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ABSTRACT 

 

 This study presents development of redundancy model for co-generation 

plant. The study is focused on small cogeneration plant which produces power below 

10MW. UTP-GDC plant was chosen as the model because of its location and 

accessibility to information. The development of redundancy model is important to 

provide analysis for future improvement of small co-generation plant. Cogeneration 

plant did experience some trouble when the turbine fails to operate and results in 

blackout situation. During this situation, the approach usually taken by small plant is 

to get electrical supply from TNB. In this study, two alternatives were being 

compared and investigated in terms of economic that will help the plant manager to 

make decision.  The approaches taken were quantitative analysis based on two 

mathematical models that includes annual worth analysis and breakeven analysis. 

Results obtained were evaluated and breakeven point was determined to find the 

lesser annual cost during failure. The results of this study show that reliability of 

cogeneration power generation system can be improved further by using generator 

set. Redundancy model developed showed that annual cost of using public utility is 

RM 2,310,726 and annual cost of generator set is RM 1,130,971.63. The cost of 

maximum demand charge contribute to 82% of the total cost of failure when using 

public utility, 9% was the cost of electricity and 9% was the cost of repair. On the 

other hand, for gen set, the highest cost was contributed by capital cost which takes 

up to 69% of the total cost followed by cost of operation with 24% and lastly 7% is 

due to cost of maintenance. Breakeven analysis was used to find most suitable 

alternative at given operating hours. The breakeven point was determined at 35.01 

hours with the annual cost of RM 668,587.64. Based on this study, generator set 

alternative is a better option compared to public utility. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of Study  

Cogeneration plant generates electricity using gas turbine as its main source 

of power. The risk faced by the plant is when the turbine failed to operate and hence 

electricity will not be available for customers. Normally, the plant will purchase 

electricity from TNB which is the local provider of electric energy. However, this 

method is generally more expensive and not cost-effective since TNB will impose 

maximum demand charge to the plant. An example of cogeneration plant for this 

case is GDC plant of UTP.  

This situation could be improved by using backup generator as the backup 

power supply. Study of generator set was conducted to find its efficiency and cost-

effectiveness and the result was compared with the current method of electricity 

from TNB as redundancy. The performance of cogeneration system relies on 

availability and reliability of equipment, maintenance and operation process. A 

reliable system will provide electrical power without interruption. The system is 

expected to be available at all time. When the availability and reliability of system 

decrease, then it is required to make improvement by reducing the failure rate and 

change current redundancy with new model. A reduction of 1% from the system 

availability results in $ 500,000 loss of income [1]. 

Availability and reliability are important to determine the number of failures 

and downtime hours per year [2]. These variables are essential to calculate cost of 

cogeneration system as it is time dependent. The use of availability and reliability 

did showed the performance of cogeneration system, however in order to make 

decision whether to change the current redundancy or not, economic impact of the 

choice must be determined.  
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Thus, this study focuses on developing redundancy model of cogeneration 

system. The availability and reliability were used to determine the performance of 

the system. Annual value is used to analyze the impact of failure for redundancy 

using public utility and generator set and the results were validated using breakeven 

analysis. 

 

1.2 Problem Statement 

 Redundancy model is worth investigating in cogeneration system due to its 

importance of supplying electrical power to end user during blackout situation. Even 

though redundancy has been implemented in industrial practices, the comparisons in 

terms of cost-effective between buying power from public utility and generator set 

have not been studied in details. It is common that, some of the power plants still 

depend on power supplied by authorities during black-out situation despite the high 

maximum demand charge. This is to ensure the plant can meet demand requirement 

although at higher cost. Due to this issue, available alternatives for providing 

redundancy during blackout are compared.   

 

1.3 Objective 

The main objective of the study is to develop a redundancy model for 

cogeneration plant. The model is to evaluate the cost-effectiveness between two 

alternatives namely purchasing power from public utility in comparison to using 

generator set.  

 

\ 
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1.4 Scope of Study 

To develop redundancy model for cogeneration plant, several scope of study 

need to be considered in determining the source of problem and identify potential 

alternatives or solutions to be implemented. Scope of study in this project includes: 

1. To use UTP-GDC plant as a model. 

2. Considering redundancy from TNB and diesel generator set. 

3. Annual Worth (AW) analysis is adopted for the model. 

4. Breakeven method is used for sensitivity analysis on the model. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction of Cogeneration 

Cogeneration is on-site generation of power by utilizing energy in different 

forms at the same time. Cogeneration allows the energy to be used at optimum 

efficiency and cost-effective as well as minimize the effect on environment. There 

are many types of cogeneration system and most of them primarily generate 

electricity along with heat which is use back as source of power.  

CHP system consists of many components such as prime mover, generator, 

heat recovery and electrical connections. Prime movers of cogeneration system 

include gas turbine, steam turbine, reciprocating engine, micro-turbine and fuel cells. 

Example of cogeneration systems being used is the combine cycle of gas turbine 

with steam turbine and combine cycle of gas turbine with absorber chiller. Since this 

study was focused on small co-generation power plant, UTP-GDC power plant was 

selected as a model as it power production is less than 10 MW per day. Moreover, 

this plant has no backup generator and depends on electricity from TNB during 

blackout. 

 

Figure 2.1: UTP-GDC typical daily electricity demand graph [3]. 

K
W
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 2.1.1 Combine cycle of gas turbine with steam turbine 

A typical combined cycle power plant uses the exhaust gases from a gas 

turbine to produce steam in a boiler to be used in a condensing steam turbine [4]. 

The combined cycle of gas turbine and steam turbine consists of the combination of 

Brayton Cycle and Rankine Cycle. The combination of both cycles is one of the 

most efficient cycles in operation of power generation system.  

In most combined cycle, gas turbine is the topping cycle and the steam 

turbine is the bottoming cycle. Thermal efficiencies of this cycle can reach up to 60 

%. Normally, the gas turbine produces about 60% of the power while the remaining 

40% produced by steam turbine. Individual thermal efficiencies of gas turbine and 

the steam turbine are between 30% and 40%. From the overall thermal efficiencies 

of combined cycle which is 60%, 40% of the energy is converted to power by the gas 

turbine and the remaining 20% is converted to power by the steam turbine. Figure 

below shows distribution of energy entering combine cycle power plant. 

 

 

 

 

 

 

 

 

 

Figure 2.2: Energy flow diagram [4] 
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 2.1.2 Combine cycle of gas turbine with absorber chiller 

Absorber chiller is another form of refrigeration that becomes economically 

attractive as explained by Kolanowski et al. [5]. Hot water generated by generator 

can be used in making chilled water by using technology called absorption chilling. 

The absorber chiller works based on the principal of boiling a chemical solution in a 

vacuum with the resultant chemical vapor acting as a refrigerant to remove heat from 

water that has been used as a coolant. Once the heat is removed, the chilled water 

goes back to the process to cool, picking up heat and returning to the absorber chiller 

to be chilled again.  

The most widely used absorption refrigeration system is the ammonia-water 

system where ammonia serves as the refrigerant and water as the transport medium. 

Other absorption refrigeration includes system water lithium bromide and water 

lithium chloride system, where water serves as the refrigerant. The latter two systems 

are limited to application such as air conditioning where the minimum temperature is 

above the freezing point of water.  

 

Figure 2.3: Cooling process cycle [6] 
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2.2 Backup Power for Cogeneration Plant 

2.2.1 Generator Set 

Power that is produced by CHP plants mainly is distributed in a parallel 

configuration with the local utility power to meet the facility load. Sometimes, the 

total load required may exceed capacity of the CHP plant. It is common that power is 

down in the facility due to an act of nature, an overload condition or equipment 

failure. During this event, engine generator will trip off and no power is produced. 

The facility is now without power or „black‟ and the operator must restored power as 

soon as possible. 

One of the ways is by using black start generator. Hordeski et al. [7] 

recommended that diesel engine generator is used for black start. The generator is 

designed to provide just enough power that is required to support the start up of the 

CHP plant. The auxiliary loads should be capable of supporting the CTG and the 

associated HRSG under emergency conditions. Black start generator provides a 

voltage and frequency that the CHP prime mover can read and synchronized with. 

When the engine is cooling and had completed its warm-up, plant operator will 

increase the operating RPM and then bring the generator online. The generator 

frequency must be synchronized with the line frequency. The synchronization can be 

done either using automated control or manual mode. The use of hybrid system for 

cogeneration plant makes an economically efficient power generating system 

according to Benjamin et al. [8]. 

Bootstrapping refers to methods for black starting generator. There are 

usually two methods which are used in the combine cycle plant. Firstly, diesel 

generator allows a small CTG to start and synchronize to the diesel generator to 

provide enough power to start the main generator. Secondly, diesel generator fired a 

standby boiler which then supplies steam to the STG. The STG would then 

synchronize with diesel generator to provide power to the CTG. Normally, 

bootstrapping will allow for a smaller, more economical diesel engine to be used. 

Environment and Development Division [9] highlighted that cost of 

generator set can be categorized into installation cost, operating costs, insurance, 

depreciation and standby charges. Straight-line depreciation method is adopted for 
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their study. The standby charges on the other hand, is the electricity charges that is 

imported from the grid is the electricity demand of the facility cannot be met by 

cogeneration system. 

 

2.2.2 Buying power from the public utility  

One of the alternatives considered for a combined heat and power plant 

consist of BAU (buying power from public utility and fuel for thermal requirements) 

as discussed by Meckler et al. [10] . The BAU case is the least that could be done to 

meet the thermal and electric demands of the system. Example of BAU is purchasing 

electricity from public utility to meet required electric loads of the facility. Usually 

this case happen when co-generator does not generate electricity due to plant failure 

or plan shut down for maintenance.  

Peak periods are when majority of the income is generated. 1% of reduction 

in availability could cost $500,000 in income on a 100 MW plant. Maximum 

demand charge is imposed to power plant if the electricity demand cannot be met 

during peak period. According to TNB, 2013, maximum demand is measured in 

kilowatts and is calculated as double the highest amount of electricity used (in 

kilowatt-hours). Hence power must be generated or purchased through purchase 

agreements that contain capacity payments.  

One Alpha Group [11] explained maximum demand charge of TNB on its 

article. Firstly, the customer is charged for the electrical power that is used. 

Secondly, maximum demand charge which relates to peak levels of power that the 

customer used during a given period of time as recorded by maximum demand 

meter. Maximum demand charge is imposed as pressure is put on the system during 

peak periods. Hence, TNB must have sufficient machinery and ready to be operated 

to meet periods of maximum demand.  
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Table 2.1: Pricing and tariff for industrial top-up and standby [12]. 

TARIFF CATEGORY UNIT RATES 

Top-

Up  

Standby 

1. Tariff C1 - Medium Voltage General Commercial Tariff      

Maximum demand charge per month RM/kW 25.9 14.0 

For all kWh sen/kWh 31.2   

2. Tariff C2 - Medium Voltage Peak/Off-Peak Commercial Tariff     

For each kilowatt of maximum demand per month during the peak 

period 

RM/kW 38.6 14.0 

For all kWh during the peak period sen/kWh 31.2   

For all kWh during the off-peak period sen/kWh 19.2   

3. Tariff E1 - Medium Voltage General Industrial Tariff      

Maximum demand charge per month RM/kW 25.3 14.0 

For all kWh sen/kWh 28.8   

4. Tariff E2 – Medium Voltage Peak/Off-Peak Industrial Tariff     

For each kilowatt of maximum demand per month during the peak 

period 

RM/kW 31.7 14.0 

For all kWh during the peak period sen/kWh 30.4   

For all kWh during the off-peak period sen/kWh 18.7   

5. Tariff E3 – High Voltage Peak/Off-Peak Industrial Tariff     

For each kilowatt of maximum demand per month during the peak 

period 

RM/kW 30.4 12.0 

For all kWh during the peak period sen/kWh 28.8   

For all kWh during the off-peak period sen/kWh 17.3   

 

 

2.3 Reliability and Availability  

 2.3.1 Failure rate 

 Equipment will fail after certain period of operating time which can be 

predicted by its failure rate [13]. The failure rate varies with type of equipment and 

the mode of operation. Failure rate is the number of expected failure per unit in a 

given time interval. The result of the failure rate may not necessarily be true as it is 

only an assumption of the future behavior of the equipment. An engine with 6 

failures per year does not necessarily have one failure every 2 months. In calculating 

the failure rate the total operating time should be used. 
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2.3.2 Reliability 

The reliability is considered as the ability of a component to perform required 

function under stated conditions in a given period of time as discussed by Ali et al. 

[14]. Reliability is also the probability that the component is operating without 

failures. No is considered as the population at the beginning and λ is the failure rate. 

The number of failure population is given by Nf and safe population is denoted by Ns 

respectively. The time rate of increase of Nf is equal to the failure rate multiplied by 

the number of units in safe population.  

 

The formula is given by 

     
  

  
   

  

  
                                                                                                (2.2) 

     

  
 

  

  
 
   

  
   

  

  
  

         

 
 

 
         

            

                                                                                                                     (2.3) 

 

R(t) is the reliability of the equipment that survived for a given time period, t. R(t) 

decreases with time and probability density function can be derived as the area under 

the curve of reliability function. The probability density function is given by 

                                                                                                                   (2.4) 

 

2.3.3 Mean Time Between Failure (MTBF) 

Mean Time Between Failure (MTBF) is a reliability function that is used to 

find the average time for a failure to occur [14]. MTBF is important in decision 



11 
 

making process where the equipment‟s life span is significant. In industries, MTBF 

is essential in order to ensure the system works as it is desired. MTBF can be 

obtained by integrating the reliability model over the overall range of data. The 

expression is given by 

            
 

 
                                                (2.5) 

The simplified equation becomes 

           

 
                                                                        (2.6) 

From the equation given, the Mean Time Between Failure (MTBF) is the 

reciprocal of failure rate, λ. The result is only viable to exponential reliability 

function only. Higher failure rate will results in lower MTBF which means that the 

time interval between failures to happen is shorter. The MTBF is assumed to be 

random variables and the failure due to aging of equipment is not considered in this 

study. 

 

2.3.4 Mean Time to Repair (MTTR) 

Mean Time to Repair (MTTR) is an estimated average elapsed time required 

to perform maintenance or corrective action whenever the equipment failed or out of 

service. MTTR is a useful parameter that is used in planning and decision making 

stage. The estimated MTTR helps in calculating the life cycle cost of equipment 

which includes the cost of time taken by the technicians to repair the equipment. 

MTTR can be calculated from the mean of sample data with lower and upper limit 

bound. However, precise MTTR cannot be obtained as a result of poor 

documentation of maintenance data.  

In the prediction of MTTR, it is assumed that the time recorded does not 

include maintenance overhead. Non-related repair time such as time for waiting 

spare parts and break-time is excluded in the analysis. Other than that, the equipment 

is also considered to have constant failure rate, λ.  The maintenance and repairing 

works are also performed using standard maintenance procedure and well-trained 

personnel.  
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Before the calculation of MTTR, the repair rate, μ must be defined. The 

repair rate is described as expected repair per unit in a given time interval. The 

equation is given by 

              
                

                          
                (2.7) 

The repair rate is reciprocal of mean time to repair and has similar expression 

with failure rate which is the reciprocal of mean time to failures. The constant repair 

rate also leads to exponential repair function. Hence, the repair rate is given by the 

probability of equipment being repaired within a time t. 

            
 

 
         (2.8) 

 

The simplified equation is expressed as 

          
 

 

   

                                                                               (2.9) 

 

2.3.5 Availability 

Availability is given by the percentage of time that the system is functioning. 

Whereas unavailability is the opposite which defined as the percentage of time that 

the system is not functioning. Arora et al. [15] assess the availability of steam and 

power using Markov method. In their study, the system considered working under 

three operating conditions which are failed, reduced and full operation. Their result 

showed the impact of repair rates and failure on the availability and of the system. 

Availability is determined by reliability, maintainability and serviceability. 

The calculation is usually based on agreed service time and downtime. The 

calculation is expressed as 

               
      

               
                                                      (2.10) 
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                  (2.11) 

The uptime of a system can be expressed as MTBF and the downtime taken 

for the system to be functional again equal to the MTTR. The availability model 

becomes 

  
    

         
  (2.12) 

   
    

         
  (2.13) 

The availability of a system can also be expressed by constant failure rate, λ 

and repair rate, μ. 

  
   

        
  

  
 

   
                       (2.14) 

 

2.4 Annual Worth (AW) Analysis 

Economic analysis of a project is a combination of many analysis such as 

availability, reliability and maintenance analysis. Dougan and Reilly [16] conclude 

that economic analysis of power generating system is closely linked to system 

availability and reliability analysis because the production interruption is one of the 

major worries of plant management. Mahmoodzazeh et al. [17] highlighted that 

Annual Value (AV) can be used for project selection and Jeffrey L. & Samuel B. 

shows the development of annual value for evaluating alternatives. In order to 

evaluating redundancy, all future cash flows are converted to annual amounts at a 

specific rate of return as suggested by Blank L. & Tarquin A. [18] 

 There are two types of economic proposals which are mutually exclusives 

alternatives and independent projects. In mutually exclusive, only one alternative can 

be selected, whereas for independent projects more than one can be selected. The 

alternatives must be compared over the same number of years and must end at the 

same time to satisfy equal-service requirement. If the number of years is not the 

same, the analysis will always favor the shorter-lived mutually exclusive alternative 
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because fewer periods of costs are involved. Annual worth analysis can be calculated 

as below: 

 

                
                                                                                                  (2.15) 

Where Pn is net cash flow at the beginning of the project                                                                          

i is Minimum Attractive Rate of Return (MARR)                                                                                       

N is service life of the project 

 

2.5 Breakeven Analysis 

 Breakeven analysis is used to determine the effect of revenue or cost on the 

project‟s profitability [14]. Breakeven point is a value at which two alternatives are 

equal to each other. The value calculated is essential to make selection between two 

engineering project alternatives. If the estimated outcome is higher or lower than the 

breakeven point, the best alternative is selected with the desired output. Breakeven 

analysis can be expressed as 

           (2.16) 

Where AWA is the annual worth of alternative A                                                                        

AWB is the annual worth of alternative B 

The expression can also be compute in term of common factor of y that makes 

                                           (2.17) 

Where y is the common factor of interest affecting the annual worth of alternative A 

and B 

 

2.6 Summary 

 Cogeneration is simultaneous generation of multiple form of useful energy 

such as mechanical and thermal. The main advantage of using cogeneration system 

is high efficiency, cost-effectiveness and more environmental friendly than 
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conventional power generation system. Combine cycle of gas turbine with steam 

turbine and combine cycle of gas turbine with absorber chiller are the most popular 

cogeneration system used. In gas turbine with steam turbine cogeneration system, 

exhaust gases from a gas turbine is used to produce steam in a boiler to be used in a 

steam turbine while in absorber chiller, hot water generated is used in making chilled 

water. There are two redundancies for cogeneration system during blackout situation 

which are generator set and buying power from public utility. Both methods provide 

power that is required to support the start up of the CHP plant. Buying power from 

public utility is higher in cost due to maximum demand charge imposed. 

 Quantitative analysis which is annual worth was used for making decision for 

two or more analysis.  Both alternatives are compared over the same number of years 

to find its cost effectiveness. Breakeven analysis where two alternatives are equal to 

each other is also used to select suitable alternative when the outcome is known. The 

alternative with lower cost will be selected based on breakeven point. 
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CHAPTER 3 

METHODOLOGY 

 

3.1 Introduction 

 A reliable cogeneration plant is important to ensure continuous supply of 

electricity to the customers. Failure of the system will bring negative impact on the 

customers and the plant itself. Hence, the study of cogeneration system is important 

to develop redundancy model that can help assess the plant availability as well as 

making economic decision. Two redundancies are being compared in this study 

which is purchasing electricity from public utility and generate the required 

electricity by generator set. The availability of the cogeneration plant will be asses 

using the data of number of failures and cumulative down time. Using the method of 

Annual Worth analysis of different-life alternatives, all capital costs, future costs and 

revenues are transformed into equivalent monetary units. Below are the research 

approaches: 

 

1. Identify a small cogeneration power plant system configuration that is below 

10MW to analyze the energy consumption pattern of the power plant. 

2. Investigate the total number of breakdown for a certain number of research studies 

and cumulative down time. 

3. Determine the Mean Time Between Failure (MTBF) and Mean Time to Repair 

(MTTR) of the cogeneration plant. The data is then applied to availability and 

cost analysis. 

4. Calculate the availability and average failure frequency of the power plant. 

5. Develop redundancy model for both purchasing electricity from public utility and 

generator set.   

6. Calculate annual worth of both redundancies for a given useful life. 
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7. Perform evaluation using breakeven point for a certain hours of operation.  

8. Develop a spreadsheet template to analyze the data and carry out calculation for a 

given input. 

9. Evaluate and select the best solution. 

 

The availability and redundancy model frame work is presented in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Research methodology flowchart 
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3.1.1 System Configuration and Block Diagram 

 In order to evaluate the availability and develop redundancy model, 

cogeneration system configuration must be identified to understand the relationship 

of the components in the system. Typically, a cogeneration system contains two 

main systems which are electricity generated system and heat recovery system.  In 

electricity generated system, electricity is produced by means of mechanical or 

thermal energy. The configuration of the system and selection of components 

depends on the location and needs of the customers.  The system availability is 

increased with the addition of redundancy into the system.  

 

3.2 Data Acquisition 

3.2.1 Power Plant System Load and Total Breakdown per Year 

Analysis of power system begins with analysis of the load or demand in a 

certain period of time. Sets of data have to be acquired to analyze the pattern 

developed. Data obtained from power plant includes, 

- Daily average electricity demands for period of five years. 

- Total number of breakdown per year  

- Cumulative down time.   

- Maintenance and operation cost 

The cost of breakdown per hour has to be determined by calculating total cost of 

electric purchased from local utility and divide with cumulative time of breakdown.  

 

3.2.2 Generator set 

Generator set (gen set) cost may vary widely from utility to utility and 

depending on the geographical factor of the plant. The installation, operating and 

maintenance cost differ for every manufacturer and operator. Factors affecting the 

cost include generator market price, project timeline, size of project and specific site 

problems. In order to estimate cost of gen set, several case studies were used to 
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analyze the pattern available. Cost of the gen set can be a product of one variable or 

many variables depending on the accuracy of the estimation. Other cost such as 

installation and switchgear cost can be considered as percentage of cost of gen set 

whereby cost of installation normally would cost 20-30% [21]. Fuel consumption is 

one of the major elements of gen set. Consumption of fuel varies with different 

model, but most gen set would consume between 2.3 and 6.0 liters of fuel per hour 

of operation [22]. 

 

3.3 Reliability and Availability 

 3.3.1 Failure rate 

 Failure rate of the power plant was calculated using equation (2.1) using the 

data of total number of breakdown per year. 

 

3.3.2 Reliability  

 Reliability is the probability that the component is operating without failures. 

The reliability of power plant was calculated using equation (2.3). 

 

3.3.3 Mean Time Between Failure (MTBF) 

Mean Time Between Failure (MTBF) is a reliability function that is used to 

find the average time for a failure to occur. Mean Time Between Failure (MTBF) is 

the reciprocal of failure rate, λ. The MTBF was assumed to be random variables and 

the failure due to aging of equipment was not considered in this study. In this 

project, MTBF was calculated using equation (2.6). 

 

3.3.4 Mean Time to Repair (MTTR) 

MTTR was calculated from the mean of sample data with lower and upper 

limit bound. However, precise MTTR could be obtained as a result of poor 
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documentation of maintenance data. In the prediction of MTTR, it was assumed that 

the time recorded did not include maintenance overhead. Non-related repair time 

such as time for waiting spare parts and break-time is excluded in the analysis. Other 

than that, the equipment was also considered to have constant failure rate, λ. MTTR 

was calculated using equation (2.7) and (2.9). 

 

3.3.5 Availability  

Availability was calculated using equation (2.10). 

 

3.4 Redundancy for Power Generation of Cogeneration System 

 A cogeneration power plant generated electricity continuously for 24 hours 

and is subjected to failure over times. Failure of the system will result in economic 

loss of the power plant. The cost is related to failure cost and cost of using 

redundancy during failure. Cost of redundancy depends on the type of redundancy 

that the plant adopted. The approach that normally taken by small power plant are to 

either purchase electricity from public utility or by using generator set.  

 The electricity from public utility is connected to the plant to support the 

outage power. Other than that, the electricity can also be connected to public utility 

to support demand of electricity during peak period. Generator set on the other hand, 

produces electricity by itself by means of conversion from mechanical energy to 

electrical energy. Normally diesel is used as fuel by the gen set. The Gen set serve as 

standby equipment whenever failure occurred to the main system. The costs of both 

redundancies are expensive and the parameter differs from each other. Thus, 

justification in economic perspective is important in making decision. 

 

 3.4.1 Redundancy model of using public utility 

The system need to pay for the cost of maximum demand charge, cost of 

repair, cost of loss opportunity and cost of purchasing electricity when using 

electricity from public utility. This cost is expected to be constant for every failure 
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given by the assumption that the cogeneration plant experience constant failure rate 

over the year. The estimated total annual cost of using public utility is given by 

Total annual cost using public utility = {(Cost of repair per failure) + (Cost of 

Maximum demand charge per failure) + 

(Cost of electricity per failure) + (Cost of 

opportunity loss per failure)} x Number 

of failures per year 

The total annual cost can be expressed as 

                                                                            

(3.1) 

Where Cr is repair cost per failure                                                                                                                  

CD is cost of maximum demand charge per failure                                                                                    

Ce is cost of electricity per failure                                                                                                              

Cop is cost of opportunity lost per failure 

 

a) Cost of annual repair, Car 

Cost of repair is associated with the maintenance and repair cost during 

failure. The cost is dependent to the number of failures that occur in a year. It is 

assumed that the cost per failure is constant and using the standard maintenance and 

repair procedure. The expression of repair cost is given by 

                        (3.2) 

Where Car is annual cost of repair                                                                                                                      

Nf is number of failures per year                                                                                        

Cr is cost of repair per failure                                                                                             

Z is ratio of gas turbine hook-up                                                                                                                       

Nt is number of gas turbines  

The value of Z can be expressed as  
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                                              (3.3) 

 

b) Cost of Maximum demand charge, CD 

 Maximum demand charge is the capacity of electric usage and it is used by 

the public utility to assess the capacity of electricity used by customers. The 

maximum demand is measured in kilowatts and it is related to the peak levels of 

power that is used in a given period of time. Since electric energy cannot be easily 

stored, the demand charge for electricity is therefore high especially during peak 

period where the need to generate power is high. The advantage of having maximum 

demand charge is that endless supply of electricity is available and can be access at 

any time. Thus, failure at any given time does not cause total failure of the system. 

The ability of having redundant supply of electricity does cost the cogeneration plant 

substantial operating cost. The maximum demand charge can be calculated using 

equation (3.4). 

                        (3.4) 

Where CaD is annual demand charge cost                                                                                                                         

Nf is number of failures per year                                                                                                                                                                                            

Cmax is maximum demand charge cost per kW,                                                          

K is capacity of gas turbine in kW                                                                                      

Z is percentage ratio of gas turbine hook-up                                                                 

Nt is number of gas turbines                                                                                                                        

 

c) Cost of electricity by public utility, Ce 

During the failure of cogeneration system, in addition to maximum demand 

charge that needs to be paid to the public utility, the plant is also charged for the 

actual power that is used. The power is charged for every kilowatt energy used per 

hour of operation. Thus the cost of electricity is dependent on total hours of 

connection with public utility and amount of energy supplied. 

                    (3.5) 
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Where Cae is annual cost of electricity by public utility                                                                        

Nf is number of failures per year                                                                                                                                                                                                                                                                            

Tavg is average time of a failure (hours)                                                             

Cr is cost of electricity rate per kWh charged by public utility                                              

K is capacity of gas turbine in kW                                                                                      

Z is percentage ratio of gas turbine hook-up                                                                 

Nt is number of gas turbine                                                                                                                                                                          

 

d) Cost of opportunity loss, Cop 

 The cost of opportunity loss is the expected cost that the cogeneration plant 

should get from its customers if the failure does not happen. Since electricity is not 

supplied to the customers, then no income generated during the failure. The cost of 

opportunity loss is expressed as 

            (3.6) 

Where Caop is annual opportunity lost                                                                                       

Nf is number of failures per year                                                                                                                                                                                                                                                                            

C is cost per kWh of electricity charged                                                                                            

L is amount of electricity that should be delivered to customers during no    

outage 

 

 3.4.2 Redundancy model using generator set 

When using gen set as redundancy for cogeneration system, several costs 

need to be considered in making the decision. The costs include capital cost which 

consisting of cost of gen set and cost of installation, insurance cost, salvage value, 

operation cost and maintenance cost. The expression is given by 

Total annual cost using gen set = (Capital recovery) + (Annual cost of operation) + 

(Annual cost of maintenance)  
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The equation can be expressed as 

                                                           

                                                                               (3.7)                                                      

Where Cgen is the capital cost of generator set                                                                               

A/P is annual worth factor for a stated amount of present worth                                

A/F is annual worth factor for a stated amount of future worth                                                 

i is interest rate                                                                                                                          

n is number of useful life                                                                                                           

Co is cost of annual operation                                                                                                

 

a) Cost of capital, Cgen 

Cgen is the purchase cost of the gen set inclusive the installed cost. The capital 

cost of gen set is expressed by equation (3.8). 

                     (3.8) 

Where Cgen is capital cost of generator set                                                                                      

Cpur gen is cost of purchased generator set                                                                                  

Cins is cost of installation and start-up                                                                                           

  

Since capital cost of gen set varies with different manufacturers and service 

providers, the cost of gen set is difficult to be estimated, most of the available data 

from manufacturers were not detailed. In order to solve this problem, review of case 

studies information from previous projects were used to solve this problem.  

 A single regression models was developed and superimposed on the data. 

The trend line result was then used to estimate cost based on case studies 

information. The results were compared and percentage error was obtained to show 

relevancy of the model. In addition, two variables regression model was used to 

study the correlation between two variables with the desired output which was the 

cost for gen set. Other cost such as installation cost was calculated based on 
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percentage of generator cost. The estimation was also based on information from 

case studies. 

 

b) Cost of annual operation, Co 

Operating cost of using gen set is considered as cost of fuel consumed by the 

unit during failure of cogeneration system. Most of the gen set used as redundancy 

select diesel as the chosen fuel source as it is relatively low priced. Other than that, 

diesel is preferred because of its availability and predictability as a power producer. 

The formula of cost of operation is given by 

                       (3.9) 

Where Co is cost of annual operation                                                                                                    

Nf is number of failures per year                                                                                                                                                                                                                                                                                                                                                                             

K is capacity of gas turbine in kW                                                                                      

Z is percentage ratio of gas turbine hook-up                                                                 

Nt is number of gas turbine                                                                                                                                                                                                                                     

Tavg is average time of a failure (hours)                                                             

Cfuel is cost of generation per kWh power 

 

c) Cost of annual maintenance, Cm 

Maintenance involves both the engine and the generator, but most of the time 

it is performed for the engine to keep it functioning constantly. Maintenance on the 

engine includes changing oil, filter, coolant fluid, belt replacements and engine block 

heater hose replacements. Maintenance cost is considered as fixed cot as it is carried 

out at fixed time intervals without considering the operating hours. There are certain 

levels of maintenance which is provided by the manufacturer with different scope of 

work recommended. Previous studies showed that 20 years net present value of 

maintenance cost is approximately 10% of the cost of the unit [21]. The annual 

maintenance cost if given by equation (3.10) 
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                    (3.10) 

Where Cm is cost of annual maintenance                                                                          

Cgen is capital cost of generator set                                                                                                 

A/P is annual worth factor for a stated amount of present worth                                                      

i is interest rate                                                                                                                              

n is number of useful life                                                                                                            

                                                                                 

d) Annualized salvage value, Csv 

 Salvage value is the estimated value of an asset at the end of its useful life. 

The salvage value is used in conjunction with the purchase price and accounting 

method to determine the amount of depreciation of asset over a period of time. In 

this study, the salvage value is estimated to be 20% of the capital cost of generator 

set [21] which the relation is given as 

                       (3.11) 

Where Csv is annualized salvage value of generator set                                                                            

Cgen is capital cost of generator set                                                                                                 

A/F is annual worth factor for a stated amount of future worth                                                      

i is interest rate                                                                                                                              

n is number of useful life      

 

3.5 Annual Worth Analysis 

 The annual worth expression at the end of period N is calculated using 

equation (2.15). 

  

3.6 Breakeven Analysis 

 Breakeven analysis was calculated using equation (2.16). The results were 

tabulated and plotted in the breakeven graph. From the graph, the intersection 

between alternative A and B is the breakeven point. The breakeven value is the point 



27 
 

which is indifferent whether to reject or accept the project. The economic adequacy 

is known if the estimated value is higher or lower than the breakeven point. 
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3.7 Project Gantt Chart 

Figure 3.2 and 3.3 show the Gantt chart for FYP 1 and FYP 2 respectively. 

 

Figure 3.2: Final year project 1 Gantt chart 
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Figure 3.4: Final year project 2 Gantt chart 

 

This project was divided into two sections which are FYP 1 and FYP 2. There were ten activities in FYP 1 and seven activities in FYP 2. 

The achieved activities were relevant to the objective of the study that is to develop redundancy model for cogeneration plant. Recommendations 

were also identified in FYP 2. In conclusion, this study can be achieved within the time given and Gantt charts provide guideline to execute the 

planned activities. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter, the results of gas turbine performance of power plant and 

economic evaluation of cogeneration system were presented. UTP-GDC power plant 

was taken as case study for this project to evaluate the availability, reliability and 

economic impact caused by failure. From the case study, the cogeneration system 

availability, reliability, numbers of failure and downtime hours were obtained. 

Reliability with and without redundancy were also discussed in this section. Other 

than that, selection of suitable generator set was performed using weighted score 

matrix. The highest score option was selected as the alternative for cogeneration 

system. Next, the economic impacts of failure were estimated. Using present worth 

and future worth analysis, different redundancy options were evaluated. Ahead of 

that, cost estimation of gen set were carried out using case study by Electric Power 

Research Institute since the gen set cost varies from different manufacturers. The 

results of PW and FW were also analyzed using sensitivity analysis and breakeven 

analysis. Excel software was used to give graphical presentation of data and graphs. 

 

4.2 Spreadsheet 

 A spreadsheet template was developed to calculate the cost incurred by public 

utility and generator set as well as determined the annual worth of both alternatives. 

This template can also be used to decide which alternative is the best by using 

breakeven analysis with the aid of breakeven graph. Analysis of redundancy of any 

power plant below 10MW capacity can be carried out by using this spreadsheet 

template. The plant capacity, number of failures per year and average time per failure 

must be determined first before using this template. Sample of spreadsheet template 

is shown in Figure 4.1. 
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Figure 4.1: Snapshot of data input section  

 

Table 4.1: List of variables and formula for data input 

 E J 

46 Fuel cost per hour =J45*(J44*1000) 

48 
Cost of Gen set 

=-181753.491- 

(173855.265*(J40))+(803626.465*(J44)) 

49 Site, Installation,etc 

cost/Gen set 
=0.27*J48 
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50 Capital Cost =J48+J49 

52 
A/P value for a 

given study period 

=LOOKUP(J26,'compound interest factor  

tables'!A4:A41,'compound interest factor 

tables'!E4:E41) 

53 Annual maintenance 

cost 
=0.1*J50*J52*J40 

54 Salvage Value =0.2*J50 

 

Below is the sample of cost analysis spreadsheet shown by Figure 4.2 and the list of 

variables with formula shown in Table 4.2. 

 

Figure 4.2: Snapshot of cost analysis section  
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Table 4.2: List of variables and formula for cost analysis 

 E H 

23 
Operation 

expenses/year 

=-   

(Input!J27*Input!J45*Input!J44*1000*Input!J24*(I

nput!J23/Input!J22)*Input!J22) 

24 Total Annual Cost =H22+H23 

 I L 

22 
Cost of Maximum 

demand 

=-

(Input!J27*Input!J33*(Input!J44*1000)*(Input!J23/

Input!J22)*Input!J22) 

23 

Cost of electricity 

=-

(Input!J27*Input!J24*Input!J34*(Input!J44*1000)*

(Input!J23/Input!J22)*Input!J22) 

24 Total Annual 

expenses 
=L21+L22+L23 

 E I 

37 Cash flow in Year 5 =H21+H24+H26 

42 Cash flow in Year 10 =H24+H26 

46 Annual Value =PMT(G14,G15,-(I32+NPV(G14,I33:J42))) 

 E K 

46 Annual Value =PMT(G14,G15,-(K32+NPV(G14,K33:L42))) 

 

Next is the spreadsheet template for breakeven analysis which is shown in 

Figure 4.3. The data from breakeven analysis will be used to generate graph in order 

to determine breakeven point. Alternative with lower annual cost will be selected as 

the best alternative for this project. 
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Figure 4.3: Snapshot of breakeven analysis section  

List of variables and formula for breakeven analysis were shown below in Table 4.3.  

 

Table 4.3: List of variables and formula for breakeven analysis 

 F I 

29 Annualized capital 

cost 
=I22*I26 

30 Annualized salvage 

value 
=I24*I27 

32 Total annual cost =I29+I30+I31 

35 Operating cost per 

hour 
=I34*Input!J44*1000*(Input!J23/Input!J22)*Input!J22 
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44 Total Annual 

expenses 
=I42+I43 

47 Cost of electricity 

per hour 
=I46*Input!J21*1000*(Input!J23/Input!J22)*Input!J22 

 

Lastly, the data calculated from breakeven analysis section will be used to generate 

breakeven graph. 

 

Figure 4.4: Snapshot of breakeven graph section  
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Table 4.4: List of variables and formula for breakeven graph 

 G H 

15 
0 

=-('Breakeven Analysis'!$I$32+(-('Breakeven 

Analysis'!$I$35)*'Breakeven Graph'!G15)) 

 G I 

15 

50 

=-(('Breakeven Analysis'!$I$44*Table1[[#This 

Row],[Hours]]/11)+(-('Breakeven 

Analysis'!$I$47)*'Breakeven Graph'!G16)) 

 G J 

15 
0 

=Table1[[#This Row],[Public Utility]]-Table1[[#This 

Row],[Generator Set]] 

 

 

4.3 Case Study 

In this study, UTP-GDC plant selected as case study to evaluate the 

performance of power generation. It was selected due to its location and accessibility 

of data required for this study. Other than that, UTP-GDC plant still relies on 

electrical power from national grid during plant failure which makes it a fine subject 

to study.  

The construction phase of UTP-GDC plant was started in 2001 and started its 

operation for supply of chilled water and electricity to UTP campus in April 2003. 

This power plant was build due to the quality of available electrical power from 

power distribution plant was not able to meet the university requirements. The plant 

is able to produce 4000 RT of chilled water and 8.4 MW of electrical power. It is 

predicted that the production of UTP-GDC plant will increased to 11,000 RT and 20 

MW in the future to meet the increasing population and demand of this university. 

Figure 4.5 showed the plant configuration. 
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Figure 4.5: UTP-GDC plant layout [23] 

 

For electrical power generation, the plant used two units of 4.2 MW Solar gas 

turbine generators. Connection to national grid is available as redundancy during 

plant failure. Each of the turbines is connected to a Vickers heat recovery steam 

generators. The heat recovery steam generators produce steam to be used by steam 

absorption chillers. Auxiliary fire tubes gas boiler act as backup for the steam 

generators. The chilled water supply system consists of two units of steam absorption 

chillers. There are two direct fired chillers which act as backups during plant startup. 

Table 4.5 showed the list of major equipment in UTP-GDC plant. This plant was 

operated for 24 hours per day and designed to be working on with two turbines 

during peak period and with one turbine at night. 
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Table 4.5: UTP-GDC plant major equipments 

Universiti Teknologi PETRONAS Plant System 

 

 

Plant installed Capacity: 

Electricity: 8.4 MW 

Chilled Water: 4,000 Rt 

 

 

Equipment Quantity Description 

Gas Turbine Generators 2 4.2 MW Solar Taurus 60S 

Steam Generators 2 12 ton/hr Vickers Heat Recovery Steam 

Generator 

 1 6 ton/hr Vickers Auxiliary Gas Boiler 

Chilled Water 4 325 RT Dunham Bush Electric Air-

Cooled Chillers 

 2 1250 RT Ebara Steam Absorption 

Chillers 

Thermal Storage 1 10,000 Rth thermal storage tank 

 

In order to enhance the performance and reduce economical loss of the plant, 

it is important to analyze the performance of the plant as well as comparing the 

existing system with other alternative. UTP-GDC plant can be classified into two 

main systems which are power generation system and chilled water system. 

However, in this study, the author only analyzes the power generation system (PGS) 

since it depends on external electrical power supply during failure. Chilled water 

system on the other hand had internal backup which are direct fired chillers. The use 

of electrical power from external source do has an impact on the economical loss of 

power plant. Thus, it is essential to study the power generation system of UTP-GDC 

plant to enhance performance and reduce economical loss. 

 

4.4 UTP-GDC Power Generation System (PGS) 

Before analyze the performance of power generation system, the author 

described the system configuration with the help of block diagram. In the case of 

UTP-GDC, the power generation system depends on two parallel gas turbine 

generators. Failure of one of the generators will results in reduced electrical power 

being generated. For worst case scenario, if both gas turbine generators cannot be 
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operated, then no power supplied to the customers. During failure, UTP-GDC plant 

will purchase electricity from national grid. This practice does not benefit this plant 

due to high cost of maximum demand charge imposed by TNB. The power 

generation system configuration is as below 

 

 

 

 

 

 

Figure 4.6: Power generation system block diagram 

 

4.5 Power Generation System (PGS) Performance Data 

 In this study, in order to determine the performance of PGS of UTP-GDC, 

historical performance data of gas turbines were collected in the period of 2007 to 

2011. The samples were presented in appendix. The data collected were taken 23 

hours per day during the peak and non-peak period. In order to find optimal cluster 

group or state for the gas turbines, subtractive data clustering was employed.  

 This method was done by Meseret Nasir [23] in 2012 for his PhD thesis 

in UTP. According to him, to prevent closely spaced center, rb is set greater than ra in 

which ra= 1.5rb. The result indicated that the gas turbine performance can be 

categorized into three levels which are normal operating, reduced capacity and zero 

performance levels. The centriod as well as upper and low boundaries for each level 

were presented in Table 4.6. 

 

 

 

 

National Grid (Backup) 

Gas Turbine A 

Gas Turbine B 

Natural Gas Electricity 



40 
 

Table 4.6: Performance level of UTP-GDC PGS [23] 

Performance Level Centriod (kW) 
Boundary 

Upper (kW) Lower (kW) 

Normal Operating 3297 4200 2851 

Reduced Capacity 2571 2851 1497 

Zero performance 0 1497 0 

 

 From Table 4.6, the condition for normal operating performance is 

between 4200 kW and 2851 kW. In this level, the gas turbine is expected to be 

working at normal condition until maximum performance without fail. If the 

performance drops in the range of 1497 kW until 2851 kW, the turbine experience 

reduced capacity due to minor failure in the system. This level is not critical since it 

can be restored back into normal operating level by performing minor maintenance 

or repair. Lastly, when the performance of gas turbine drops to 1497 kW and below, 

it is consider as zero performance. This is because, at performance of 1497 kW and 

below, gas turbine will be shut down as it is not efficient and will cause economic 

loss to the power plant if it continues to operate.   

 As seen on Table 4.6, the centriod of zero performance level is equal to 

zero since no gas turbine is working at this stage. Gas turbine performance can be 

restored back to its normal operating condition by major repair. During the repair 

phase, power generation system of UTP-GDC plant will relies on national grid to 

supply electrical power in order to meet customers demand. The performance of gas 

turbine for five years during peak period from 10 am until 5 pm is shown in Figure 

4.7 below. 
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Figure 4.7: Performance of UTP-GDC gas turbine from 2007 until 2011 

 The results of five year performance data of gas turbine during peak 

period of 8 hours form 10am until 5 pm showed that for normal operating level, it is 

observe that 11594 hours reside in this state. Next, 2676 hours in reduced capacity 

level and 594 hours in zero performance level. The numbers of occurrence of zero 

performance were 54 in 5 year period. The normal operating level take 78% of total 

accumulated hours, followed by 18% for reduced capacity and 4% of zero 

performance level. This data showed only 4% of the total time that the power plant 

experienced major failure and insufficient electrical power. Thus, the average time in 

which UTP-GDC plant purchased electricity from national grid is 118.8 hours for 

every year.  

 

4.6 Availability and Reliability  

 After the data for PGS of UTP-GDC plant was collected, it was analyzed 

using availability and reliability analysis. Before calculating MTBF and MTTR, 

failure rate and repair rate were calculated using equation (2.1) and equation (2.7). 

The result is given by 
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Failure rate,   
   

     
 

                                               

Repair rate,   
  

   
 

                                             

 Mean Time before Failure (MTBF) and Mean Time to Repair (MTTR) 

were then calculated from the results of failure rate and repair rate. After determining 

the MTBF and MTTR, the author then proceeds with availability and reliability of 

PGS of UTP-GDC plant. The results are tabulated in Table 4.7. 

Table 4.7: MTBF, MTTR, availability and reliability of UTP-GDC plant 

Mean Time before 

Failure (MTBF) 

Mean Time to 

Repair (MTTR) 
Availability Reliability 

811.111 hours 11 hours 0.98662 0.9865
 

 

 From the result, the time taken for a failure to occur is 811.111 hours and 

the time taken to fix the problem is 11 hours per failure. The occurrence of failure is 

high due to long operation hour in a year. Gas turbines of UTP-GDC plant operate 

for 24 hours with both turbines working during the day especially at peak period and 

one turbine working at night. This operation caused several parts to wear faster and 

thus causing failure to the system.  

 The time taken to fix each failure was predicted to be 11 hours. In order 

to repair the gas turbine, extensive time is needed since the failure considered for 

zero performance phase was major failure. Other than that, the availability of power 

generation system is 0.98662 which is high since it is more than 0.95 which was set 

as the benchmark for reliability of UTP-GDC power plant. The availability is high 

due to redundancy from national grid. Next, the reliability of power plant was 

calculated to be 0.9798 for 100 hours of operating. The reliability of PGS is 

decreasing with time as shown in Figure 4.8. The failure free operation is 

approaching zero after 4300 operating hours. Hence, after 4300 operating hours the 

probability of failure occurrence is very high for this system. Thus it is required to 
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focus more on maintenance work when operating at longer period since failure can 

occur at any time.               

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Figure 4.8: UTP-GDC power generation system reliability 
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system must be more or the same as previous method. Higher reliability of system 
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Unplanned Outage Factor (EUOF) of TNB from 2006 to 2010 was reported to be 
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Figure 4.9: Power generation system reliability comparison 

 

4.7 Estimation of Gen Set Cost 

 As discussed in the methodology chapter, the cost of gen set varies from 

different manufacturers and service providers. Thus, in this study cost estimating 

relationship (CER) was employed in order to solve this problem. The CER described 

the cost of an engineering project as a function of one or more variables. Case study 

from Electric Power Research Institute which entitled „Costs of Utility Distributed 

Generators, 1-10 MW [21] was used since there was no complete case study of 

Malaysia‟s cost of generator available. In this report, a range of total installed cost 

and variables influencing cost were included. Table 4.8 below shows the summary of 

cases overview. 

Table 4.8: Cases overview 

Utility 
Utility 

Type 

No. of 

Gen 

sets 

Site 

Capacity 

(MW) 

New or 

Used 

Average 

Warranties 

(years) 

Fuel 

Type 

Cost of Gen 

sets (RM) 

Anonymous 

Utility A 
C 3 3.1 Mx 1 D 1,793,942 

Anonymous 

Utility B 
PP 2 3.6 New 2 D 2,124,371 

Anonymous 

Utility C 
PP 3 5.5 New 10 D 3,433,490 

Anonymous 

Utility D 
PP 1 1.825 New 10 D 1,162,800 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0 1000 2000 3000 4000 5000 6000

Without 

redundancy

With Genset

with national 

grid

Reliability of PGS for different options

R
el

ia
b
il

it
y

Operating Hours



45 
 

Central 

Virginia EC 
C 10 18.2 New n/a D 

13,672,91

3 

City of 
Fennimore 

PP 3 5.5 New n/a D 2,727,722 

City of 

Garnett 
PP 1 2.5 Used 3 D 2,254,217 

City of New 

Knoxville 
PP 1 1 Used 0 D 717,383 

City of 

Owensville 
PP 2 3.6 New 5 D 4,167,346 

City of Rock 

Falls 
PP 5 9.1 New 12 D 6,284,288 

City of 

Wrangell 
PP 3 5.5 Used 0 D 3,204,806 

East of 

Mississippi 

(Canton) 

C 5 9.1 New 10 D 6,164,455 

East of 

Mississippi 

(Henderson) 

C 5 9.1 New 10 D 5,835,318 

East of 

Mississippi 

(Perry Davis) 

C 5 9.1 New 10 D 6,974,216 

South Plains 

EC 
C 1 1.6 Used 0 D 561,051 

Waverly 

Power & 

Light 

PP 6 11 New 5 D 6,107,930 

n/a- information not available or insufficient quality                                                              

Utility Type: C – Coop, PP – Public Power                                                                                  

Fuel Type: D - Diesel 

 

 Table above showed 16 case studies from different areas in America. All 

the generators in the cases are diesel-fueled engines. The generators are between 1 to 

10 MW except for the case for Central Virginia EC and Waverly Power & Light. 

Most of the gen sets were newly installed which is suitable to be implemented in this 

study since the author assumed that new gen set will be installed for this project. As 

shown in the table, the highest cost is RM 13,672,913 and the lowest is RM 561,051. 

Number of installed gen sets and site capacity differ for each case depending on the 

needs of the area. Public power utility dominates the coop utility for this research. 
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 4.7.1 CER equation development 

 After the data had been collected, the author then developed the CER 

equation for single variable regression using linear and exponential type of 

relationship and two variables regression model using SigmaPlot 11.0 software. In 

the case of single variable regression model, the relationship between cost of gen sets 

and project size was studied. 

  On the other hand, for two variables regression model, number of gen 

sets and project size were taken as the variables to determine the cost of gen sets. A 

linear and exponential regression trend line were created and superimposed on the 

data. Figure 4.10 and 4.11 both show the relationship of CER for cost of gen sets 

with project size (MW). The equation and r square function were tabulated in Table 

4.9 

 

 

Figure 4.10: Linear single regression model of gen set cost versus project size 
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Figure 4.11: Exponential single regression model of gen set cost versus project size 

 

Table 4.9: Generalized equation and r square for CER  

Single/ 

Two 

variable 

Type of 

relationship 
Generalized equation 

R 

square 

Single 

Linear 
y1 = 711402(Project Size(MW)) – 217733 

 
0.9441 

Exponential 

y2 = 17734 (Project Size (MW))
2
 + 508618 

(Project Size (MW)) + 364295 

 

0.9527 

Two Linear 

y3 = -181753.491 - (173855.265(Number of Gen 

set) + (803626.465(Project Size(MW))) 

 

0.944 

 

 The results in Figure 4.10 and 4.11 showed the costs of gen set which 

were above and below the normal level. All the generalized equations were 

acceptable since the r square of all equations greater than 0.94 which was set as the 

benchmark. From the analysis of the graph, it can be observed that certain data can 
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percentage error greater than 25% which are very high. Those case studies include 

city of Fennimore, city of Garnett, city of Knoxville, city of Owensville and South 

Plains EC with the highest percentage error of 65.79% recorded by South Plains EC. 

These five case studies were deviated from the normal level of gen set cost as a result 

of projects were completed in a hurry. Thus, the cost increased dramatically as per 

agreed by the plant management to complete the installation faster. Next, in order to 
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select the best CER equation, the three generalized equations were compared with 

the actual cost and model with the least percentage error was selected. 

Table 4.10: Percentage error of regression model 

Utility y1 
% 

Error 
y2 

% 

Error 
y3 

% 

Error 

Anonymous Utility A 1987613.2 10.80 2053774.54 14.48 1787922.76 0.34 

Anonymous Utility B 2343314.2 10.31 2347392.44 10.50 2363591.25 11.26 

Anonymous Utility C 3694978 7.62 3516647.50 2.42 3716626.27 8.25 

Anonymous Utility D 1080575.65 7.07 1331604.40 14.52 1111009.54 4.45 

Central Virginia EC 12729783.4 6.90 13507912.76 1.21 12705695.52 7.07 

City of Rock Falls 6256025.2 0.45 5964411.34 5.09 6261971.02 0.36 

City of Wrangell 3694978 15.29 3516647.50 9.73 3716626.27 15.97 

East Mississippi (C) 6256025.2 1.49 5964411.34 3.25 6261971.02 1.58 

East Mississippi (H) 6256025.2 7.21 5964411.34 2.21 6261971.02 7.31 

East Mississippi (P) 6256025.2 10.30 5964411.34 14.48 6261971.02 10.21 

Waverly Power & 

Light 7607689 24.55 7378907.00 20.81 7615006.03 24.67 

Average Error % 

 
9.27 

 
8.97 

 
8.31 

  

 The results obtained satisfied the requirement of this project which is less 

than 10% error. The highest recorded percentage error is 24.67% by Waverly Power 

& Light whereas the lowest is 0.34% by anonymous utility A. The two variables 

regression model has the lowest percentage of error compared to both single variable 

regression models. The error of two variables regression model is the lowest as it 

used more variables than the other models and thus produce more accurate results. 

 

4.8 Evaluation of Failure Consequences of PGS 

 4.8.1 Annual worth 

A failure in the PGS causes the unit to be shutdown and thus cannot continue to 

operate. Failure can decrease the plant capability and hence affect the availability and 

reliability. It is important to have high availability and reliability since it affect the 

safety and cost of electricity generation. The failure cost is highly dependent on the 

frequency of failure and total number of downtime. The annual worth was used to 
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measure the impact of failure on power generation system. All the cost incurred by 

UTP-GDC plant was tabulated in Table 4.11. 

Table 4.11: Cost of failure per year for UTP-GDC plant  

Cost of Repair (RM) Cost of Maximum Demand (RM) Cost of Electricity (RM) 

198,000 1,894,200 218,526 

Annual Worth (RM) 2,310,726 

 

 As shown in Table 4.11, the annual value for 10 years of failure assuming 

that the tariff price does not change and the failure rate is constant for period of 10 

years is RM 2,310,726.00. The distribution of each failure is presented in Figure 4.8. 

The cost of maximum demand charge contribute to 82% of the total cost of failure, 

9% was the cost of electricity and 9% was the cost of repair. This concludes that the 

penalty imposed to power plant affect the greatest during failure. In order to reduce 

the cost of maximum demand charge, number of failures should be reduced by 

increasing availability and reliability of the system.  

 

Figure 4.12: Failure cost distribution for public utility 
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Table 4.12: Cost of Gen set 

Annualized capital 

cost (RM) 

Cost of 

annual 

maintenance 

(RM) 

Annual cost of 

Operation (RM) 

Annualized salvage 

value (RM) 

595,922.60 59,755.76 213,444 50,467.55 

Annual Worth (RM) 1,130,971.63 

 

 The annual worth of every year was calculated as RM 1,130,971.63 as per 

Table 4.12. Figure 4.13 showed the distribution of every cost present for the gen set. 

The highest cost was contributed by capital cost which takes up to 69% of the total 

cost. Next is cost of operation with 24% and lastly 7% is due to cost of maintenance. 

Annual worth of gen set is lesser than public utility. The difference between annual 

worth is RM 1,179,754.37. Hence by changing the redundancy of PGS, UTP-GDC 

plant can save an amount of RM 1,179,754.37every year.  

 

Figure 4.13: Cost distribution of gen set 
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redundancy, it is important to evaluate the effect of each redundancy. To evaluate the 

redundancies, the operating hours in a year factor was used. Figure 4.14 showed the 

annual cost of public utility and generator set with respect to operating hours. As 

observed, the cost of generator set is lower than public utility after 35.01 hours of 

operation. The breakeven point was determined at 35.01 hours with annual cost of 

RM 668,587.64. The decision of redundancy was based on the number of operating 

hours of the plant. In the case of operating hours less than 35.01 hours, the public 

utility is chosen as redundancy. On the other hand, if it is greater than 35.01 hours, 

generator set is a better alternative. Since the operating hours of UTP-GDC was 121 

hours, hence generator set is a better option as redundancy for power generation 

system. 

 

Figure 4.14: Breakeven analysis of public utility and generator set 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusion 

 The results of this study show that the most appropriate redundancy for 

power generation system of small cogeneration plant is generator set. The developed 

models presented in this thesis provide useful tool in making decisions for 

redundancy. The conclusion if this project is as below: 

 The methodology of this project was developed by considering the small 

cogeneration plant case. Collected data of failure and downtime hours were 

used in the calculation annual worth. Availability and reliability of the plant 

were studied to determine the plant performance. The results were compared 

with the reliability of generator set to prove that the reliability of the plant can 

be further enhanced. 

 The redundancy models were developed for public utility and generator set. 

Two models were developed as the factors were different from each other. 

The case study shows that 82 % of total annual cost during failure for public 

utility comes from cost of maximum demand charge and 69% of total 

generator set annual cost is capital cost. 

 The effect of annual worth of public utility and generator set with respect to 

operating hours were determined by using breakeven analysis. The result of 

this study shows that the breakeven point is 35.01 hours with annual cost of 

RM 668,587.64. The annual cost of generator set increased slower than 

public utility. This is due to high cost of maximum demand charge and higher 

cost of operation compared to generator set. Based on this study, the gen set 

alternative is a better option compared to public utility. 
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5.2 Recommendation 

 This study can be extended by taking into account the failure occur due to 

aging of equipment. Model of aging components can be developed to 

predict failure rate and downtime hours of the system. 

 The redundancy model can be improved by using power plant data from 

Malaysia. Hence a more accurate cost of generator set can be applied for 

the case of small power plant in Malaysia. Other than that, detailed cost of 

operation and personnel can e include. 

 The effect of inflation and economic instability can be studied to improve 

the accuracy of redundancy model. 
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APPENDIX 

SAMPLE PERFORMANCE DATA FROM 2007 TO 2011 
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