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ABSTRACT 
 

In today’s world of the automation, it is impossible to survive without reliable 

systems. Thus, all the working engineering systems are expected to remain operative with the 

maximum efficiency for the maximum duration i.e. reliable operation. The importance of 

reliable operation has been realized in large complex process industries such as chemical, 

sugar, textile, paper plants and fertilizer plants etc.  

In these process plants to achieve the high availability and productivity, it is 

necessary that all systems/subsystems remain in upstate for a longer duration of time. 

However, these systems/subsystems are subjected to random failures due to poor design, lack 

of operative skills and wrong manufacturing techniques etc. causing heavy production losses. 

These failed systems can be brought back to their operating states after repair or replacement 

in minimum possible down time. The plant working conditions and the repair strategies play 

an important role in maintaining the operating systems, operative for maximum duration i.e. 

optimal system availability. This can be accomplished only through performance evaluation 

and analysis of all the operating systems of the plant.  

The system performance can be quantified in terms of the availability if the operating 

system is modeled mathematically and analyzed in real working conditions. It can be further 

optimized by means of some advanced optimization techniques. The basic aim of the present 

research work is to develop the availability models (under steady state conditions), the 

performance analysis and optimization of some operating systems of a fertilizer plant 

concerned.  

Structure of Thesis 

The chapter wise details of the thesis are as follows: 

Chapter 1 discusses the introduction to reliability, availability and maintainability. 

Availability, maintenance and performance evaluation in process industries have been 

included in this chapter. This chapter also provides the objectives and research work plan. 

Chapter 2 deals with the holistic coverage of literature studies conducted by various 

researchers/academicians in the area of reliability, availability and maintainability, 

Markovian theory, common cause failure in systems and availability optimization. The 

findings of the researchers in the field of performance analysis and optimization in process 
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industries have also been discussed. The survey reveals that very little work has been done 

towards the quantitative analysis of the real industrial systems.  

Chapter 3: This chapter pertains to the functioning of different operating systems and 

subsystems of the fertilizer plant with the help of schematic flow diagrams. In this chapter 

the steady state availability for some operating systems of fertilizer plant viz: shell 

gasification and carbon recovery, desulphurization, CO shift conversion, CO2 cooling, CO2 

removal, ammonia synthesis, urea synthesis, urea decomposition, urea crystallization and 

urea prilling systems have been developed with the help of mathematical formulation based 

on Markov birth-death process using probabilistic approach.  

Chapter 4 is devoted to the performance analysis of various operating systems of the 

fertilizer plant in terms of the availability matrices which are based upon failure and repair 

rates. The effect of various failure and repair parameters on the system performance has been 

analyzed. The appropriate values of failure and repair rates are selected after deep study by 

continuous monitoring of failure/repair patterns, long discussions with highly skilled 

experienced plant personnel and consultation of maintenance log sheets and history cards. 

Chapter 5 deals with the performance optimization of each operating system of the 

fertilizer plant using Genetic Algorithm. It gives the optimum system availability levels for 

different combinations of failure and repair rates for all the subsystems of some operating 

systems of a fertilizer plant for improving the overall performance. 

Chapter 6 refers to the conclusions of the present research conducted. This chapter 

highlights all the key findings of the thesis work. Finally, the thesis concludes with scope of 

future extensions of the research work.  

At the last, a list of references has also been included.  
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CHAPTER 1 

INTRODUCTION 
1.1. Introduction 

With the emerging demand of automation in the various industrial segments, the high 

capital investment is required for installing the production plants especially process plants 

like chemical, sugar, thermal, paper and fertilizer etc. It is essential to have high productivity 

and maximum profit from process plants for their survival. To achieve this end, availability 

and reliability of equipment in process must be maintained at the highest order. 

Unfortunately, this is not the case because failure is inevitable even though it can be 

minimized by proper maintenance, inspection, proper training to the operators, motivation 

and by inculcating positive attitude in the workmen. The performance of any system also 

affects its design quality and the optimization tools used. Thus the performance of a system 

may be enhanced by proper design, optimization at the design stage and by maintaining the 

same during its service life. Proper maintenance planning plays a prominent role in reducing 

production costs. Increasing availability of manufacturing systems and improving the quality 

also help a lot in the productivity enhancement. 

To improve the quality and quantity of a manufacturing related curriculum, there is 

need to emphasize more on operational management. Most common deficiency of our 

technological capability has been our failure to devote enough attention to the process 

technology. In manufacturing operation the inputs are: raw materials, energy, labour, 

machines facilities, information and technology etc. To achieve quality and quantity, efficient 

plant management is required to control the conversion process and the variables which 

affect the performance. The success of a plant depends on its excellent performance which is 

directly related to the qualitative and quantitative production. The analysis may forecast the 

future profit of a plant if the performances of three main systems, viz. financial, operational 

and management systems, are known. Operational performances to improve profitability are: 

Ø Increase the manufacturing productivity by implementing new technology. 

Ø Increase the production capacity. 

Ø Plan the current capacity and manage to improve the system performance. 

Ø Managing the inventory right quantity at the right time. 

Ø Maintaining balance between the maintenance and process manpower requirement.     
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The coordination of the activities throughout the plant depends largely upon the 

availability of maintenance personnel and estimated time to complete the repair task when it 

is to be performed at each work place. Process manager is only interested in the completion 

of the task within the framework, because the resulting work load directly influences his 

performance in relation to cost and schedule goals. The planning of productive efforts 

provides a schedule of production activity for an entire operating system. But for this, 

suitable production inventory is needed i.e., capability for satisfactory supplying needed 

goods in a way of maximizing profits or minimizing costs. Management plans and controls 

the accumulation of spares inventories maintained for a desired planning period. 

Employment of labour training, to produce quality goods is anticipated. Future production 

requirement is to be forecast, alternative production programmes are to be prepared. 

Different kinds of variations in the production requirements are suggested. 

It is observed that rate of return on sale will be more uniform when the industry 

adopts a path leading to more competition. This requires a uniform turnover, will be only the 

result of uniform operating performance. For this, good management and planning is 

required throughout the time regarding capacity and inventory levels. The detailed 

scheduling procedures must be carried out to plan and control the flow of work on a day to 

day basis within the specified overall environment. In continuous processes, scheduling 

means to ensure a high rate of utilization of the expensive facilities and to sequence products 

through the facility in such a way that changeover cost gets minimized. On the other hand, 

technological choice, capacity planning, location and distribution, process, job design and 

facility layouts are interrelated issues that contribute to the design of productive systems. 

Behavioural analysis models are necessary to design a process on which the competitiveness 

and profitability of a firm depend, it also leads to quality products. It is also realized that 

predicting the nature and impact of equipment can also produce a quality product more 

economically.  

The recent advances in technology and growing complexity of engineering 

systems have increased the importance of reliability and maintainability in multifarious 

ways. This is especially true in the process industry, characterized by expensive and 

specialized equipment alongwith stringent environmental constraints. The job of 

maintenance engineers becomes more challenging as they attempt to study, 
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characterize, measure and analyze the behaviour and performance of the process systems. 

Process system design emphasizes cost minimization. The productive process 

becomes more capital intensive and more tightly integrated through production, planning and 

control. Price competition puts increasing emphasis on cost minimizing strategies and the 

production process becomes even more capital intensive and product focused. The productive 

process becomes more highly structured and integrated by automotive assembly lines and 

continuous chemical processes. The productive process becomes so highly integrated that it 

is difficult to make changes because any change at all creates significant interactions with 

other operations in the process. 

The minimum possible production cost of a product is established originally by the 

product designer. The most efficient production engineer cannot change this situation; he or 

she can only work within the limitations of the product design. The effort to design for low 

manufacturing costs is referred to as production design. For a given design, process planning 

for manufacture must be carried out to specify carefully in detail the processes required and 

their sequence. Production design first sets the minimum possible cost that can be achieved 

through such factors as the specifications of materials, tolerances, basic configurations, and 

the methods of joining parts. Process planners may work under the limitations of available 

equipment. If the volume is great and design is stable process, planners may be able to 

consider special purpose process technology including semiautomatic and automatic 

processes and special purpose layouts. In performing their functions, process planners set the 

basic design of the productive system. Designing a process is an iterative procedure where 

new informations are to be fed in from the process engineer and we find ways to improve the 

designs that shorten the path, reduce the production cost and also improve the quality. 

Process technologies are classified viz. processes to change shape or form, chemical 

processes and information processes etc. It helps in comparing and fixing the priorities of 

cost, flexibility, quality and the ability of the enterprise to perform on time. We know that in 

three types of process technologies required in operations are manual, mechanized and 

automated. The role of labour and labour cost is high in manual, intermediate in mechanized 

and very small in automated technologies. While the capital costs increase in the same order. 

Capacity is the limiting capability of a productive unit to produce within a stated time period, 

normally expressed in terms of output units per unit of time. Capacity must be related to the 
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intensity with which a facility is used. Changing policies with respect to the intensiveness 

with which facilities are used can change capacities without actually adding new capacity. 

These alternative sources of capacity can provide managers with important flexibility in 

making capacity plants. Near capacity limits, variable costs increase as a result of the 

increased use of overtime and subcontracting and because of congestion when facilities are 

maximally utilized. On the other hand, when new facility is first installed, it is not fully 

utilized unless the expansion is over due.  

Therefore, variable costs for the new facility are likely to be relatively high, reflecting 

poor utilization of labour and other resources. But the new facility relieves the stress on 

existing facilities, making it possible to eliminate overtime and for multiple shifts. The 

combination of new and existing facility then reflects a variable cost structure that will 

improve as the new facility becomes loaded. The fixed costs of existing facility are spread 

over a larger and larger number of units as the volume is driven through the new facility 

limits to second and even third shift levels. Thus, the fixed cost per unit is reduced as existing 

facilities become more fully utilized. New facility that is relatively poorly utilized will have 

high fixed costs per unit. The nature of the cost structure suggests that for a given facility, 

there should be an optimum output that minimizes fixed plus variable costs. 

The above discussion indicates that in the civilized and competitive world of today, it 

is almost impossible to survive without reliable systems. Thus, all working systems existing 

today are expected to remain operative with maximum efficiency for the maximum possible 

duration i.e. reliable operations. Some of the systems whose reliable operation is of great 

importance to the society in general are power, medical, communication, transportation and a 

host of other services and utilities. Also, this concept is more common to the persons 

working in industries, government, business and defence organizations. The importance of 

reliable system working has been realized in all large and complex process industries, 

military equipments and space missions at all levels of design, development, production, 

operations and maintenance. Unreliable military equipments would have disastrous effect on 

the security of the nation and also have adverse effect on the morale of the defence forces. 

Some of the well known consequences of unreliable systems that brought a great misery and 

large scale destruction can be found in recent history of the world. The infamous New York 

blackout, failure of Apollo and Challenger missions, Chernobyl nuclear power plant disaster 
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(USSR), Bhopal gas disaster (India), Columbia space shuttle catastrophe and Jaipur Indian 

Oil Corporation (IOC)  depot fire (India) etc. are the few worst hit examples of the major 

mishaps. Unreliable systems are normally associated with high cost, high risk, lacking in 

safety, time losing as well as scarce resources. The main causes of unreliability are system 

complexity, lack of skill and alertness, poor operations and feedback, poor maintainability, 

incorrect component rating, component failure, design and manufacturing errors. The 

majority of these relate to design, manufacturing and operations. 

Prior to about 1940s, engineers were mainly concerned with the design, construction 

and operation of machines and processes and not with their reliable operations. The concept 

of reliability is not that old and has developed between 1940 and 1950 to be applied to 

idealized systems only with limited applications to practical situations. Its credit for 

development goes to United States space programme when a space shuttle the SYNCOM-I 

was lost in space due to bursting of high pressure tank and failure of MARINES-III due to 

mechanical failure. The need of failure free operation of system was felt to achieve high 

system reliability. These mishaps forced the researchers to think for improvement at the 

design stage of systems so that chances of failure are minimized once targeted. Although for 

the consumer products as Television sets, Dryers, Washing machines, Refrigerators, Electric 

fans and Automobiles etc., a warranty is given during the early life period of the product but 

it also causes inconvenience to the customer as well as high cost of repair to the 

manufacturer. Thus, the failure free operation for long duration of any system plays a crucial 

role in complex mission oriented system (e.g. missiles and space shuttles) as well as in large 

and complex process industries. Economic considerations also emphasize the need of 

maximum system availability in order to reduce the maintainability costs of an operative 

system. The failure of a component results in the break down of the system as a whole. For 

example, a space satellite may be rendered completely useless if a switch fails to operate, 

when required. 

In process industries too, such as Chemical, Paper, Sugar, Brewery, Cement, Food 

processing, Thermal power plants and Fertilizer plants to achieve the goal of high system 

availability and to utilize maximum plant capacity, it is necessary that its various subsystems 

should remain in upstate for a longer period. However, these systems or subsystems are 

subjected to random failures. Depending upon the nature and extent of failure it may result 



 6

into reduced or zero production. No doubt that that failed systems can be brought back to 

their operating state after repairs or replacements of some of the components. But, in this 

case the factory operating conditions and also the repair policies adopted in the organization 

play an important role in maintaining the system operative with full capacity for maximum 

duration. Designing such a process, from the view point of high system availability, would 

necessitate a prior knowledge of the system behaviour, available repair facilities etc. Analysis 

and modeling of such systems may prove beneficial in evaluating the performance of 

subsystems and the degree of interaction between the constituent subsystems. This would 

also yield a framework for system design based on availability and optimum repair policy.  

A detailed system behavioral analysis along with a scientific maintenance planning 

will help a lot in this direction. To express the system upstate in quantitative terms, it is 

necessary to develop a mathematical model of real existing systems and analyze their 

performance under actual operating conditions. The analysis will be helpful in predicting 

subsystem behaviour in real operative conditions. It will further help the process designer to 

incorporate some changes in the system design (called modification in the existing design). 

Such an analysis will also be useful to the maintenance engineer in monitoring the system 

performance and planning in advance to keep system failure free for longer duration. 

The work presented here, is mainly concerned with the performance evaluation of the 

various operating systems of fertilizer plant (a process plant). The reported work has two 

parts i.e. performance analysis and optimization of some operating systems of a fertilizer 

plant. The fertilizer plants are large and complex engineering systems and embrace a wide 

range of problems that would be encountered in ensuring a high degree of performance both 

of the individual equipments and the system as a whole. These systems are repairable but the 

repair time is varying randomly and so the repair policies used would have a direct impact on 

the system performance and its operations. The failed components if not attended promptly, 

would affect the performance of other subsystems which may lead to accelerated failure of 

interconnected equipments. 

In such process industry, non availability of raw materials, manpower, energy, 

machine facilities, information, technology, funds and unplanned maintenance may lead to 

loss in production hence loss in profit. Even after overcoming these constraints to the 

maximum possible extent, the equipments are designed by forecasting all necessary 
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parameters and factory conditions to the maximum possible information, still the 

performance does not match the expected one and hence there is an urgent need to find and 

evaluate the behaviour of the equipments in the process under actual working conditions. The 

analysis in such a case is a must to generate data bank regarding behaviour of each 

equipment in the process. It will give a feed back to the process designer helping him in 

improving the design and for the achievement of high system availability. The analysis can 

be made possible for the equipments working in the process, we establish some mathematical 

interrelationship in terms of known parameters and then the behaviour of all equipments in 

the process is analyzed and predicted under the real plant operative conditions. 

In the present work such a mathematical interrelationship among all operation 

equipments (taking both operative as well as cold standby units) is developed for each 

subsystem and behavioural analysis of ammonia production and urea production systems are 

carried out. The interrelationship for various subsystems are developed using simple 

probabilistic approach and the mathematical formulation is done using Markov birth-death 

process. The performance is evaluated and utilized in predicting the future behaviour of each 

equipment, taking corrective and timely decisions for planning, allocating funds and 

manpower for each system and hence optimizing the system performance in terms of output. 

The study is conducted in National Fertilizer Limited (NFL) plant situated in Panipat 

(Haryana) near Delhi producing average 1550 MT of urea per day. The Chapman 

Kolmogorov differential equations associated with these real models are very complex in 

nature and difficult to solve with time dependent parameters. Since, in the process industries 

it is necessary that its various systems or subsystems should remain perpetually operative for 

an infinitely long duration, hence the steady state conditions (time independent) is introduced 

and the differential equations are reduced to steady state equations which are solved 

recursively. Probability of each state is derived and hence the steady state availability of each 

system is computed. The detailed study of these industries has been conducted with special 

reference to failure and repair time data and the existing maintenance policies being 

followed. In varying operating conditions the steady state availabilities are computed, 

tabulated and analyzed. 

Performance optimization for each operating system of the fertilizer plant is also 

worked out. The analysis will give to the plant management, a deep understanding regarding 
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the optimum system availability to be achieved, and the maintenance efforts needed to 

maintain an appropriate level of profit. How and to what limit the profit earned will be 

allocated for maintenance to achieve high availability, improved process and hence high 

profit. 

1.2.  Reliability, Availability and Maintainability Concepts 

1.2.1. Reliability 

 Reliability is concerned with the probability and frequency of failures (or more 

correctly, the lack of failures). A commonly used measure of reliability for repairable 

systems is the Mean Time Between Failures (MTBF). The equivalent measure for non 

repairable items is Mean Time To Failure (MTTF). Reliability is more accurately expressed 

as a probability of success over a given duration of time. It is an important factor in 

equipment maintenance because lower equipment reliability means higher maintenance. 

The basic requirement of a high plant performance is its equipment reliability because factors 

such as product quality, profitability and production capacity hinge on this crucial factor 

(reliability) alone. The reliability of a component for a period t is calculated as: 

( ) tetR α−=  Where, α  is the mean failure rate. 
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Figure 1.1. Bath - Tub Curve 

In reliability analysis of an engineering system, it is often assumed that the hazard or 

time dependent failure rate of items follows the shape of a bathtub as shown in Figure 1.1. 

The bathtub curve has three distinct regions: burn-in period, useful life period and wear out 
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During this period the failure rate decreases and the failures occur due to design and 

manufacturing defects, cracks, incorrect installation or setup, mishandling, defective parts, 

contamination and poor workmanship etc. The burn in period failures can effectively be 

reduced by burn in testing, acceptance sampling and quality control techniques. In the useful 

life period, the failure rate is constant and the failures occur randomly or unpredictably. 

Some of the causes of failures in this region include insufficient design margins, incorrect 

use, undetectable defects, human errors and unavoidable failures i.e. ones that cannot be 

avoided by even the most effective preventive maintenance practices. The useful life 

period failures can be reduced by incorporating redundancy in the system. The wear out 

period begins when the item passes its useful life period. During the wear out period the 

hazard rate increases. Some causes for the occurrence of wear out region failures are 

aging, inadequate or improper preventive maintenance, limited life components, friction, 

misalignments, corrosion, creep and incorrect overhaul practices. Wear out period failures 

can be reduced significantly by executing effective replacement and preventive maintenance 

policies and procedures. 

1.2.2. Maintainability 

            Maintainability is defined as the measure of the ability of an item to be restored or 

retained in a specified condition. Maintenance should be performed by personnel having 

specified skill levels, using prescribed procedures and resources, at each prescribed level of 

maintenance and repair. Simply stated, maintainability is a measure of how effectively and 

economically failures can be prevented through preventive maintenance and how quickly 

system operation following a failure can be restored through corrective maintenance. 

Commonly used measures of maintainability in terms of corrective maintenance are the 

Mean Time To Repair (MTTR) and a limit for the maximum repair time. Maintainability 

is a design parameter, while maintenance consists of actions to repair or prevent a failure 

event. 

The nature of a repairable system can be described in terms of reliability, availability 

and maintainability. These matrices may be  evaluated  at  different  points  of  time  in  the  

working  life  of  a  system to  observe  its evolution. The matrices are often measured in the 

context of the actual maintenance action undertaken, whether preventive, condition based, 

emergency repairs conducted after failures, or those carried out in conformity with 
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prescribed rules and regulations. The goal of all maintenance activities is to ensure operation 

of the system at reasonable cost over the useful life of the system. Conventional models for 

the system of reliability, availability and maintainability of repairable units tend to be either 

very simple or too cumbersome and intractable. Models based upon newer techniques like 

Simulation and Petri nets are finding increasing application in recent years. 

Maintainability is affected by several design features such as complexity of 

equipment, interchangeability and accessibility of components etc. Other factors affecting 

maintainability include those related to the environment and operation such as experience, 

training, skill and supervision of maintenance and operating personnel, availability of 

publications, procedural details for failure diagnosis, testing and calibration etc. Some of the 

above factors are intangible and there are few techniques available to measure them in 

specific numerical terms. It is often impossible to assess their individual effect on 

maintainability with any degree of confidence. 

1.2.3.   Availability 

In an industrial system, high plant availability plays an important role in the direction 

of industrial growth as the profit is directly related to the production volume which depends 

upon plant performance. To achieve high system availability, proper maintenance 

management system supported by adequate resources such as manpower, spares and 

machines etc. are required. Thus, it is a cyclic chain, better the maintenance facilities, higher 

the system availability, higher the production rate and hence, higher the profit. 

Mathematically, the term availability is used to indicate the probability of a system or 

equipment being in operating condition at any time t.  The  availability  of  a  system  is  a  

combined  measure  of  both reliability and maintainability.  

British Standards 4778 defines the availability as the ability of an item (under 

combined aspects of its reliability, maintainability and maintenance support) to perform its 

required function at a stated instant of time over a stated period of time. It is also defined as 

the probability that the system is operable at any instant when required. Availability can be 

quantified by knowing the downtime of the equipment. However the availability of 

repairable system can be anlysed in terms of the properties (in respect of failure and repairs) 

of its subsystems. The various ways in which the availability can be defined are as follows: 
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1. Instantaneous Availability, A(t): It is the probability that the system is operational at 

any arbitrary time t. It is given by the expected up-time of the system. 

        ( ) ( )[ ]tZEtA =  

Where,     Z (t) is an indicator variable. 

                Z (t) = 0; if the system is in operating state at time t. 

Z (t) = 1; if the system is in failed state at time t. 

2.  Average Uptime Availability, A(T): It is the proportion of time during which the 

system is available for use in a specified interval (0, T).  

                                           ( ) ( ) dtTA
T

TA
T

∫=
0

1
 

3.     Steady State Availability, A (∞): This is the probability that the system is operational for 

infinite time interval.                        

                                     ( ) ( ) ( ) dttA
T

tAA
T

TT ∫∞→∞→
==∞

0
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4.  Inherent  Availability,  Ai : It is  the  proportion  of  time  during  which  the  system  is 

operational by  considering  only  corrective  maintenance  downtime  and  excluding ready 

time, preventive maintenance down time, logistics (supply) down time and waiting down 

time etc. 

                                               
MTTRMTBF

MTBFAi
+

=  

         Where,  MTBF = Mean Time Between Failure 

           MTTR = Mean Time To Repair. 

5.   Achieved Availability, Aa: This is the proportion of the time during which the                 

system is operational by considering the both corrective and preventive maintenance down 

times and excluding ready time, logistics time and waiting downtime. 

                                               
MMTBM

MTBMAa +
=  

                Where,  MTBM = Mean Time Between Maintenance  

                     M = Mean active maintenance down time. 

6. Operational Availability, OA : It is the probability that a system shall operate satisfactorily 

when used under stated conditions and in an actually supply environment (availability of 
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tools, parts, manpower and manuals etc.) at any given time. It excludes ready time, 

preventive maintenance down time, supply down time and administrative down time etc. It is 

expressed as: 

                                           
MDTMTBM

MTBMAO +
=  

                Where,      MTBM = Mean Time Between Maintenance 

                      MDT = Mean Down Time. 

7. Mission Availability: It is the ability of an item expressed by the probability that it will 

be available in operable state for a mission according to a plant requirement. 

1.3.     Availability Analysis of Process Industry 

           There is a growing interest in availability analysis of process plants. The process 

plants are large and complex engineering systems. In this type of industry, which is capital 

intensive, production is generally carried out on a continuous basis. Therefore, production 

unit’s availability (which is a function of both reliability and maintenance) is very important 

and critical for smooth functioning of the plants. Due to this requirement, the maintenance 

function becomes an important part of such organizations as the downtime is extremely 

costly. So, to ensure maximum plant availability and reliability, regular maintenance needs 

to be carried out. The maintenance schedules also need to be carefully planned in 

conjunction with production requirement and schedules, so that it causes minimum 

stoppages and loss of production. A thorough availability analysis is required to enable the 

plant managers to optimize the performance of the systems for a given production objective. 

Critical analysis of these issues also helps to check whether contractual deliveries can be 

achieved or not.  

1.4. Reliability and Maintenance Evolution 

The demand of modern technology used in the war, realized the importance and need 

for reliability. It was reported that during World War II nearly 60 percent of the airborne 

equipments shipped were damaged on arrival and 50 percent of the spare parts and 

equipments in storage became unserviceable before they were used. According to a 

report in 1949, about 70 percent of the electronic equipments possessed by the US Navy 

were not operating properly. In view of these difficulties Reliability Engineering emerged as 

a separate discipline in USA in the early 1950s. In December 1950, the US Air Force 

formed an adhoc group on Reliability of Electronic Equipment, to study the situation and 
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recommend measures that would increase the reliability of equipment and reduce the 

maintenance work. In late 1952, the US department of Defence and electronics industry, 

jointly established an Advisory Group on Reliability of Electronic Equipment (AGREE). 

This group published its first report on reliability in 1957 recommending standard testing 

procedures for the new equipments to know the weak areas in design before production 

commencement. 

The  approach  to  maintenance  has  changed  dramatically  over  the  last  century. 

Up to about 1940, maintenance costs were considered as unavoidable costs and the only 

maintenance method used was corrective maintenance. Whenever an equipment failure 

occurred, a specialized maintenance workforce was called on to return the system to 

operation. Maintenance was neither incorporated into the design of the system, nor was the 

impact of maintenance on system and business performance duly recognized. The evolution 

of Operations Research (OR) from its origin and applications during the Second World War 

to its subsequent implementation in industry led to the widespread use of Preventive 

Maintenance (PM). Since the 1950s, OR models for maintenance have appeared at an ever  

increasing pace. These models deal with the effect of different maintenance policies and 

optimal selection of the parameters for the policies. 

 In  the  1970s,  a  more  integrated  approach  to  maintenance  evolved  in  both  the 

Government and Private sectors. New costly defence acquisitions by the US Government 

required a life cycle costing approach, with maintenance cost being a significant component. 

The close linkage between Reliability (R) and Maintainability (M) was recognized. 

Consequently, ``R and M’’ became more widely used term in defence-related systems.   

This concept  was  also  adopted  by  manufacturers  and  operators  of  civilian  aircraft  

through the  methodology  of  Reliability  Centered  Maintenance (RCM) in  the  USA.  In 

the RCM approach, maintenance is carried out at the component level and the 

maintenance effort for a component is a function of the reliability of the component and the 

consequence of its failure under normal operation. The approach uses failure mode effect 

analysis and to a large extent is qualitative. At the same time, the Japanese evolved the 

concept of total productive maintenance in the context of manufacturing. Here, 

maintenance is viewed in terms of its impact on the manufacturing through its effect on 

equipment availability, production rate and output quality. 
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1.5. Maintenance in Process Industries  

            Now a days in the process industries (due to automation), maintenance is considered 

as an integral part of the production process.  It is done by optimal utilization of maintenance 

resources and by acquiring high availability level. For increasing (maximizing) the 

productivity, availability and reliability of equipment/subsystems in operation must be 

maintained at highest order.  To achieve high production goals, the systems should remain 

operative (run failure free) for maximum possible duration.  But practically these systems are 

subjected to random failures owing to poor design, wrong manufacturing techniques, lack of 

operative skills, poor maintenance, overload, delay in starting maintenance and human error 

etc. These causes lead to non-availability of an industrial system resulting into improper 

utilization of resources (man, machine, material, money and time).                   

 So, to achieve high production and good quality, there should be highest system 

availability (long run system availability). Generally, the process industries comprise of large 

complex engineering systems or subsystems arranged in series, parallel or hybrid 

configurations.  For efficient operation of a process plant, each system should run failure free 

for a long period of time.  A suitable maintenance system must be designed and developed to 

suit the requirements of a process industry where raw material is processed from input to 

finished products. Therefore, a detailed system behavioural analysis and a scientific 

maintenance planning will help a lot in this direction. 

The ultimate production goal (higher productivity) has imposed greater demands on 

the plant maintenance function. Maintenance managers are being called upon to improve the 

standards of maintenance and efficiency of working and at the same time reduce the 

operational costs. This challenge is more relevant and is gaining importance in the process 

plants. So, maintenance must be an integral part of any business organization e.g. process 

plant. The process plants are large and complex engineering systems, where the equipments 

are very costly and their down time causes high production losses and high maintenance cost. 

Thus maintenance must be carefully planned in conjunction with production requirements 

and schedules so that it causes minimum stoppage and loss of production. Inadequate 

maintenance can lead to damage, which is extremely costly not only in repair but also in 

terms of loss of production. This is the reason why in process plants, the maintenance 

engineering department is an indispensable part of a production system. Production 
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departments are depending more and more upon the skills and organization of maintenance 

engineering department. In these plants, maintenance is a specialized function of growing 

importance and size.  

A process plant, where the main duty of maintenance engineering department is to 

ensure high availability and efficiency of the existing equipments in effective manner, 

required by the production department, i.e. 

Ø The equipment must be available for operation as and when required. 

Ø The equipment must operate in an efficient manner at the required level of   production. 

Ø The equipment must not break down during production runs. 

Ø The downtime should be as minimum as possible. 

Ø The downtime for maintenance must not interfere with production runs. 

So, all these objectives can be accomplished with full cooperation and understanding 

between production and maintenance departments. Implementing effective maintenance 

policies for planning, controlling and directing, well organized training of the personnel to 

carry out the work and the progressive efforts to reduce the breakdowns are as follows:  

Ø Greater safety for maintenance personnel and workers. 

Ø Increase in operative time between two successive overhauls. 

Ø Increase in plant availability for production. 

Ø Improvement in plant efficiency. 

Ø Improvement in labour utilization on maintenance and production. 

Ø Less redundancy required thus reduction in capital investment. 

Ø Provision for reliable cost and budgetary control. 

Ø Reduction of large scale repairs. 

Ø Reduction of spare parts requirements. 

Ø Reduction of emergency maintenance requirements. 

Therefore, maintenance is a broad term which has potential impact on the business 

achievements. Experience shows that it has become equally important in terms of usage of 

company’s resources. The observed maintenance cost in a manufacturing company’s budget 

is about 15 to 30 percent of its cost of sales. To improve the plant availability and to reduce 

the downtime cost, there is a need to enhance the quality of maintenance and to develop 

greater individual craft skills and also to train craftsmen in multi skills in order to deal 
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effectively with complex control systems. The need to maintain plant at a higher performance 

level and to assure consistent high product quality means ensuring that there are minimum 

production losses. 

1.6.  Markov Process 

When the states of systems are probability based, then the model used is a Markov 

probability model. Several approaches have been used to analyze the system availability e.g. 

Monte Carlo Simulation approach applied for the extremely complex system to analyze 

availability, but the cost of experimentation was very high. The Markovian approach was 

frequently used for the availability analysis taking exponential distribution for failure and 

repair times while due to mathematical complexities, relatively less work has been done 

taking distribution other than exponential. 

A Markov process is a stochastic process in which at any given time, the subsequent 

course of process is affected only by the state at the given time and does not depend on the 

character of the process at any preceding time. Markov models are the functions of two 

random variables, the state of the system and the time of observation. Availability studies 

primarily deal with the discrete state, continuous time models. Such a model is characterized 

by a probability matrix whose typical element Pij denotes the probability of transitions from 

one state i to a mutually exclusive state j. 

A set of the so called Markov state equations can be set up to describe the probability 

transitions from a defined initial state to a final state. Formulation of these equations 

becomes more complicated for systems with several non repairable elements and more than 

two states. The situation gets more complex for repairable systems if a transition from failed 

to the working state is also to be taken into considerations.  

The determination of availability of a system with elements exhibiting dependent 

failures and involving repair or standby operation is, in general, complicated and several 

approaches have been suggested to carry out computations. A technique that has much appeal 

and works well when failure and repair hazards are constant requires the use of Markov 

Models. The availability analysis in process industries is also concerned with a discrete state 

continuous time model, also called Markov process. Markov graph has been used to display 

the Markov process pictorially for few systems. A Markov graph consists of nodes and 



 17 

branches, the nodes represent the states of a system and the branches carry with them 

represent the respective transitional probabilities.  

The assumptions made in Markov models are: 

Ø At any given time the system is either in the operating state or in the failed state. 

Ø The state of the system changes as time progresses. 

Ø The transition of the system from one state to the other takes place instantaneously. 

Ø The failure and repair rates are constant. 

The availability expression for a simple system consisting of only one component is derived 

as follows: 

Let, P0(t + dt) be probability of the system being in operating state (0 state or good state at 

time 1+ dt, α, β are the respective failure and repair rates of the components P0 (t + dt) 

determined by adding the probability that it was in state 0 at time t and did not fail during (t, t 

+ dt) to the probability that it was in state 1 ( failed state) at time t and was brought to state 0 

during (t, d + dt). Thus, 

( ) ( ) ( ) ( ) dttPdttPdttP βα 100 1 +−=+   (1.6.1) 

Similarly P1(t + dt) the probability of the system being in state 1 at time t + dt, is given by  

adding the probability that it was in state 0 at time t and failed during (t, t + dt) and the 

probability that it was in state 1 at time t and the repair was not completed during       (t,d+ 

dt). Thus, 

( ) ( ) ( )( )dttPdttPdttP βα −+=+ 1101  (1.6.2) 

Equations (1.6.1) and (1.6.2) can also be written as: 

( ) ( ) ( )tPtP
dt

tdP
10

0 βα +−=  (1.6.3) 

( ) ( ) ( )tPtP
dt

tdP
10

1 βα −=  (1.6.4) 

with initial conditions, at time t = 0, P0(0) = 1, P1(0) =0 (1.6.5) 

The solution of the simultaneous differential equations, (1.6.3) and (1.6.4) with the initial 

conditions of equation (1.6.5) can be obtained as: 

( ) ( ) ( ) ( )
( )e ttAtP βα

βα
α

βα
β +−

+
+

+
==0  (1.6.6) 
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  ( ) ( ) ( ) ( )
( )e ttAtP βα

βα
α

βα
α +−

+
−

+
=−= 11  (1.6.7) 

It can be seen that as t becomes large, the solutions of equations (1.6.6) and (1.6.7) converge 

to  

( )
αβ

β
+

=∞A  (1.6.8) 

( )
αβ

α
+

=∞− A1  (1.6.9) 

Equations (1.6.8) and (1.6.9) indicate that the state of the system, after a long time, becomes 

independent of its starting (or initial) state. The steady state solution is found by putting the 

first derivative of P1 equal to zero, since the derivative of a steady value (being constant), is 

zero. By putting dP0/dt = 0 in equations (1.6.3) and (1.6.4), we obtain 

010 =+− PP βα  (1.6.10) 

010 =− PP βα     (1.6.11) 

Since the sum of the probabilities of mutually exclusive events is one, we have  

                           P0 + P1 = 1 (1.6.12) 

Equations (1.6.10) to (1.6.12) yield the steady state solutions as: 

( ) ( )βαβ +=∞= AP0  

( ) ( )βαα +=∞−= AP 11   

1.7.    Performance Analysis of Fertilizer Plant 

   There is a great demand of fertilizers in India. So, fertilizer plants in India are 

expanding at a very fast rate day by day. The performance at all stages of urea production is 

only measure of survival through the reduction of cost of production and keeps up the 

economic and technical feasibility. Developing the performance evaluating systems for 

fertilizer industry requires the clear understanding of the behaviour and failure and repair 

time distributions of its various operating systems. Since a fertilizer plant is characterized by 

several interconnected systems and subsystems, each with its own failure and repair time 

distribution. The overall system availability is a complex function of the failure and repair 

rates/times of the various subsystems. It can also be effectively used for the performance 

evaluation of fertilizer industry. For developing the availability models or performance 
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evaluating systems, some basic assumptions have been followed in order to make simpler the 

mathematical modeling. These assumptions have been mentioned in further deliberations.  

1.8.      Description of the Availability Model 

Availability modeling is the process of predicting the availability of a system.   

Availability model for a particular system of a fertilizer industry has been developed on the 

basis of simple probabilistic considerations. Firstly, difference differential equations have 

been formulated using Markov birth and death process. Then these equations are solved 

recursively for steady state conditions. Steady state probabilities obtained are further solved 

using normalizing conditions i.e.     









=∑

=

n

i
iP

0
1 ,    n = total number of states. 

Steady state availability (Av) of that system can be obtained by summing up the all 

the ‘k’ working state probabilities, i.e. 

Av k

k

j
j PPPP ++== ∑

=

.............10
0

 

The availability model developed is usually a function of failure rates ( kα ) and repair 
rates ( kβ ), of various subsystems. 

∴ Av = f ( kk βα , ) 

where k = number of subsystems in a system. 

        Now, this availability model can be used for the purpose of performance evaluation of 

the system concerned. In order to evaluate the performance, the system is modeled in terms 

of a number of activities like operation, diagnosis, repairs and servicing etc. The proposed 

model was specifically tailored to the problems of availability analysis of a fertilizer plant. A 

feature of the proposed availability model is the incorporation of a calendar time schedule 

against which the down time is measured. The utility of this model is for investigating the 

system availability and studying the interactions of various parameters of repairable systems. 

It can be analyzed by developing performance evaluating systems which simply provide 

various optimum availability levels for different combinations of failure and repair rates of 

the subsystems.  
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In the present work, the availability models have been developed to evaluate the 

performance of various systems of a fertilizer industry. The mathematical modeling has been 

done on the basis of certain assumptions. Then these models have been analyzed and 

optimum system availability values are determined by using Genetic Algorithm which 

provide different combinations of failure and repair rates of the subsystems. The whole 

process of development and analysis of some performance evaluating systems for fertilizer 

industry may facilitate decision making regarding maintenance work in future.  

     1.9.       Present Research Work: Significance 

            Availability analysis of various systems has a wide scope in various process 

industries.  A lot of research has taken place in this direction in different industries like sugar 

mills, soap industries, foundry units and cotton mills etc., but quality research is lacking in 

fertilizer industries which form an important segment of process industry in the state of 

Haryana. Therefore, fertilizer plant situated in the district of Panipat near Delhi is proposed 

to be selected for the performance analysis and optimization of various operating systems of 

a fertilizer plant. 

1.10.    Research Objectives 

            Various research objectives of the present study are:  

(i) Mathematical formulation and development of performance models for various 

systems of the fertilizer plant. 

(ii) Detailed availability analysis of various operating systems in the fertilizer plant. 

(iii) To find optimum system availability by using Genetic Algorithm for improving 

overall performance of the fertilizer plant. 

    1.11.    Research Work Plan 

             Since the success of any process industry largely depends upon its current control 

and its past planning. Therefore, availability models are to be developed for evaluating the 

performance of various operating systems in these fertilizer plants. These include the 

expressions for systems availability affected by failure and repair rates of various operating 

systems.  This will also help in improving the overall availability of various systems in these 

process industries. The present work reports the analysis of performance of systems and then 

performance optimization for these operating systems of a fertilizer plant. The actual study is 

conducted in National Fertilizer Limited (NFL) Panipat, located near Delhi (India). 
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The research work plan has been carried out in the following order: 

(i) Study the nature of various systems, subsystems of concerned plant alongwith their 

failure characteristics, available repair facilities, redundancy and running periods etc. 

(ii) Collection of failure and repair data for each subsystem and test the suitability of the 

collected data. 

(iii) Formulation of the problem is to be carried out by developing the differential equations 

for various operating systems and solving them recursively for reducing to steady state 

conditions. 

(iv) Feed the failure and repair data available for each subsystem in availability models 

developed and find availability for each system. 

(v) Development of performance evaluating systems which provide different availability 

levels for different set of failure/repair data to help the plant management in futuristic 

maintenance planning and control.  

(vi) Performance analysis and optimization of each operating system of a fertilizer plant 

using Genetic Algorithm, which gives the optimum system availability levels for 

different combinations of failure and repair rates of the subsystems of each operating 

system of a fertilizer plant. 

These models are based on the actual study conducted in NFL, Panipat, located near 

Delhi (India). For this purpose detailed study has been conducted in this plant with special 

reference to failure and repair time data and current maintenance policies being followed. 

Data pertaining to various operating systems of a fertilizer plant have been collected and 

processed. To assess relative importance of failure and repair times, critical subsystems have 

been identified and their behaviour is also analyzed with the help of the developed 

performance models. Thus the models developed are used in predicting system performance 

and forecasting the behaviour of various systems and subsystems of a fertilizer plant 

concerned.   
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      CHAPTER 2 
 

LITERATURE REVIEW 
2.1.  Historical Background  

Reliability engineering has been in existence as a distinct discipline for nearly the past 

five decades. Even now, one finds that the subject of repairable systems has not gained its 

due importance in reliability literature. A study of the development of this engineering 

discipline does helps to identify the reasons for this deficiency and also understand the 

difficulties involved in analysis of repairable systems as far as their reliability, availability 

and maintainability are concerned. Development of reliability has strong links with quality 

control and its development. In early 1920s, statistical methods were developed at Bell 

Telephone Laboratories, USA, to solve their quality control problems which provided them a 

basis for further developments in the area of statistical quality control. Subsequently, quality 

control techniques were popularized by American Standard Association and American 

Society for Mechanical Engineers alongwith Bell Laboratories. The mathematical theory of 

reliability took shape and grew as a result of the demands of developing technology and in 

particular out of the experiments with complex military systems during World War II (1939).  

One of the areas of the reliability to be approached in the early stages with any 

mathematical sophistication was that of machine maintenance when the justification of using 

the Poission distribution as the input distribution was investigated and the use of exponential 

distribution as the failure law of complex equipment was advocated. In late 1930’s, the 

subject of fatigue life in materials and related subject of extreme value theory were studied 

by Weibull. In 1939, he proposed a distribution, which now bears his celebrated name, as an 

appropriate distribution for describing the breaking strength of materials. Experiments have 

indeed shown that in many cases it fits actual observation better than any other known 

distribution function. 

In the present scenario of global competition and faster delivery times, it has 

become imperative for all production systems to perform satisfactorily during their expected 

life span. This is the reason why there is a growing interest in implementation and 

investigation of availability analysis in various industrial systems during last five decades. 

A comprehensive review of literature related to the scenario of reliability, availability and 

maintainability issues is presented in this chapter. The review of literature is subdivided into 
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different headings, viz. Reliability, Availability and Maintainability issues, Repairable 

systems, Markovian process, Steady state availability, Availability in process industries, 

Availability and Reliability optimization as well as present scenario in context with the 

Availability analysis and optimization of fertilizer plant. 

2.2.      Reliability, Availability and Maintainability  

Reliability is a popular concept that has been celebrated for years as a commendable 

attribute of a person. The Oxford English Dictionary defines it as ‘the quality of being 

reliable, that may be relied upon; in which confidence may be put; trustworthy, safe and 

sure. Today reliability has grown into an omnipresent attribute with qualitative and 

quantitative connotations that pervades every aspect of our present day technologically 

intensive world. As reliability deals with reducing the frequency of breakdowns, 

maintainability deals with the duration of breakdowns. The aim of maintainability is to 

prevent the occurrence of down time and prevent the need of maintenance altogether. 

Maintenance, as a system, plays a key role in achieving organizational goals and objectives. 

Proper maintenance of plant equipment can significantly reduce the overall operating cost, 

while boosting the productivity of the plant. This recognition of its importance has changed 

the requirements for maintenance management from the old concept of ‘fix-it-when-

broken’ to a more complex approach which necessitates the need for adopting a more 

integrated aligned maintenance strategy.   

In general, maintenance may be considered to be of two categories namely:  

(i) Failure Maintenance (FM) where the maintenance is undertaken only after the 

equipment has failed 

(ii) Preventive  Maintenance (PM)  which  is  undertaken  while  the  equipment  is  still in 

operating condition, so as to prevent or reduce the probability of a failure. 

Downtime always affects productive capability of physical assets by reducing output, 

increasing operating costs, interfering with customer service and underutilizing the capacity, 

which could lead to many undesirable consequences apart from lower reliability, availability 

and productivity of the system. So, the maintenance which deals with down time is gaining 

considerable importance in the present era of automation and mechanization. Systematized 

maintenance planning also helps in avoiding large maintenance staffs for emergencies which 

has become uneconomical to retain in today’s cost crunching world. 



 24 

  The usefulness of the reliability analysis for the systems was discussed almost half 

century back by Morse (1958), Barlow and Hunter (1960), Sandler (1963). It has always 

been considered as a useful tool for risk analysis, production availability studies and design 

of systems. Various methods exist in literature for reliability and availability analysis of 

production systems, like Reliability Block Diagrams (RBD), Monte Carlo Simulation, 

Markov Modeling, Failure Mode and Effect Analysis (FMEA)), Fault Tree Analysis (FTA) 

and Petri Nets (PN) proposed by  Singer (1990), Bradley and Dawson (1998), Modarres 

and Kaminsky (1999), Bing et al. (2000), Cochran (2000), Gandhi et al. (2003), Parveen 

et al.(2003), Adamyan and David (2004), Arthur (2004), Barbady et al. (2006), Panja and 

Ray (2007), Bhamare et al. (2008). Following paragraphs were excerpted from the literature 

which dealt with different aspects of reliability and availability analysis of complex 

industrial systems. 

In 1970, Vesely developed a computer code “KITT” to analyze the repairable 

systems and evaluated system availability and reliability parameters with an 

assumption that the failure and repair events of considered system components must be 

independent. Buzacot (1970) computed reliability measures of a system based on successive 

reduction of complex models and determined the intervals based on parallel and series sets, 

which were referred as minimal cut and path sets. Exponential distribution was used to 

model system failure and repair rates. Kim et al. (1972) proposed a technique for computing 

the reliability of complex systems and suggested a three phase approach.  In the first phase, 

all series parallel subsystems were reduced to non series parallel subsystems. In the second 

stage, all the possible paths were traced from source to sink and in the third phase, system 

reliability is calculated based on these paths.  

Collins (1975) investigated the possible failure modes in the case of a helicopter and 

recommended some useful corrective measures. Burns (1975) carried out reliability 

analysis in nuclear mechanical systems. A state of the art review of the literature related to 

the availability of maintained systems was carried out by Lie et al. (1977). The authors 

systematically classified the literature relevant to system availability. They discussed the 

literature on various approaches employed to obtain the availability models, effect of 

preventive maintenance policies on availability, availability parameters in the model and 

systems optimization.  
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Cherry et al. (1978) performed reliability analysis of a chemical industry by 

calculating long run availability of plant assuming constant failure and repair time for its 

various subsystems. They emphasized on the usefulness of blocking technique to develop 

availability analysis for chemical plants. 

Cafaro (1986) explained the use of Markov models in evaluating the reliability and 

availability of the system. Dhillon and Rayapati (1988) presented a review of literature on 

analysis of chemical system reliability published over the 25 years. Literature pertaining to 

chemical system reliability was concerned with refineries, ammonia plants, chlorine plants, 

ethylene plants, pressure tanks, boilers, mechanical seals, pumps, valves and protective 

systems, etc. They emphasized on the need of application of reliability engineering 

principles in chemical plants as the risk associated with the failure of these plants was very 

high. Singh (1989) evaluated the reliability parameters for a biogas plant using Markov 

chains. Kumar et al. (1988, 1989, 1990, 1991 and 1992) used the Markov modeling in the 

analysis and evaluating the performance of sugar, paper and fertilizer plants. They carried 

out the analysis assuming the failure and repair rates of these systems to be constant. 

Dekker and Grocnendijck (1995) discussed the importance of various analytical and 

simulation techniques for availability modeling and effective assessment of continuous 

production systems with the main objective of economic optimization. They emphasized the 

need for carrying availability analysis at the component level rather than targeting at system 

level. Arora and Kumar (1997, 2000) carried out stochastic analysis of the power 

generation and coal handling systems in a thermal power plant with Markov chains. They 

studied the performance of the system in three states viz. good, reduced and failed.  

Sarkar   and   Sarkar   (2001)   discussed   the   mathematical   method   for   

obtaining availability and limiting average availability of a periodically inspected system 

which was supported by a spare unit, and maintained with perfect repairs. Lai (2002), 

Blischke (2003), Yadav et al. (2003) and Dai et al. (2003) performed reliability and 

availability analysis for some complex systems. Ocon et al. (2004) and Murthy et al. (2004) 

proposed the reliability modelling and analysis using different modeling methods.  

Barabady (2005) performed a reliability and maintainability analysis of crushing 

plant in Jajarm Bauxite mine of Iran. Gupta et al. (2005) evaluated reliability parameters of a 
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butter manufacturing system in a dairy plant considering exponentially distributed failure 

rates of various components. The reliability of the system is determined by solving the 

formulated differential equations with the help of fourth order Runga Kutta method. They 

applied the recursive method for calculating long run availability and MTBF using 

numerical technique. Dutuit  and Rauzy  (2005) described  how fault tree analysis, carried 

out by means of binary decision diagrams, can be used to approximate reliability of 

systems made of independent repairable components with a good accuracy and efficiency. 

They considered four algorithms as Murchland lower bound, Barlow Proschan lower bound, 

Vesely full approximation and Vesely asymptotic approximation. They observed that the full 

Vesely approximation gave the most accurate results.   

Aksu et al. (2006) proposed reliability assessment methodology which makes use of 

failure mode and effect analysis, fault tree analysis and Markov analysis 

complementarily and described its applications in the reliability and availability assessment 

of pod propulsion system. Schoenig et al. (2006) presented an aggregation method using 

Markov graphs for the reliability analysis of hybrid systems. Gupta et al. (2008) studied 

the performance modeling for crushing unit of a steam thermal power plant using 

probabilistic approach.  Khanduja et al. (2008) discussed development of decision support 

system for washing unit of a paper plant.  Gupta et al. (2009) discussed the reliability and 

availability analysis of the ash handling unit of a steam thermal power plant.  

 2.2.1.   Reliability and Availability Modeling with Standby Systems 

       To make a system more reliable the standby systems are used. Efforts were made by 

the researchers to quantify the benefits with the use of standby systems so as to establish 

their significance. Fukuta et al. (1973) carried out a probabilistic analysis of a warm standby 

system consisting of two dissimilar components assuming that the switchover device is 

imperfect. The reliability functions were obtained using Laplace transform and 

supplementary variable techniques.  

    Gupta and Kumar (1987) formulated mathematical model to evaluate availability and 

Mean Time To Failure (MTTF) of a two unit cold standby system with three possible states 

of units viz. good, partially failed and failed states by incorporating the concept of 

human failure. Chung (1987) developed mathematical models to evaluate state probabilities 

and steady state availabilities for multiple state devices and repairable parallel systems with 
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standby involving human error and common cause failures respectively. Dhillon (1989) 

described application of reliability engineering principles for carrying out stochastic analysis 

of standby systems with common cause failures and critical human errors.  

       Subramanium and Anantharaman (1995) carried out reliability analysis o f  a  

complex redundant system and estimated the comprehensive cost function. Singh et al.    

(2005) analyzed a three unit standby system in an ash handling plant in which two units 

were operative simultaneously and the third one was cold standby. They used semi-

Markov processes and regenerative point technique. Davis et al. (2007) developed a 

probabilistic model to predict the failure and repair rates. Sachdeva et al. (2008) proposed 

the reliability analysis of pulping system in paper industry. Khanduja et al. (2008) studied 

the availability modeling for performance evaluation of repairable systems. Gupta et al. 

(2009) developed a Markov model for performance evaluation of coal handling unit of a 

thermal power plant. 

2.2.2.  Availability Modeling with Priority Repair 

When the numbers of repair facilities are not optimum, all the failures can not be 

handled at a time and the failed systems/subsystems must queue for repair. But some 

systems/subsystems are more important than others and priority needs to be assigned to their 

repair. For this type of queue the preemptive resume repair discipline is followed. Sporadic 

literature exists on the reliability analysis of production systems with priority repairs. Singh 

(1991) formulated a model for preemptive repair repeat in a system for studying the problem 

of priority repair. He considered a parallel redundant complex system having three types of 

component classes and it was assumed that the time spent on repair of any unit before it was 

pre-empted, is lost.  

Kaushik and Singh (1994) performed the reliability analysis of the naphtha 

fuel oil system under priority repair which is used in a thermal power plant. The priority in 

repair is given to the component, which works at 100 percent capacity, rather than the 

standby component which works at 30 percent capacity. Zhang (1996) studied the stochastic 

behavior of an (N+1) unit standby system with preemptive priority repair rule and obtained 

the expressions for transient and steady states of the system using supplementary 

variables and laplace transforms. Drekic (2005) analyzed a 2-class, single-server preemptive 

priority queuing model with low priority balking customers.  
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2.3.  Markov Process 

 The literature reflects that several approaches have been used to analyze the system 

availability. The Bayesian approach in the formulation of the availability models was used 

by Brender (1968) and Thomsosn (1972). The Markovian approach has been frequently used 

by Barlow, Proschan and Hunt (1965) for the availability analysis, using exponential 

distribution for failure and repair times. Due to mathematical complexities involved, 

relatively less work has been done using failure time and repair time distributions other than 

exponential distribution. In general, the determination of availability for the system with 

elements exhibiting dependent failures and repairs or the operation with standby elements is 

very complicated and several approaches have been suggested to carry out the computations, 

can be structured by Markov model. While for probability based system, the model is called 

Markov probability model.  

The present performance analysis is concerned with a discrete state continuous time 

model also called Markov process. Markov graph or transition diagram is used to display a 

Markov process pictorially. In transition diagram, a node is used to represent a system state 

and a branch signifies the transition from one state to another or back to the same state. Each 

branch is labelled with transition probability. It is obvious that the sum of the transition 

probabilities marked on all the branches leaving a given node must be unity. Treating the 

nodes, representing the system states as signal source and transition probabilities as 

transmission coefficients, one can formulate the governing equations of the system just by 

inspection. Dhillon (1983) and Balaguruswami (1984) proposed the mathematical models 

for the prediction of availability. These models based on Markovian approach, in which they 

assumed that failure and repair rate are constant i.e. follows the exponential distribution.  

The Markov approach was used by Fu et al. (1987) and Chao et al. (1989) in the 

study of system reliabilities. They discussed series system, standby system, k-out of n 

systems and repair systems can be embedded into a Markov chain. Lesanovsky (1988) 

discussed the multi state Markov models for systems with dependent units. Arien et al. 

(1992) presented reliability analysis of large systems by the Markovian technique. Singh 

(1989) evaluated the reliability parameters for a biogas plant using Markov chains. Kumar 

et al. (1988, 1989, 1990, 1991, 1992) used the Markov modeling in the analysis and 

evaluating the performance of sugar and paper plants. They carried out the analysis, 
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assuming the failure and repair rates of these systems to be constant. 

 Medhi (1994) and Rotab et al. (1995) explained that non-Markovian process, the 

time dependent availability obtained by a Markovian assumption is not valid.  While the 

steady state availability continues to be applicable as long as the components of the system 

are statistical independent.  Some of the other Markov analysis tools are SHARP as given by 

Smotherman et al. (1986), TANGRAM given by Bernson (1991), SURF-2 given by 

Beounes et  al. (1993) and HIMAP by Krishnamurthi et al. (1996). Chismant (1998) pointed 

out that presently there is no accurate and efficient method to determine the reliability and 

availability of service at various points in a large-scale public utility or an electro-

mechanical system. He stressed the importance of discrete event simulation modeling in 

determining the Time Between Failures (TBF) and Time To Repair (TTR) distributions at 

various points in series-parallel and non series-parallel (cross-linked) systems. Alfares 

(1999) used a simulation model to determine inspection frequency for relief valves in the 

process industry. According to him, the inspection frequency should be high enough to 

prevent expensive failures, but low enough to avoid unnecessary waste of time and 

resources.   

 Borgonovo et al. (2000) used the Monte Carlo approach for evaluating plant 

maintenance strategies and operating procedures under economic constraints. The model 

provided a flexible tool to describe many of the relevant aspects of plant management and 

operations such as ageing, repair, obsolescence and renovation not easily captured by 

analytical models. Trivedi (2002) explained that if all failure and repair rates are 

exponentially distributed then the performance stochastic process will have a Markov 

property and can be expressed by a Markov model. Tewari et al. (2003) used the Markov 

modeling for the availability analysis in sugar industries. 

 Fleming (2004) dealt with Markov modeling for predicting the availability and 

reliability. Edwards et al. (2004) discussed the importance of simulation as an effective 

tool in improving the scheduling of maintenance activities in an automotive engine 

production facility and for effecting changes to decision maker's strategy over time. They 

also emphasized the importance of continual improvement in the learning processes 

concerning unplanned maintenance operations. Marquez et al. (2005) presented their work 

on reliability estimation of cogeneration plant concluded that for the availability  and  
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reliability  modeling  of  complex  modern  engineering  systems,  analytical methods are 

difficult to be used. The simulation methods such as Monte Carlo technique etc., which 

allow modeling of the behavior of complex systems under realistic time-dependent 

operational conditions, are more suitable.   

 Kras et al. (2006) presented a reliability model for the redundant system. Zio et al. 

(2007) presented a Monte Carlo simulation model for the evaluation of the availability of a 

multi state and multi output offshore installation. They developed a stochastic model of the 

plant from the standpoint of its production availability of three different outcomes and had 

also considered the components reliability parameters, process capacities and operational 

dependencies as well as the corrective and preventive maintenance policies. Khanduja et al. 

(2008) and Gupta et al. (2008, 2009) conducted a lot of the study on the application of 

Markovian approach for the availability modeling and performance evaluation of various 

complex systems of process industries. Liudong et al. (2009) studied the reliability of 

hierarchical systems using Markov approach. Garg et al. (2010) discussed about the 

availability and maintenance scheduling of a repairable block-board manufacturing system. 

2.4. Maintained Systems 

 A number of the researchers have investigated maintained systems or repairable 

systems. Most of the studies were based on the assumptions of constant failure and repair 

rates. The usefulness of such studies to a vast majority of maintained systems, where repairs 

are not always through replacement, is rather limited. The concept of availability is quite 

extensively discussed in literature. Important contributors to this topic are Barlow and 

Hunter (1960), Sandler (1963).  

 Buzacott (1970) suggested special techniques such as state lumping and system 

decomposition for analyzing maintained systems. A reliability model of a redundant system 

having constant hazard rate for active units and another constant hazard rate for standby 

units with constant repair rate has been suggested by Chow et al. (1973). Distribution of time 

to failure of a system consisting of two dissimilar redundant repairable units with constant 

failure rate was discussed by Fukuta and Kodama (1974).  

 Reliability of intermittently used systems, where failures are detected only during the 

usage period has been analyzed by the Nakagawa et al. (1976). A state of the art review of 

the literature related to the availability of maintained system was given by Lie et al. (1977).  



 31 

 Harris (1979) focused on maintenance stores organizations and spares inventory. 

Goel and Gupta (1984) analyzed two unit hot standby systems with three mode of failure. 

They assumed the system to have exponential failure and maintenance time distributions. 

Dhillon (1983) described the application of reliability technique to a number of industrial 

and transportation problem. An interesting text by Billinton (1988) is available, consisting of 

reliability assessment of large electric power systems with repair facility. Kijima (1989) 

performed some experiments and found wonderful results for repairable systems.  

 Kelly (1991) proposed the important guidelines regarding the analysis of 

maintenance planning and control in a large chemical plant. Kumar et al (1989, 1993) dealt 

with the maintenance planning for the systems in paper plants. Arora et al. (1993, 1996) 

have extended the work to the systems in paper and thermal plants. Kumar et al. (1997) 

further extended the research work to the system in fertilizer plants. Kaminski et al. (1998) 

suggested a Monte Carlo approach to repairable system reliability analysis. Aijaz et al. 

(1998) made a review of recent advances on generator maintenance with repair facility. 

Levetin et al. (1999) presented the series parallel system with repair facility.  

 Further research by Rigdon et al. (2000), Gertsbakh (2000) and Lim et al. (2000) 

described the various methods for the reliability analysis of repairable systems. Application 

of Genetic Algorithm and Monte Carlo simulation for maintenance and repair facilities 

optimization was made by Marseguerra et al. (2000). Tewari et al. (2002) discussed the 

probabilistic modeling and behavioural analysis of refining system in sugar plant. 

 Sarkar and Sarkar (2001) discussed   the   mathematical   method   for   obtaining 

availability and limiting average availability of a periodically inspected system which was 

supported by a spare unit and maintained with perfect repairs. Gasmi et al. (2003) presented 

a framework to model complex repairable systems. Dhillon (2003) presented nine different 

methods and approaches as failure modes and effect analysis, root cause analysis, fault tree 

analysis, cause and effect diagram, hazard operability study, probability tree method, error 

cause removal program, man machine systems analysis and lastly Markov method. The 

discussed methods were useful for performing human reliability and error analysis in health 

care. Ocon et al. (2004) developed the availability model considering the N unit repairable 

cold standby system with single repair facility.   
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Gupta et al. (2005) evaluated reliability parameters of a butter manufacturing system 

in a dairy plant considering exponentially distributed failure rates of various components. 

The reliability of the system is determined by solving the formulated differential equations 

with the help of fourth order Runga Kutta method. They applied the recursive method for 

calculating long run availability and MTBF using numerical technique. Dutuit  and Rauzy 

(2005) described  how fault tree analysis, carried out by means of binary decision 

diagrams, can be used to approximate reliability of systems made of independent 

repairable components with a good accuracy and a good efficiency.  

Aksu et al. (2006) proposed reliability assessment methodology which makes use of 

failure mode and effect analysis, fault tree analysis and Markov analysis 

complementarily and described its applications in the reliability and availability assessment 

of pod propulsion system. Schoening et al. (2006) presented an aggregation method using 

Markov graphs for the reliability analysis of hybrid systems. The method allows the 

designers to have an exact representation and better overview of various states of the 

system.  

 Lisnianski (2007) made a reliable assessment for a multistate system with repair 

facility using extended block diagram method. Sunand et al. (2007) discussed the simulated 

availability of fertilizer plant. Khanduja et al. (2008) presented availability analysis of 

washing unit of a paper plant. Recently Lisnianski (2009) presented a new method for 

reliability evaluation for the repairable multi state system considering typical kind of 

redundancy.  

2.5. Maintenance Optimization 

 It is a recognized fact that proper planning of maintenance activities increases the 

profitability of the process. For this purpose Dekker (1996) developed numerous 

maintenance optimization models to establish a trade off between costs and benefits of 

maintenance, taking into consideration all associated specifications and constraints. The 

maintenance optimization problem is attempted to yield process availability levels that 

maintain a balance between process revenue and maintenance cost to maximize process 

profitability. The basic objective of any maintenance program is the minimization of the 

total cost of inspection, repair and equipment downtime (measured in terms of lost 

production capacity).  
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Kraji et al. (1987) and Jenkins et al. (1988) proposed a decision support system 

explaining the maintenance optimization. Ntuen (1991) proposed a generalized model for 

determining a minimum cost preventive maintenance schedule based on an operational life 

cycle cost function and gamma distribution function. Jayabalan and Chaudhuri (1992) 

formulated a cost model and a branching algorithm to determine the number of preventive 

maintenance interventions. Optimization models in maintenance were developed by Horton 

(1992). Dekker et al. (1996, 1998) developed some mathematical models and explore the 

integration of optimization, priority setting, planning and combining of maintenance 

activities. Christer et al. (1995) and Scarf (1997) discussed the various maintenance 

optimization techniques and models. Dijkhuizen and Heijden (1999) presented a series of 

mathematical models for determining the optimal preventive maintenance interval from an 

interval availability point of view, rather than from a limiting availability perspective.  

 Badia et al. (2002) presented the optimal strategy for the maintenance of a single unit 

system with revealed and unrevealed failure assuming imperfect inspections. Bris et al.  

(2003)  attempted  to  optimize  the  maintenance  policy,  for  each component  of  a  system,  

minimizing  the  cost  function,  with  respect  to  the  availability constraint using Genetic 

Algorithm.  

Chen et al. (2005), Kallen et al. (2005) developed maintenance optimization model 

for the decision making. Lapa et al. (2006) presented a methodology for preventive 

maintenance policy evaluation based upon a cost reliability model using Genetic Algorithm. 

The Genetic Algorithm combined with the simulated annealing method was adopted as a 

solution method. Kahle et al. (2007) discussed the statistical maintenance optimization 

modeling of repairable systems. Barabady et al. (2008) proposed an effective optimal 

maintenance strategy is required to maintain the designed reliability, availability and 

maintainability and to achieve expected performance. Khalil et al. (2009) developed a 

maintenance optimization model by considering the stochastic nature of equipment failure. 

Khanduja et al (2009) explained the performance analysis of screening unit in a paper plant 

using Genetic Algorithm. 

2.6. Steady State Availability and Common Cause Failure 

Common cause failure defined by Gangloft (1975), as failure of multi component in 

a system at any instant due to single common cause. The cause of failure may be due to poor 



 34 

design, system complexity, poor maintenance, lack of communication and coordination etc. 

Problem of common cause failure was analyzed by Fleming and Hannman (1976). Cate et 

al. (1977) extended it for complex systems and developed a computer based approach, 

useful for qualitative and quantitative methods. Dhillon (1977) analyzed the system 

reliability with identical units having statistically independent and dependent or common 

cause failures. Chung (1979) worked on N unit redundant system. Dhillon (1989) analyzed 

stochastic behaviour of a parallel system with common cause failure and critical human 

errors.  

Kumar et al. (1992) discussed the availability of the crystallization system in the 

sugar industry under common cause failure. They developed an analytical method for the 

crystallization system, based upon Chapman Kolmogorov equations. Steady state 

availability and various state probabilities were derived using Laplace transform. Dhillon et 

al. (1994) dealt with the reliability and availability analysis of various complex systems with 

common cause failures. Fricks et al. (1997) studied about the common cause failures and 

other failure dependencies. Kvam (1998) developed a model for common cause failure in 

nuclear power plant.  

Levitin (2001) performed the reliability analysis of multi state system to contemplate 

common cause failures in system reliability evaluation. Vaurio (2002) dealt with a method 

for quantifying the uncertainties in common cause failures. Watanabe et al. (2003) 

calculated the common cause failures through simulation. Marquez et al. (2007) formulated 

the redundancy allocation problem for maximizing the system availability under common 

cause failure. Liudong et al. (2009) considered the problem of evaluating the reliability of 

hierarchical systems under common cause failures.  

Deciding  the  best  maintenance  policy  is  not  an  easy  matter  as  the  

maintenance program must combine technical requirements with the management strategy. A 

good maintenance program must define maintenance strategies for different facilities. The 

failure mode of every component must be studied in order to assess the best maintenance 

solution, in accordance with its failure pattern, impact and its cost on the whole system. This 

information helps the maintenance personnel to decide the best suited maintenance action 

and to assign the different priorities to various plant components and machines. The 

management of a large number of tangible and intangible attributes that must be taken into 
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account represents the complexity of the problem. Harris (1979) stressed on maintenance 

stores organization and spares inventory control. 

Dhillon (1983) described the application of reliability technique to a number of 

industrial and transportation problems. Kelly (1991) discussed the analysis of maintenance 

planning and control in a chemical plant. Kumar et al. (1989-93) studied maintenance 

priorities on the basis of availability analysis. Arora et al. (1993-97) dealt with maintenance 

planning and schedules for the systems in paper and thermal power plant. Tewari (1998-

2003) discussed about the design and development of various performance evaluating 

systems for sugar industries while Sanjeev (2005-09) has extended this work to some 

operating systems of the fertilizer plant.  

2.7. Availability Analysis in Process Industries   

Availability analysis of process industries must encompass activities such as system 

operation, scheduled maintenance, unscheduled maintenance (breakdown repairs), 

provisioning and procurement of spares etc. Availability also depends on intangible factors 

such as the skill and expertise of the operators and maintenance crew. Lenz (1970) dealt 

with reliability techniques for improving equipment design in the process plant. Ufford 

(1972) analyzed the equipment reliability. Brown (1973) suggested some methods of 

reliability improvement for various systems in process plants. Abit et al. (1973) discussed 

the role of quantitative assessment and data in reliability prediction for complex systems. 

Whitaker (1973) proposed statistical modeling for determining the plant reliability in 

chemical industries. Priel (1974) and Lee (1975) developed methodology for failure analysis 

in process plants. Holmes (1976) proposed a new technique for finding the availability, 

which was utilized by Cherry et al. (1978) and Moss (1979) in assessing the plant 

availability for chemical industries.  

Singh (1982) studied the reliability of fertilizer supply by using the priority concept. 

Dutta (1983) studied the economic aspect of sugar production in sugar industry. Gupta et al. 

(1987) proposed the algebraic method for reliability calculation. Kurien et al. (1988) used a 

Markovian approach for analyzing the availability of an aircraft fleet. Kumar (1988-93) also 

studied the reliability and availability analysis of paper plants. Arora (1993-97) carried out 

detailed analysis to various systems in thermal power plant. Rotab et al. (1995) described a 

simulation modeling technique for assessing the availability of an ammonia plant.  



 36 

Sarkar and Sarkar (2001) discussed the mathematical method for obtaining 

availability and limiting average availability of a periodically inspected system which was 

supported by a spare unit and maintained with perfect repairs. Tewari et al. (2002) discussed 

the probabilistic modeling and behavioural analysis of refining system in sugar industry. 

They developed availability model for the feeding system of a sugar industry. Tewari et al 

(2003) designed and developed decision support system for the various systems of sugar 

industry. They analyzed all the factors viz. maintenance strategies and states of nature 

influencing maintenance decisions associated with various systems of sugar industry. 

Blischke (2003), Yadav et al. (2003) and Dai et al. (2003) studied the reliability and 

availability analysis for some complex systems. Ocon et al. (2004) and Murthy et al. (2004) 

proposed the reliability modeling and analysis using different modeling methods.  

Barabady (2005) studied the reliability and maintainability analysis of crushing 

plant. Liang (2006) studied the reliability analysis based on probability and statistic theory in 

open mill rollers. Braglia et al. (2007) studied the availability, reliability and downtime of 

systems with repairable components. Barabady et al. (2008) proposed availability and 

reliability analysis of the crushing system in a mine. Young et al. (2008) proposed a method 

to provide a more realistic way to predict the availability of system. A lot of study was 

carried out by various researchers on performance evaluation of some complex systems of 

process plants e.g. Gupta et al. (2008, 2009), Khanduja et al. (2008, 2009) and Sharma et al. 

(2008, 2009) proposed the performance modeling in different process industries using 

reliability and availability analysis.  

Recently Gupta et al. (2009) developed an availability model for performance 

analysis of coal handling unit of thermal power plant. Sharma et al. (2009) studied the 

performance evaluation and economic analysis of steam thermal power plant. Besides, they 

also developed availability matrices which provide the various availability levels for 

different combinations of failure and repair rates for various systems of thermal power plant. 

2.8  Availability Optimization  

Availability of a system can be improved by several methods namely, using large 

safety factors, using structural redundancy, reducing system complexities, practicing a 

planned maintenance schedule and repair schedule. Availability optimization problems 

concentrate on optimal allocation of redundancy components and optimal selection of 
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alternative design to meet system requirement. Efforts were made by some researchers in the 

direction of reliability optimization and cost analysis. In 1970s, Misra (1971) tackled the 

redundancy allocation problem with the help of dynamic programming given by Bellman 

(1962) taking cost and weight as two constraints and solved the problem using Lagrange’s 

multiplier technique. Using the Lagrange’s multiplier Lambert et al. (1971) used dynamic 

programming approach and computed the optimal values of MTBF, MTTR and the number 

of redundant required for achieving the specified availability at minimum cost. 

Sasaki et al. (1977) attempted to maximize the steady state availability of a repairable 

system with cold standby and non zero replacement time taking total cost and total weight as 

constraints. Tillman (1985) presented various reliability optimization techniques as heuristic 

approach, dynamic programming, discrete maximum principle, sequential unconstrained 

minimization technique, generalized reduced gradient method, method of Lagrange’s 

multiplier, Kuku-tucker conditions and the generalized Lagrangian functions methods. Singh 

J. et al. (1980, 1982, and 1990) discussed the reliability optimization of a fertilizer supply 

system. A lot of study on reliability optimization with application of Genetic Algorithm 

given by Holland (1975), Misra (1973, 1986),  Kuo et al. (1987), Goldberg (1989), Gen et al. 

(1993, 1999), Lin (1992), Srinivas et al. (1995), Fonseca et al. (1995), Yokota et al. (1995), 

Coit et al. (1994, 1996 and 1997), Munoz et al. (1997), Ravi et al. (1997), Cantoni et al. 

(2000), Marseguerra et al. (2000), Kuo et al. (2001) and Giuggioli et al. (2001) worked for 

reliability optimization for complex systems. Kumar et al. (1989, 1990 and 1993) carried out 

profit analysis for some systems in fertilizer and paper industries.  

Ishii et al. (1997) applied the reliability optimization as the last step in their six step 

heuristic procedure. Arora et al. (2000) formulated the reliability model of coal handling 

system in a thermal power plant using Chapman-Kalmogorov equations. Steady state 

availability and various state probabilities were derived using Laplace transform approach. 

The historical data of failure and repair time distribution of the system elements have been 

utilized for computation of optimum system availability under varied conditions. Sung et al. 

(1994, 2000) applied branch and bound approach for reliability optimization. Mettas (2000) 

developed a general model to estimates the minimum reliability requirement for multiple 

components within a system that will yield the goal reliability value for the system. Once the 

reliability requirement for each component is estimated, then one can decide whether to 
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achieve this reliability by fault tolerance or by fault avoidance. The model can be applied to 

any type of system, simple or complex and for a variety of distributions. The advantage of 

this model is that it is very flexible and requires very little processing time.  

Kuo et al. (2001) described the reliability redundancy allocation problem for finding 

simultaneously optimal redundancy levels and optimal component reliabilities that maximize 

system reliability subject to resource constraints. They provided more detailed information 

on different formulations and solution procedures of the reliability redundancy allocation 

problem. Nourelfath et al. (2003) studied the reliability optimization using neural network. 

Coit et al. (2004) proposed a multiple objective formulation for maximizing the system 

availability. Amir Azaron et al. (2005) developed a new methodology for reliability 

evaluation and optimization of non repairable dissimilar component cold standby redundant 

systems. They applied the surrogate worth trade-off method to solve the related problem and 

determine the optimal allocation of reliability to the elements of the system. Nahas et al. 

(2005) studied the reliability optimization problem for a series system with multiple choice 

constraints, to maximize the system reliability.  

Gen et al. (2006) studied the Genetic Algorithm approach for various reliability 

optimization problems. Castro et al. (2006) proposed a maintenance optimization model of an 

engineering system assembled in a series configuration. Dai et al. (2006) developed 

optimization model for the grid service allocation using Genetic Algorithm.              

Nourelfath (2007) and Marquez et al. (2007) and Zhao et al. (2007) studied the latest 

concepts in system reliability optimization. Moghaddam et al. (2008), Taboada et al. (2008) 

and Khanduja et al. (2009) recently studied the reliability optimization of the complex 

systems. Nakagawa et al. (2009) analyzed the reliability optimization problem by using the 

concept of the reversed failure rate. Wang et al. (2009) performed the reliability optimization 

of a series parallel system with fuzzy approach.  

2.9. Present Status 

Large and diverse literature available on reliability, availability and performance 

optimization indicates the importance of subject. Several text books and conference 

proceedings have been published on the subject during last five decades. Nixon (1971), 

Carter (1972), Locks (1973), Tillman (1980), Dhillon (1983, 1985, 1986), Frankel (1984), 

Balaguruswamy (1984), Lewis (1987), Grosh (1989), Srinath (1991), Rao (1992), Sherwin 
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(1993), Yokota (1995), Kumar (1996,1997), Tewari (2002), Taboda (2008), Moghaddam 

(2008), Wang (2009), Garg (2010) are the few distinguished works in this field, which have 

benefited the author in his work.  

Several technical periodicals/referred journals now a days, publishing the works on 

reliability and related topics are as follows: 

Ø IEEE Transactions on Reliability (Published by IEEE Reliability Society) 

Ø Microelectronics and Reliability (Elsevier Science Publisher) 

Ø Probabilistic Engineering Mechanics (Computational Mechanics Publication)  

Ø Journal of Mechanical Design (ASME) 

Ø Reliability Engineering and System Safety (Elsevier Science Publisher) 

Ø Quality and Reliability Engineering International 

Ø Journal of Industrial Engineering International 

Ø International Journal of Industrial Engineering and Practices (Serial Publications) 

Ø International Journal of Reliability and Quality Performance (Serial Publications) 

Ø International Journal of Engineering Research and Industrial Applications  

Ø South African Journal of Industrial Engineering 

Ø International Journal of Industrial Engineering and Technology  

Ø International Journal of Applied Engineering and Research  

Ø International Journal of Engineering 

Ø Jordon Journal of Mechanical and Industrial Engineering 

Ø Bangladesh Journal of Scientific and Industrial Research 

Ø Emerging Journal of Engineering Science and Technology 

Ø International Journal of Engineering and Simulation 

From the literature review, it has been observed that most of the researchers have 

confined their efforts to the development and analysis of theoretical models having very 

little practical significance. Very few researchers have tried to develop mathematical models 

under some limitations for the plants in real situations and they have not given concrete 

results. In order to fulfill these deficiencies, sincere efforts have been made in this thesis to 

develop real performance models for some operating systems of a fertilizer plant and 

thereby to analyze and optimize the performance of the system concerned.  
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The work in this thesis is completed by study of fertilizer plant, operating systems, 

mathematical formulation, performance analysis and optimization in real situation. A study 

of urea production process is done in a medium sized fertilizer plant. Its performance 

behaviour is further studied in detail. The total plant is divided into workable systems and 

simplified for modeling considering some theoretically possible assumptions, transitions 

diagrams for the real models are drawn and differential equations are formulated, solved for 

the steady state conditions and expressions for interrelationship among the 

systems/subsystems are derived. The values of failure and repair rates for all the subsystems 

are taken from maintenance logbook of the plant concerned. These failure and repair 

parameters are critically analyzed and optimum value of availability is determined with the 

help of performance optimization using Genetic Algorithm technique. 
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CHAPTER 3 
 

DEVELOPMENT OF PERFORMANCE MODELS 

3.1. Introduction 

India has rapidly increasing demand of fertilizer, fulfilled partially by Indian fertilizer 

industries currently operating. Presently India is one of the largest fertilizer producers in the 

world but opening of the global economy has now made it imperative for the Indian fertilizer 

industries to gear up and also to mobilize its technological options with proper expertise and 

training necessary to compete in the international market. 

 The raw materials for urea production are ammonia and carbon dioxide. The 

production of urea suffers due to various problems viz. supplies of raw materials, technical 

manpower, technical know how, resources and management which may result the non 

availability of the subsystems and thus lead to loss in urea production. Production of Urea 

also depends upon the nature and behaviour of operative equipments in the plant i.e. how 

efficiently and for how much time they are operative, change of behaviour with the passage 

of time, maintenance carried and funds allocated etc. Designer forecasts some of the 

problems and considers some few factors while designing the processing equipments. The 

efficiency of these processing equipments can be improved if the behaviour of each system is 

analyzed critically in the actual working conditions. For the analysis of behaviour of the 

systems, some mathematical interrelationship among the different operating systems of plant 

is required. So, performance models have been developed for the various operating systems 

of fertilizer plant.   

The field study is conducted in National Fertilizer Limited (NFL) plant situated at 

Panipat, near Delhi, having urea production capacity ranging from 1500-2000 Metric Tone 

per day. A fertilizer industry is a large, complex and repairable engineering unit which is 

combination of ammonia and urea plant. An ammonia plant is composed of large number of 

operating systems mainly shell gasification and carbon recovery, desulphurization, CO shift 

conversion, CO2 cooling, CO2 removal and ammonia synthesis system arranged in series, 

parallel or the combination of both. The block diagram of ammonia plant is shown in figure 

3.1 and block diagrams of all the operating systems of ammonia plant are drawn (figures 3.3-

3.8). In the ammonia production process, the Low Sulphur High Carbon (LSHC) oil and 
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oxygen mixed with steam enters the shell gasification and carbon recovery system in which 

carbon and sulphur are removed from this mixed gas. This gas enters the desulphurization 

system in which H2S and sulphur compounds are absorbed by cold methanol. This gas free 

from H2S and sulphur is heated and then sent to CO shift conversion system, where the 

reaction takes place. The CO contents are reduced by two stage shift converter. This gas 

mixture is first cooled and then sent to decarbonation system for CO2 cooling and CO2 

removal.  The CO2 is absorbed in to the CO2 generation subsystem of CO2 removal system. 

The CO2 gas is collected and sent to urea plant. The gas mixture free from CO2 sent to the 

ammonia synthesis system where the nitrogen is added to this gas to make the hydrogen and 

nitrogen ratio as 3:1. The pressure and temperature of this gas is raised by ammonia synthesis 

compressor and further by hot heat exchanger. This gas then enters the ammonia converter in 

which ammonia gas is produced by the reaction of hydrogen and nitrogen. This ammonia gas 

is collected in a tank and the supplied to urea plant for the production of urea.  

The urea plant is composed of urea synthesis, urea decomposition, urea crystallization 

and urea prilling system. In this process the ammonia and CO2 enters the urea synthesis 

reactor. The reactants from urea synthesis reactor enter the urea decomposer in which urea is 

separated from reactants. These are further sent to urea crystallizer in which the urea solution 

is concentrated and crystallized. The urea crystals are separated by centrifuge and conveyed 

pneumatically to the top of urea prilling system. In this system urea crystals are melted, 

sprayed through distributers and fall down in urea prilling tower against the ascending air 

allowing getting prilled on the way. The prilled urea is collected at the bottom of urea prilling 

system and sent to bagging section. The block diagram of urea plant is shown in figure 3.2 

and block diagrams of each operating system of urea plant are drawn (figures 3.9-3.12). For 

higher productivity, it is essential that each subsystem of ammonia and urea plants of 

fertilizer industry should run failure free for long duration with full capacity and efficiency 

called ideal condition. In real situation, it is noticed that the operating systems are always 

subjected to random failures depending upon the working conditions and the maintenance 

strategies. The efforts are made in this chapter to develop interrelationship among the various 

parameters and analyze the system behaviour in real situation. For this purpose, transition 

diagrams (figures 3.13-3.22) are drawn for each system of fertilizer industry and performance 

models i.e. measure of steady state availability are developed.  
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Figure 3.2. Block Diagram of Urea Plant 
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3.2.  Assumptions 

The assumptions used in developing the performance models for the various 

operating systems of fertilizer plant are: 

i) Failure and repair rates are constant over time and statistically independent. 

ii) A repaired subsystem is as good as new, performance wise for a specified duration. 

iii) Sufficient repair facilities are provided, i.e.  no waiting time to start the repairs. 

iv) Standby units (if any) are of the same nature and capacity as the active units. 

v) Failure and repair rates follow exponential distribution.  

vi) Service includes repair and /or replacement. 

vii) System may work at a reduced capacity. 

viii) There are no simultaneous failures among systems.  

3. 3. Notations 

The various notations associated with the transition diagrams (figures 3.13-3.22) are 

given in Table 3.1. Based on assumptions and notations, transition diagrams for some 

operating systems are drawn. These diagrams give the visual representation of the various 

states of the system at any instant of time.  

3.4. Description of Fertilizer Plant 

This fertilizer plant is divided into the following independent systems: 

1) Shell Gasification and Carbon Recovery System. 

2) Desulphurization System 

3) CO Shift Conversion System 

4) CO2 Cooling System 

5) CO2 Removal System 

6) Ammonia Synthesis System 

7) Urea Synthesis System 

8) Urea Decomposition System 

9) Urea Crystallization System 

10) Urea Prilling System.  
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Table 3.1.  Notations used in the Analysis of Fertilizer Plant 
AMMONIA PRODUCTION PLANT UREA PRODUCTION PLANT 

Decarbonation System State  Shell   
 Gasification 
 and Carbon  
 Recovery  
 System 

Desulphu-
rization 
System 

  CO Shift      
  Conversion   
  System 

CO2   
Cooling   
System 

 CO2      
 Removal   
 System 

Ammonia 
Synthesis 
System 

Urea  
Synthesis 
System 

Urea      
Decompo-  
sition   
System  

Urea 
Crystalliza-
tion System 

Urea 
Prilling 
System 

           
Block 
Diagram 

Figure 3.3 Figure 3.4 Figure 3.5 Figure 3.6 Figure 3.7 Figure 3.8 Figure 3.9 Figure 3.10 Figure 3.11 Figure 3.12 

           
Transition 
Diagram 

Figure 3.13 Figure 3.14 Figure 3.15 Figure 3.16 Figure 3.17 Figure 3.18 Figure 3.19 Figure 3.20 Figure 3.21 Figure 3.22 

           
 Full Capacity     
 (without  
 standby ) 

A1-A4 B1-B5 D1-D4 E1-E5 E6-E10 G1-G5 H1-H5 L1-L6 M1-M4 N1-N6 

           
Full Capacity 

(with standby) 
A1*     B1* D1*, D3*, 

D3** 
E3*, E4*, 
E5* 

E8* G3*    H4*, H4**, 
H4*** 

  M3*, M4*  N5*, N6*   

           
Reduced 
Capacity 

A2r   -- -- -- E9r G2r H5r  -- -- 

           
Failed State a1 to a4 b1 to b5     d1 to d4 e1 to e5 e6 to e10 g1 to g5   h1 to h5 ℓ1 to ℓ6 m1 to m4 n1 to n6 
           
Failure Rates 41 αα to  

  
95 αα to  1310 αα to  1814 αα to  2319 αα to  2824 αα to  3329 αα to  3934 αα to  4340 αα to  4944 αα to  

           
Repair Rates 41 ββ to  95 ββ to  1310 ββ to  1814 ββ to  2319 ββ to  2824 ββ to  3329 ββ to  3934 ββ to  4340 ββ to  4944 ββ to  
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AMMONIA PRODUCTION PLANT 

 

 
UREA PRODUCTION PLANT 

State  Shell    
 Gasification 
 and Carbon  
 Recovery   
 System 

Desulphu-
rization 
System 

  CO Shift        
  Conversion   
  System 

CO2   
Cooling   
System 

 CO2      
 Removal   
 System 

Ammonia 
Synthesis 
System 

Urea  
Synthesis 
System 

Urea      
Decompo-  
sition   
System  

Urea 
Crystalliza-
tion System 

Urea 
Prilling 
System 

Probability of 
Full Capacity 
(without 
standby) 

P0 P0 P0 P0 P0 P0 P0 P0 P0 P0 

           
Probability of 
Full Capacity  
(with standby) 

P1 P1 P1 –P5 P1 –P7 P1 P1 P1, P4, P6 P1 P1 – P3 P1  - P2 

           
Probability of 
Reduced 
Capacity 

P2 –P3   -- -- -- P2 –P3   P2 –P3   P2, P3, P5, 
P7 

-- -- -- 

           
Probability of 
Failed State 

P4 – P15  P2 – P10 P6 –P22   P8 –P35 P4 –P19 P4 – P15  P8 – P37 P2 – P12 P4 – P15 P3  - P18  
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3.4.1. Shell Gasification and Carbon Recovery System 

The system comprises of four subsystems (figure 3.3), arranged in series, which are 

as follows: 

1)     Subsystem (A1): It consists of high pressure feed pumps having four units in parallel         

(three working while one in cold standby). Failure of any one unit does not affect the 

production since the standby unit comes into operation. The complete system failure 

occurs only when two pumps remain in failed state at a time. 

2)    Subsystem (A2): This subsystem consists of four units (gasifier, waste heat boiler, 

gasification economizer and quench pipe) arranged in series. Each unit comprises of 

three working units (in parallel, used to increase the capacity of respective unit). 

Failure of one unit at a time only reduces the processing capacity. The complete 

failure is considered only when two units of particular equipment remain in failed 

state. 

3)     Subsystem (A3): It consists of carbon separator. It is a single unit and has no 

replacement. Therefore, it causes severe effect on the system performance, i.e. 

complete failure of the system. 

4)    Subsystem (A4): This subsystem consists of carbon scrubber which is used to 

remove the carbon through washing and cooling process. It is a single unit and has no 

replacement. So, this causes severe effect on the system performance, i.e. complete 

failure of the system. 

3.4.2.  Desulphuriza tion System  

This operating system consists of five subsystems (figure 3.4), arranged in series, as 

follows: 

1) Subsystem (B1): It comprises of high pressure pumps. Four working units in parallel 

(each unit has two pumps, one working and other in cold standby). Failure in any one 

pump, start automatically the respective standby pump and failed pump is sent for 

repair. Complete failure of the system will occur only when any two pumps of system 

remained in failed state at a time. 

2) Subsystem (B2): It consists of three units in series (two separators, two heat 

exchangers, ammonia chiller and H2S absorber). Failure of any one unit considered as 

the complete failure of the system. 
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Figure 3.3. Schematic Diagram of Shell Gasification and Carbon Recovery System 
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Figure 3.4. Schematic Diagram of Desulphurization System 
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3) Subsystem (B3): This subsystem consists of eleven units of hot regenerators 

arranged in series. Failure of any one unit causes the complete failure of the system. 

4) Subsystem (B4): It consists of nine heat exchangers arranged in series. Failure of any 

one unit will considered as the complete failure of the system. 

5) Subsystem (B5): This subsystem consists of three units in series (methanol water 

rectifier, CO2 flash column and rectifier boiler). Failure of any one unit causes the 

complete failure of the system. 

3.4.3.   CO Shift Conversion System  

The CO shift conversion system comprises of four subsystems (figure 3.5), arranged 

in series: 

1)  Subsystem (D1): It consists of two units in series (humidifier and dehumidifier 

pump). A cold standby pump is provided with each unit. Complete failure occurs only 

when standby pump of a unit also fails. 

2)  Subsystem (D2): This subsystem consists of two condensate pumps in series. Failure 

of any unit will cause complete failure of the system.  

3) Subsystem (D3): It consists of four gas heaters (two working in series and the other 

two in cold standby). Complete failure of the system will occur only when three 

heaters are in failed state. 

4)  Subsystem (D4): This subsystem consists of nine units in series (humidifier, shift 

converter, dehumidifier, feed water heater, absorption refrigerator, separators, low 

pressure boiler, economizer and cooler). Failure of any unit will considered as 

complete failure of the system.  

 

 

 

 

 

 

 

 

 


