tubings and fuel firing) units are found to be critical in 
their respective sub-systems namely turbine, condenser, coal supply, water circulation, air 
circulation and boiler, respectively. 
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Table 2: Variation in Sub-system Availability due to doubling the Baseline Failure/Repair Rates  
 

Sub-
system Unit 

Availability  
Variation (%) with Sub-

system Unit 
Availability  

Variation (%) with 
Failures Repairs Failures  Repairs 

1. 
Turbine  

Tb -2.33 +1.15 
4. 
Water 
circulation  

 

Ce -0.60 +0.20 
Tl -0.89 +0.33 Hl -0.60 +0.18 
Tg -7.88 +4.46 Da -1.91  +0.97 
Ei -2.27 +0.75 Fp -0.0001 +0.0001 
Sj -2.09 +1.08 Hn -0.0012 +0.0007 

2. 
Condenser  

Cp -0.09 +0.01 5. 
Air 
circulation 

Ah -0.07 +0.01 
Cd -0.36 +0.18 If -0.10 +0.01 
Gs -5.80 +3.17 Ff -2.02 +0.65 
Dc -1.49 +0.76 Pf -2.42 +0.77 

3. 
Coal 
supply 

Vs -0.62 +0.22  
6. 
Boiler 

Fi -24.9 +19.9 
Cr -3.63 +1.92 Fr -0.27 +0.07 
Bk -5.33 +1.69 Bj -0.40 +0.10 
Cm -7.11 +2.37 

 

 
       Figure 3: Effect of Failure/Repair Rates of Fi on Availability of Boiler/plant 

The effect of failure and repair rate of Fi (most critical unit in plant) has been highlighted 
on overall availability as shown in Fig. 3. The boiler with Fi (combined furnace, boiler 
drum, tubings and fuel firing) unit is identified to be highly critical, while water 
circulation is least sensitive. The baseline availability of the plant is predicted to be 0.47. 

5. Conclusions 

This work presents an availability analysis of a complex coal-fired power plant in North 
India. The plant is divided into several sub-systems and units. The availability of each 
sub-system is obtained using Markov birth-death process. Model predicts the availability 
of turbine, condenser, coal supply, water circulation, air circulation and boiler sub-system 
of 0.86, 0.92, 0.91, 0.98, 0.99 and 0.67, respectively, while, the overall availability of the 
plant has been worked out to be 0.47 for given baseline failure and repair rates of each 
unit. The sensitivity analysis shows that water circulation is a robust sub-system, while 
boiler along with its unit Fi (combined furnace, boiler drum, tubings and fuel firing) is 
most sensitive sub-system. For failure free plant operation, repair priority to the boiler 
especially to Fi unit should be accorded.  
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