Chapter 1

	INTRODUCTION


1.1
Definition and Historical Development

Among the various energy converting devices, steam and gas turbines are extensively used as these use fossil fuels.  The purposes of turbine technology are to extract the maximum quantity of energy from the working fluid, to convert it into a useful work with maximum efficiency. However, a considerable decrease in total fuel consumption is achieved, if cogeneration (also known as Combined Heat and Power, CHP) is applied. The term cogeneration is generally used for description of electrical and heat energy joint production. Cogeneration is the thermodynamically sequential production of two or more useful forms of energy from a single primary energy source. The two most usual forms of energy are mechanical and thermal energy. Mechanical energy is usually used to drive an electric generator. This is why the following definition, even though restrictive, often appears in the literature. Cogeneration is the combined production of electrical (or mechanical) and useful thermal energy from the same primary energy source.

The mechanical energy produced can be used also to drive auxiliary equipment, such as compressors and pumps. Regarding the thermal energy produced, it can be used either for heating or for cooling. Cooling is effected by a vapor absorption unit, which can operate through hot water, steam or hot gases. During the operation of a conventional power plant, large quantities of heat are rejected in the atmosphere either through the cooling circuits (steam condensers, cooling towers, water coolers in Diesel or Otto engines, etc.) or with the exhaust gases. Most of this heat can be recovered and used to cover thermal needs, thus increasing the efficiency from 30-50% of a power plant to 60-75% of a cogeneration system. 

Cogeneration first appeared in late 1880’s in Europe and in the U.S.A. During the early parts of the 20th century, most industrial plants generated their own electricity using coal-fired boilers and steam turbine generators. Many of the plants used the exhaust steam for industrial processes. It has been estimated that as much as 58% of the total power produced by on-site industrial power plants in the U.S.A. in the early 1900’s was cogenerated.

The aforementioned trend in cogeneration started being invented after the first dramatic rise of fossil fuel costs in 1973. Systems that are efficient and can utilize alternative fuels have become more important in the face of price rises and uncertainty of fuel supplies. In addition to decreased fuel consumption, cogeneration results in a decrease of pollutant emissions. For these reasons, governments in Europe, U.S.A. and Japan are taking an active role in the increased use of cogeneration. Methods of stimulating the use of cogeneration are seen in three major forms: (i)   regulations or exemption from regulations, (ii) monetary incentives, and (iii) financial support of research and development. Research, development and demonstration projects realized during the last 25 years led to a significant improvement of the technology, which now is mature and reliable. New techniques are also under development, such as fuel cells. 

1.2. 
Gas Turbine Cogeneration Systems

Most cogeneration systems can be characterized either as topping systems or as bottoming systems. In topping systems, a high temperature fluid (exhaust gases, steam) drives an engine to produce electricity, while low temperature heat is used for thermal processes or space heating (or cooling). In bottoming systems, high temperature heat is first produced for a process (e.g. in a furnace of a steel mill or of glass-works, in a cement kiln) and after the process hot gases are used either directly to drive a gas-turbine generator if their pressure is adequate or indirectly to produce steam in a heat recovery boiler, which drives a steam-turbine generator.

Gas turbines have been developed as heavy-duty units either for industrial and utility applications, or as lightweight, compact and efficient aircraft engines. These engines are modified for stationery applications, in which case they are called aero derivative turbines. In general, they are capable of faster start-ups and rapid response to changing load. Both gas turbine designs have been successfully used for cogeneration having as main advantages low initial cost, high availability, fast and low-cost maintenance, fuel-switching capabilities, high quality heat which can easily be recovered, and high 19 efficiencies in larger sizes. In addition, the commercial availability of packaged units helped in their widespread applications.

1.3. Objectives of the Present Research Work
The present research work has been performed to achieve the following objectives
1. To develop a computer based design methodology for a gas turbine cogeneration system with regeneration.
2. To perform a parametric study for wide range of variables such as compressor air Inlet temperature, Pressure ratio, Turbine Inlet temperature, regenerative effectiveness, pinch point temperature etc. the effect of these parameters on First law efficiency, Second law efficiency, Fuel utilization efficiency, Specific fuel consumption, Process steam. Quantity and exergy destruction in a component has been studied.
Chapter 2  

LITERATURE REVIEW
Gas turbine cogeneration system is an extensive area of research, in which several researchers have already made some mark and several others are indulging themselves in this direction. Literature survey for project is enlisted below.

2.1 
Summary of Literature Review

Major area of research in Gas turbine cogeneration system is to improve performance thermodynamically with reduced expenditure.

Moran [1] has established a design methodology for the Gas turbine cogeneration system. This simple system is integrated with Regenerator and a HRSG is attached to utilize the waste heat. A 30 MW Gas turbine is designed on the basis of analysis of enthalpy and entropy of air and gas. Methane has been used as fuel. Simultaneously, the exergy and energy destruction at different points are also tabulated. The waste heat from turbine (exhaust gases) has been used to produce steam for other processes. Steam is formed at 20 bar and 14 kg/s, which is a assumption to design heat recovery steam generator.
Khaliq A. and Choudhary K  [2]  have analyzed and compared the performance parameters first law efficiency, second law efficiency and power – to – heat ratio  of different gas turbine power cycles at different ranges for pressure ratio, turbine inlet temperature and relative humidity
Khaliq and Kaushik [3] have evaluated the thermodynamic performance of combustion gas turbine cogeneration system with reheat. They studied the efficiency of system with HRSG. They calculated the pinch point temperature and compared different efficiencies. 
Butcher and Reddy [4] have analyzed the second law efficiency of waste heat recovery and studied the effect of pinch point temperature on the efficiency of HRSG. In this paper, power boosting of Gas turbine are analyzed due to inlet air refrigeration. 
Ito Shoko, Saeki Hiroshi, Inomata Asako, [5]  have described the conceptual design and cooling blade development of a 17000C-class high temperature gas turbine in ACRO-GT-2000 (advanced carbon dioxide recovery system of closed-cycle gas turbine aiming 2000 K) project. In the closed cycle power plant system, the thermal efficiency aimed at is more than 60% of the higher heating value of fuel. They have described the propose structure of blade to improve heat transfer and methods of blade cooling to achieve the aimed TIT. 

Ali [6] has studied simple Gas turbine system with inlet air refrigeration by vapor compression cycle. Mass flow rate term has been replaced by volumetric flow rate, thus reducing the inlet air temperature increases the volumetric flow rate. The result shows improvement in terms of cycle efficiency and specific power output.
Kumar and Krishna [7] studied the characteristics of Gas turbine power plant adopting the air-cooling at intake with Alternative regenerative configuration. In this study the performance are examined for the restricted set of operational and design conditions. The study shows that plant efficiency with above configuration has been improved by 10% as compared to simple cycle. 
Kumar and Krishna [8] performed the second law analysis of Gas turbine power plant with Alternative regeneration. This work deals with thermodynamic analysis of a Gas turbine Alternative regeneration system and compares it with conventional regeneration configuration. The analysis deals with comparison of efficiency, work done and exergy loss. The results shows that, the Alternative regeneration proved to be efficient than the conventional configuration.

Doek [9] worked out the exergy analysis of Gas turbine cogeneration system. The paper examined performance of Gas turbine cogeneration systems well as the exergy destruction in each component in the system when it is operated at part and full load conditions. In addition, the effect of inlet air temperature, humidity of the inlet air, water and steam injection on the performance of the system is analyzed. The predicted values of the performance for a 1 MW Gas turbine cogeneration system has been compared with the actual performance data provided by the Gas turbine manufacturer. Computerized energy and exergy analysis in his work provides efficiency calculation, exergy destruction in each component, mass flow rate, composition and exhaust temperature.  

Yadav [10] analyzed simple gas/steam combined cycle power plant for different type of coolants for gas turbine stage cooling. Steam coolant is bled from heat recovery steam generator. Influence of different type of coolant upon the performance of topping, bottoming, combined cycle and HRSG as been presented and analyzed. Specific heats are taken in terms of temperature. 
Facchini [11] performed the detailed study of reheat gas turbine/combined cycle and close loop steam gas cooled gas turbine. The detailed exergy balance is used in this study to compare the performance of plant sections and to understand the margin for potential improvement. 
Pelster et al. [12] performed study of combined cycle with advanced options viz. Compressor air intercooling, water injection and reheating. Environmental and economic analysis has also been simultaneously studied. The work shows the validity of methods for the development of energy system. Finally, the system has been optimized for economic and better operation. 
Yadav [13] worked out the exergy analysis of a novel gas/steam combined cycle employing water/steam cooled gas turbine. Stage by stage component wise exergy loss calculations and analysis is performed. The availability, irreversibility and effectiveness of components have been calculated for both topping and bottoming cycle.
Bastos et al. [14] worked out the simulation of cogeneration system. A dynamic model of mid-capacity system is developed, including gas turbine and HRSG. The simulations for different demand cases are performed. In this work, a solution is presented to how a cogeneration system can be controlled to satisfy transient power, heating and cooling demands. Temporal simulation of the cogeneration system shows that it is possible to meet all the demand with conventional equipments and controls.  

Korakianitis [15] performed analysis of combined cogeneration power plant with various power and efficiency enhancement. This work has elaborated the exergy and exergy destruction at different points of combined cogeneration plant. General trends of parametrically varying the performance enhancing schemes on efficiency; power output, plant effectiveness and exergy rate has been shown. 

Shang et al. [16] studied effect of manufacturing tolerances on regenerative exchanger number of unit and entropy generation. This work uses analytical methods to show that the standard deviation in channel sizes reduce the effective numbers of transfer units. Depends on operating condition, entropy generation number either increases or decreases, which may cause energy destruction at different flow channels. This work shows that both temperature and pressure affect the entropy generation. In regenerative exchanger entropy analysis has been done.

Dellenback [17] studied a reassessment of an alternative regenerative cycle. The revised modeling shows that the alternative regenerative cycle can produce efficiency higher than conventional only for limited set of conditions. studied a reassessment of an alternative regenerative cycle. The revised modeling shows that the alternative regenerative cycle can produce efficiency higher than conventional only for limited set of conditions. The turbine inlet temperature (TIT) is taken rather higher for current design value to examine the both current and future feasibility of cycle.

 Yokoyana et al. [18] worked on optimal design of Gas turbine cogeneration plants in consideration of discreetness of equipment capabilities. In this paper all the equipments are considered discreetly for energy loss and their effectiveness calculation. This method has been applied to the design of a Gas turbine cogeneration plants. This determines the criteria of selection, capabilities and number of equipments. It has been also turned out that the method can also clarify the influence of constraints on the design and operation of Gas turbine cogeneration systems. 
 

Ravi Kumar [19], done the analysis on HRSG in combined cycle aimed at optimal utilization of the flue gases.
Schnackel H.C. and Schenectady N.Y. [20] have derived and formulated to calculate the thermodynamic properties of steam and water at different temperatures. 
Steltz William G., Silvestri J. George, and Lester [21] have analyzed the properties of steam at different pressure and temperature for digital computer applications.
Roger and Cohen [22] have described the detailed theory of gas turbine machines in their book “Gas turbine theory”
Seyedan, Dhar, Gaur and Bindra [23] “Simulation and optimization studies of a combined cycle power plant”, Thesis of doctor of philosophy, IIT Delhi, 1995.
2.2. Scope of Present Work

The purpose of the project is to promote the near-term realization of a highly efficient power plant by utilizing more general and practical fuel. In addition, a fundamental system study of a high efficiency closed cycle power generation system has been performed and reported by Shoko Ito et al. [4 ]. 

The present system features the introduction of CH4 – O2 combustion system and the 1700 0 C (1900 K) – class high – temperature gas turbine. It is well known that the increase in turbine inlet temperature has a strong impact on the thermal efficiency enhancement. However, the gas turbine working temperature rise results in the increase of the coolant flow rate, under the turbine blade, with same cooling structure, material and thermal barrier coating (TBC).  Moreover, the increase of the coolant consumption deteriorates the thermal efficiency of the plant. Therefore, for the realization of high – temperature gas turbine, the development of a more efficient cooling structure, a more durable base metal and a more effective insulating coating are essential.

The present project describes an analytical tool and a method to analyze gas turbine cogeneration plant configuration in terms of plant performance at high TIT. With the help of main inputs such as inlet air temperature & pressure, pressure ratio, TIT, efficiency of turbine (ηt) the gas turbine cogeneration plant has been designed and parametric study for wide range of variables has been performed. 

Chapter 3

FORMULATION OF COGENERATION SYSTEMS       

3.1. Cogeneration Systems Description                           
A standard cogeneration System with regeneration is considered for the present analysis. The diagram is shown in Figure 3.1 with corresponding T-s diagram shown in Figure. 3.2. The system consists of a closed Brayton cycle with CH4 – O2 combustion and a HRSG utilizing the waste heat of the cycle. The cycle is comprised of an air compressor, a regenerator, a combustor and a turbine. Air after compression in the compressor enters the regenerator where its temperature is raised by the exhaust gases from turbine. After regenerator, it enters into combustion chamber where its temperature is raised by the combustion of fuel. The gases then expand in the turbine and produce the work output (alternator to generate electricity). The heat carried by the exhaust gases is recovered in the regenerator and HRSG to increase the temperature of air and generate steam respectively. 
3.2. 
Mathematical Formulation
The mathematical formulation of the present analysis is based on the following assumptions:
1. The cogeneration system operates at steady state.

2. Ideal gas mixture principles apply for the air and the combustion products.

3. The fuel (natural gas) is taken as methane and modeled as an ideal gas. The fuel is provided to the combustion chamber at the required pressure by throttling from a high-pressure source.

4. The combustion in the combustion chamber is complete and N2 is treated as inert.

5. Heat transfer from the combustion chamber is 2% of the fuel Lower Heating Value (LHV) of the fuel.    

6. All other components operate without heat loss.

Based on the above assumptions, the formulation of the components are discussed below:
3.2.1. Compressor

Air enters the compressor at ambient conditions. This initial temperature and density of air dictate the amount of work required for compression, the fuel that can be burnt, the fuel required to achieve a specified turbine inlet temperature. As a result, the net power output, the efficiency, the exhaust gas flow rate and temperature at the turbine exit (consequently the recoverable heat) are functions of the ambient conditions. 
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Fig. 3.2: T-s diagram of gas turbine cogeneration system with regeneration


The air is compressed by the air compressor and transferred to the combustion chamber in order to mix with fuel. The energy is absorbed by the compressor in the form of work is given by 
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Where ma is mass of air, Ma is molecular weight of air and (h2 - h1) is the difference of enthalpy between state 1 & 2. The value of specific enthalpy h2 can be evaluated using the compression isentropic efficiency. Solving the expression for compressor isentropic efficiency,
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We get 
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Where 
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 denotes the specific enthalpy for an isentropic compression from the inlet state 1 to the specified exit pressure p2 as the air composition is fixed , ideal gas mixture principles allows the isentropic compression to be described as, 
Change in entropy during isentropic compression in compressor
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Inserting the specific entropy expressions for N2, O2, CO2 and H2O from tables in appendix - A & B, the above expression can be solved for T2s and the corresponding enthalpy of h2s is determined.
Physical Exergy at state 1: 
At this state T1 = T0 and p1=p0. Accordingly, h0 = h1 and s1 = s0 and the physical exergy component vanishes: 
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Physical Exergy at state 2:
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Exergy destruction in compressor (EDcomp)
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3.2.2. Regenerator (Preheater)

Effectiveness of regenerator can be expressed as 
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Enthalpy of exhaust gas at the regenerator exit is given by 
	 EQ 
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Physical Exergy at state 3:
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Exergy destruction in Regenerator (EDregen)
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3.2.3. Combustion Chamber

Denoting the fuel air ratio on a molar basis as λ, the molar flow rates of the fuel, air and combustion products are related by 
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where F, P and a denote, respectively fuel, combustion product, and air.  

For complete combustion of methane the chemical equation is given by
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where the second term of the equation in the bracket represents the air on mole basis.
Balancing carbon, hydrogen, oxygen, and nitrogen the mole fractions of the components of the combustion products (flue Gas) are
	 EQ Mole fraction N2 ,                              
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	Mole fraction O2,                                 
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	Mole fraction CO2,                  
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	Mole fraction H2O,                   
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According to the molar analysis of the products is fixed and once 
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 has been determined the fuel air ratio can be obtained from the energy rate balance as follows
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By assumption 6 of the model, the heat transfer rate is 
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Collecting results
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Using ideal gas mixture principles the enthalpies of the air and combustion of the products (flue gas) are determined at T3 and T4 respectively.
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Combining the last three equations (3.20), (3.21) & (3.22) and solving for 
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Mass flow rate of air in the system
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and Mass flow rate of fuel in the system
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where

 
MF = Mole weight of fuel (Methane)

Mg = Mole weight of combustion product

Fuel (Methane) is injected in combustion chamber at pressure p10 and Temperature T1 
Physical exergy of Fuel (methane) at state 10,
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Since T1 = T0, using ideal gas equation, the above expression reduces to 
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Chemical exergy at state 10 (chemical exergy of methane)
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Physical Exergy at state 4:
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At state 4, there are combustion products (flue gas) after combustion.
Exergy destruction in combustion chamber (EDcombustion): 
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3.2.4. Gas Turbine 

After combustion the molar composition of gas changes to:
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Specific enthalpy at 5 for an isentropic expansion is
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Where 
[image: image45.wmf]st

h

isentropic efficiency of turbine, h4 and h5 is are enthalpies of flue gas at state 4 & 5.  h5s is the isentropic enthalpy at turbine exit. 
The change in entropy of combustion gas after isentropic expansion in turbine
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The purpose of using a turbine is to generate power from expansion of a gas or liquid. Thus, for a turbine without extraction we consider the power developed W as the product and the decrease in the exergy of the expanding gas or liquid from inlet to outlet (E4 –E5) as the fuel. 
Physical Exergy at state 5:
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Exergy destruction in turbine:
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3.2.5. Heat Recovery Steam Generator (HRSG)
HRSG utilizes the waste heat of the flue gas from regenerator to produce steam. Water enters at ambient temperature (T8) and pressure psat and converted into saturated steam. 
Mass of steam generated by HRSG is given by
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where QP is the process heat supplied for generation of steam, hc  and  hg are the enthalpy of saturated steam and saturated water calculated for state 8 & 9. 


From the First law, the quantity of process heat produced may be given as
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where hpinch is enthalpy of steam at pinch point temperature. Calculating steam and water properties and evaluating h0 and s0, the equation for physical exergy at state 9:
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Pinch point temperature has been decided by using the computer program and the relation between pinch point temperatures with process steam temperature is developed with the help of MATLAB. 
3.2.6. Properties of Air, Water and Steam 
The properties enthalpy and entropy of air has been calculated by the equations given in Appendix-B. Required constants are also provided in tables B-1 and B-2. 
The properties of water and steam are calculated with the help of equations available in research papers in reference [22, 23].
3.2.7.  Performance Parameter
The relevant parameters required for the combined first and second law analysis of gas turbine cogeneration system may be considered as follows:
First – Law Efficiency (ηI): The ratio of all the useful energy extracted from the system (electricity and process heat) to the energy of fuel input is known as first-law efficiency. This reflects the first law of thermodynamics, which is concern with quantity not energy quality.
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Where Wg is the electrical power output of generator, QP is the process heat utilized by HRSG and HF is the total energy supplied by fuel.
Second-law efficiency (ηII):  Since electrical power is more valuable than process heat according to the second law of thermodynamics unlike energy, the exergy is always destroyed in any real process.  It is useful to consider both output and input in terms of exergy [ ]. The amount of exergy supplied in the product to the amount of exergy associated with the fuel is a more accurate measure of thermodynamic performance of a system, which is defined as:
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Where E1, E8, E9 and E10 are the total exergy at corresponding states.
Power-to-heat Ratio (Rph): the cost effectiveness of any cogeneration system is directly related to the amount of power, it can produce for a given amount of process heat added. Hence, another parameter used to assess the thermodynamic performance of a cogeneration system is Power-to-heat Ratio (Rph) which is defined as:
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Specific Fuel Consumption:
The ratio of the fuel mass flow of a gas turbine engine to its output power, in specified units. Specific fuel consumption (abbreviated sfc or SFC) is a widely used measure of atmospheric engine performance and International System (SI) units of kilograms per hour per kilowatt [(kg/h)/kW] or [kg/kW h].
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Pinch Point Temperature:

Pinch is used in sizing the heat transfer surface area of the HRSG.  As seen in fig. 1 the pinch point is the difference between the saturation temperature and the HRSG exit temperature.  It is desirable to make the pinch point as small as possible with out making the cost of the HRSG astronomical.
HRSG's are popular today because of the efficiency gains that are accomplished with the re-use of waste heat from turbines.  Fundamentally HRSG's are large heat exchangers and follow the thermodynamic laws that govern heat transfer.

The amount of heat that is available to produce steam comes from the following equation:
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where  ms  is mass of steam to be produced in HRSG, hg is the enthalpy of saturated steam and hc  is the enthalpy of condensate water at inlet of HRSG.
The QP in above equation (3.43) is used to determine how much steam can be produced.  The following equation is used for this calculation: 
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Where ms is the steam mass flow rate, QP is the heat from Equation 3.38 minus losses for blowdown and casing, and ΔH is the change in enthalpy from feed water enthalpy to the enthalpy of the final steam conditions.


[image: image62]
Figure 3.3:  Pinch point temperature in Heat Recovery Steam Generator
Chapter 4

	RESULTS & DISCUSSIONS


The formulation of gas turbine cogeneration system is discussed in Chapter 3. Based upon this formulation, solution methodology and results and discussions are discussed below.
4.1. Solution Methodology   
The structure of computer program consists of following divisions. (a) Development of function files to calculate properties of air, water and combustion products for wide range of temperature and pressure respectively. (b) Development of component wise function files to perform energy and exergy analysis. The information flow diagram for the cogeneration system is shown in Figure 3.1 and discussed below:
(1) 
Initial air conditions (T1, p1, φ) and pressure ratio (rp) for compression and compressor efficiency (ηC) is supplied to calculate compressor outlet temperature (T2) and pressure (p2) of air.

(2) 
The hot compressed air passes through the regenerator with specified effectiveness (ε) where it is further heated by the waste exhaust gases of turbine. At this juncture, the turbine exit condition of combustion products is not known. Therefore, the calculation of heat transfer from combustion of products to air cannot be determined explicitly.  Initially a guess value of temperature (T3guess) is assigned for the exit air of regenerator. The guess value of T3guess is justified in step 5.
(3) 
Combustion chamber analysis requires the input information such as combustion chamber inlet air temperature (T3), turbine inlet temperature (T4), combustion chamber efficiency (ηcomb), calorific value of fuel and temperature and pressure of fuel supplied to the combustion chamber. Based upon these inputs and assuming the complete combustion, fuel-air ratio (λ) and molar fraction of combustion products has been determined.

(4) 
The inputs supplied to the gas turbine are products of combustion at turbine inlet temperature (TIT) condition, isentropic efficiency (ηT) of gas turbine and net power output (Wgen) required from the turbine at generator outlet. Using these parameters mass flow rate of air and fuel, and outlet temperature of combustion products are calculated.
(5)
At this stage using exhaust conditions of turbine exit, effectiveness of regenerator (ε), air inlet condition at regenerator (T2 & p2), temperature T3 is recalculated and compared with initial guess value of T3guess. Using this calculated value of T3, steps (2) to (4) are repeated till the difference between guess value (T3guess) and the calculated value is within the prescribed tolerance limit ( tol = 0.0005).

 (6)
Using heat balance, exit conditions (outlet temperatures etc.) of combustion products from regenerator has been calculated.

(7) 
The inputs required for the analysis of the HRSG are inlet and outlet condition of combustion products (exhaust gas) of steam generator, inlet water temperature and outlet steam conditions, and pinch point (Tpp). Using these input parameters, mass flow rate of steam and quantity of process heat has been calculated.

(8) 
Finally the program calculates various parameters such as first law efficiency, second-law efficiency (exergic efficiency), power-to-heat ratio, specific fuel consumption, mass of steam generated in HRSG, exergy loss in system components and total loss in the system.
4.2. PROGRAM VALIDATION
The computer program developed for cogeneration system has been validated with the example given in reference [1]. The various input parameters supplied to the program are given in Table 4.1. 
Table 4.1: Input data for analysis of cogeneration plant [1]
	Atmospheric pressure, p1, in  bar                 
	1.0133

	Compressor air inlet temperature (T1) in K                          
	298.15

	Pressure ratio of compressor, rp                      
	10

	Efficiency of compressor, ηc                          
	0.86

	Turbine inlet temperature (TIT) or maximum cycle temperature, T4 in K 
	1520

	Efficiency of Turbine, ηt                                 
	0.86

	Exhaust pressure of combustion prod after HRSG, p7, bar        
	1.0133

	Pressure of water at inlet of HRSG, p8, in bar
	20

	Power output of the plant, Wgen, in MW
	30

	Effectiveness Of Regenerator (ε)
	0.58

	Reference temperature, T0 in K
	273.15

	Injection pressure of fuel (methane), p10  in  bar
	12


4.1 informa
Using the input parameters given in Table 4.1, the output data of computer program are shown in Tables 4.2 & 4.3. The output data of present model matches reasonably well with the values of reference [1] given in the bracket. Table 4.2 describes the various operating parameters such as mass flow rate, temperature and pressure and calculated parameter such as enthalpy, entropy and exergy (physical and chemical) at different states. Table 4.3 represents the exergy destruction of different components of cogeneration system. 
For the present input data, the first and the second law efficiency of cogeneration system are 36.5% and 50.3% respectively. 
Table 4.2: Comparison of results obtained with book result [1] for Mass flow rate, Temperature, Pressure data given as input data for gas turbine cogeneration system 

	State
	Substance
	Mass flow rate (Kg/s)
	Temperature   (K)
	Pressure

  Bar
	Enthalpy

kJ/kg
	Entropy

kJ/kgK
	Eph

(Mw)
	Ech

(Mw)
	Enet

(Mw)

(Eph+Ech)

	1
	Air
	 91.26
(91.3)
	298.150


	1.013
	-4714.63 

(- 4713.30)
	194.35
	0.0000


	0.0000


	0.0000



	2
	Air
	91.26

(91.3)
	603.73
(603.71)
	 10.13
(10.13)

	4597.58
(4596.9)
	215.73
	27.5382

(27.5376)
	0.0000
	27.53

(27.53)

	3
	Air
	91.26

(91.3)
	 850.13
(850.00)

	9.623

(9.6259)
	12523.88
(12524.0)
	226.73

	 41.93
(41.93)

	0.0000
	 41.93
(41.93)


	4
	Combustion products
	 92.89 (92.94)
	1520.000
	 9.14
(9.142)
	9304.5 (9304.41)
	247.45

	 101.071
(101.08)


	0.3663
(0.3665)
	101.43
 (101.45)

	5
	Combustion products
	 92.89 (92.94)
	1006.16

(1006.0471)
	 1.09
(1.099)

	 -8843.07
(-8839)

	232.90
	 38.37
(38.41)

	0.3663
(0.3665)
	 38.78
(38.88)

	6
	Combustion products
	92.89 (92.94)
	 779.55
(779.78)
	 1.064
(1.066)
	(-16522.68)
	225.45
	 21.3851

(21.0176)
	0.3663
(0.3665)
	 21.75
(22.87)

	7
	Combustion products
	92.89 (92.94)
	426.897
	1.013
	(-27974.54)
	204.77
	2.4061

(2.4021)
	0.3663
(0.3665)
	 2.7726

(2.2384)

	8
	Water
	14.0


	 298.150


	20.00
	104.88

(104.70)
	0.3609
	  0.0266

(0.0266)
	0.0350

(0.0350)
	  0.0616

(0.0616)

	9
	Steam
	 14.02
(14.00)

	485.51
(485.57)

	20.00
	2799.5

(2797.10)
	6.3421
	 12.77
(12.77)
	0.0350

(0.0350)
	12.82
(12.81)

	10
	Methane
	 1.6415
(1.6419)
	 298.150


	12.00
	-74871.97

	      -
	 0.6269
(0.6271)
	 84.34
(84.37)

	 84.98
(84.99)

	Exergic efficiency of the gas turbine cogeneration plant
	0.503 (50.3%)


Table 4.3: Calculated Exergy destruction in each component of gas turbine cogeneration system 

	Component
	Exergy Destruction Rate (MW)
	Exergy  Destruction

(%a)
(ED / ED Total)
	Exergy Destruction

(%b)
(ED / EDf Total)

	Combustion chamber
	25.48 (25.48)
	64.59 (65.56)
	29.99 (29.98)

	 Heat Recovery 

Steam Generator
	5.85 (6.23)
	14.83 (15.78) 
	6.88 (7.33)


	Gas Turbine 
	3.03 ( 3.01)
	7.70 (7.63)
	3.57 (3.54)


	Air Preheated
	2.95 (2.63)
	7.48 (6.66)
	3.47 (3.09)


	 Air Compressor
	2.12 (2.12 )
	5.38 (5.37)
	2.50 (2.49)


	 Overall Plant
	39.45 (39.47 )
	            100
	46.43 (46.43)



%a is exergy destruction rate within components as a percentage of total exergy destruction rate within the cogeneration system. 
%b is the exergy destruction rate within components as a percentage of the total exergy rate entering the cogeneration system with the fuel.
4.3. Parametric Study

The important operating parameters in the present cogeneration system are compressor pressure ratio (rp), turbine inlet temperature (TIT), ambient temperature and relative humidity (φ), pinch point temperature (Tpp) and steam pressure (ps). the effect of variation of these parameters on first law efficiency (ηI) and power-to-heat ratio (RPH) is obtained by the energy balance approach or the first law analysis of the cycle. However, the exergy destruction or thermodynamic losses of each component and second law efficiency (ηII) of the system has also been investigated under the exergy balance approach or second-law analysis. To study the effect of these operating variables on the performance parameter of the system, operating under different conditions, the following common characteristics and their corresponding ranges are discussed below:
1. Air condition at compressor Inlet: In the present simulation, the inlet air temperature is varied between 0 to 500C and the variation in corresponding relative humidity is between 20 to 80%. The ranges taken for inlet air temperature and relative humidity cover the wide range of weather conditions. Ambient temperature and pressure of air is taken as 298.15 K and 1.013 bar respectively.
2. Compressor Pressure ratio (rp): the compressor pressure ratio has been varied for a range of 5 to 50 [2].
3. Turbine Inlet temperature (TIT): Due to metallurgical advancements, the value of TIT is continuously increasing. In the present simulation work, the range selected for TIT is between 1300 to 1900 K, which covers the existing, as well as advanced gas turbine to be developed in near future. The maximum value of 1900 K is based on the reference [4], which describes the conceptual design and the development of the blade for a 17000 C (1973 K) class high temperature gas turbine in a closed cycle power generation system.
4. Effectiveness of Regenerator: In present simulation the effectiveness of regenerator has been taken from 0.6 to 0.8 [2].

5. System component efficiencies
The system component efficiencies [2] are given below:
Compressor isentropic efficiency ηc = 87%.

The turbine isentropic efficiency ηr = 89%.
Efficiency of combustion chamber and reheater (ηCC) = 95%.

Generator efficiency (ηg) = 97%.

6. Pinch point (Tpp) and process steam pressure
The pinch point temperature at HRSG is taken as 25°C and varied for a range of 0 to 500C. The temperature of condensate return from process is taken 25°C (open circuit). Process steam pressure is taken between 10 - 20 bars.

7. Characteristics of Fuel :

Methane (CH4) gas is taken as fuel having the lower heating value of 802361 kJ/Kmol and Molecular weight of methane is equal to 16.043 Kg/Kmol.
8.  System Component Losses
Air side pressure drop across air Reheater of total inlet pressure = 2%

Pressure loss in Preheater gas side = 2%

Pressure loss in combustion chamber = 4%

Pressure loss in HRSG gas side = 5%

The graphical results of parametric study are discussed below: 
Effect of  Pressure Ratio 
The variation of first law efficiency with pressure ratio for different TIT condition (1300 –1900 K) is shown in figure 4.2. For a prescribed TIT, the first law efficiency increases with increasing pressure ratio and after reaching a maximum value it starts decreasing with further increase in pressure ratio. As the TIT increases the first law efficiency increases for corresponding value of pressure ratio. The optimum pressure ratio corresponding to maximum efficiency (η) also increases with increases in TIT. Increase in efficiency (η) with pressure ratio is due to higher outlet air temperature of compressor caused by high-pressure ratio and utilization of waste heat in regenerator to further increase the temperature before entering to the combustion chamber. The first law efficiency decreases with pressure ratio after reaching a maximum value is due to the fact that at this stage, the exit air temperature of the compressor is higher than the exhaust temperature of the turbine. Thus, there is a reverse heat transfer from hot air to exhaust gases. The cooling of air in regenerator causes decreasing efficiency. From the Figure 4.2 it can be concluded that for TIT = 1900 K the optimum pressure ratio (rp) is 30 and corresponding first law efficiency (ηI) is 72.9%. for the pressure ratio (rp) 15 and above the first  law  efficiency (ηI) is always more than 72%.
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Figure 4.2: Effect of Pressure Ratio (rp) on First Law Efficiency at different TIT
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Figure 4.3: Effect of Pressure Ratio (rp) on Second Law Efficiency at different TIT
Variation of second-law efficiency with the pressure ratio is shown in Figure 4.3. For a given value of TIT, initially second law efficiency increases with pressure ratio and after reaching a maximum value, it further decreases with increasing pressure ratio. It can be concluded from Figure 4.3, that maximum second law efficiency is at optimum pressure ratio (rp) equal to 20 for TIT = 1900 K. after the critical pressure ratio (rp) the second law efficiency (ηII) decreases with pressure ratio (rp) relatively faster as compared to first law efficiency (ηI).
The variation of power-to-heat ratio (Rph) with compressor pressure ratio (rp) is shown in Figure 4.4. Figure shows the variation of the power-to-heat ratio (Rph) with the change in pressure ratio (rp) for different turbine inlet temperatures 1300 to 1900 K. It has been observed that at higher TIT power–to–heat ratio (Rph) is lower at lower pressure ratio (rp) and increase with pressure ratio. After achieving optimum value, it further decreases with the increase in pressure ratio (rp). In Figure 4.4, the maximum power-to-heat ratio (Rph) is 1.84 at pressure ratio 20 at TIT 1900 K. The variation in power-to-heat ratio (RPH) at higher pressure ratio is relatively low at TIT equal to 1900 K.

The effect of pressure ratio (rp) on specific fuel consumption for different TIT values is shown in Figure 4.5. Initially, specific fuel consumption decreases with increasing the pressure ratio and after achieving a minimum value, it further increases with increase in pressure ratio (rp). The specific fuel consumption is higher at lower pressure ratio and lower TIT. As TIT increases, the specific fuel consumption decreases with increasing pressure ratio. From Figure 4.5, the minimum specific fuel consumption is 0.1533 Kg/kWh at pressure ratio (rp) 20 and TIT 1900 K. It is below 0.156 Kg/kWh for pressure ratio between 10 to 30.
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Figure 4.4: Effect of Pressure Ratio (rp) on Power-to-Heat Ratio (Rph) at different Turbine inlet temperature (TIT)
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Figure 4.5: Effect of Pressure Ratio (rp) on Specific Fuel Consumption (sfc) at different Turbine inlet temperature
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Figure 4.6:  Effect of Pressure Ratio (rp) on Specific Fuel Consumption (sfc) at different 

effectiveness of Regenerator for TIT = 1900 K, T1= 298.15 K
The effect of pressure ratio on specific fuel consumption for different value of regenerator effectiveness is shown in Figure 4.6. Initially the specific fuel consumption reduces with increase in pressure ratio and after achieving a minimum value it further increases with pressure ratio. The specific fuel consumption increases with decrease in effectiveness of regenerator for a given pressure ratio (rp). At TIT of 1900 K and effectiveness equal to 0.8, the minimum specific fuel consumption calculated was  0.1467 Kg/kWh at pressure ratio (rp) = 15. The effect of variation of effectiveness on specific fuel consumption is insignificant for the pressure ratio above 40. 
The increase in exit air temperature of the compressor and effective utilization of waste heat in regenerator are responsible for reduction of specific fuel consumption with initial increase in pressure ratio and causes reduction in fuel consumption rate in combustion chamber. After achieving optimum value of specific fuel consumption, it further gradually increases with pressure ratio due to high requirement of compressor input and relatively less recovery of waste heat, fuel-air ratio in the system increases that causes gradual increase. 
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Figure 4.7: Effect of pressure ratio (rp) on first Law efficiency, second law efficiency, Sp. fuel consumption and power-to-heat ratio 

The optimized results of Figure 4.2 to 4.6 are shown in Figure 4.7, which  shows the variation in first law efficiency, second law efficiency, power-to-heat ratio (RPH) and specific fuel consumption, for the cogeneration cycle with compressor pressure ratio (rp) equal to 20 for TIT =1900 K. As the pressure ratio (rp) increases the compressor work increases, raising the temperature of air at compressor outlet. Increase in pressure ratio also increases the turbine work and the net work output of the cycle. Therefore, as the pressure ratio (rp) increases, the air temperature at the inlet of regenerator increases, that reduces the heat transfer capacity of regenerator. Hence, the gas temperature at the exit of regenerator increases. As a result, the energy available to generate the process heat increases. Hence, as pressure ratio (rp) above 15, the power-to-heat ratio decreases, because at much higher-pressure ratio the process heat increases significantly. As the pressure ratio increases, the air temperature at inlet of the combustion chamber decreases due to decrease in capacity of regenerator, which results in increasing the heat added to the cycle. The ratio of net work output to the heat added represents the first law efficiency of the cycle.  Figure 4.7 also shows the variation of second law efficiency, which is more accurate measure of thermodynamic performance. Since the quality of fuel (i.e., the exergy associated with the heat addition) is more than the heating value or energy of the fuel because the exergy of fuel would increase while bringing it from the ambient pressure to combustion pressure at ambient temperature. Hence, exergy associated with the heat addition will be equal to exergy associated with the heating value of fuel plus exergy increase, i.e., mechanical exergy due to increase of pressure of fuel from the ambient to combustion state. Therefore, the second-law efficiency of the cycle is lower than the first-law efficiency. For the diagram 4.7, it can be concluded that optimum pressure ratio for the cogeneration system is 20 for TIT equal to 1900 K.
Effect of Turbine Inlet Temperature  

Figure 4.8 shows the variation of first-law efficiency, second - law efficiency, and the power-to-heat ratio with the change in turbine inlet temperature for rp=20 and φ=60%. Increase in TIT enhances the heat transfer rate by absorbing greater heat from turbine exhaust in the heat exchanger, and hence the temperature of air inlet to the combustion chamber would increase, which in turn would increase the mean temperature of heat addition that leads to reduction of the magnitude of heat addition in the cycle. Therefore, cycle efficiencies increases with an increase in TIT. However, the power-to-heat ratio initially increases appreciably with increase in TIT because the increase in generation of process heat is relatively lower than the electric power output.  At higher TIT, the rate of increase of power –to-heat ratio is low.
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Figure 4.8: Effect of variation of turbine inlet temperature on first law efficiency, second law efficiency and power-to-heat ratio for Pressure Ratio (rp)  
Effect Of Compressor Inlet Air Temperature 
The impact of compressor inlet  air temperature (0-50°C)  on first law efficiency, second law efficiency, power to heat ratio and specific fuel consumption at TIT =1900  K and pressure ratio (rp) = 20 is shown in Figure 4.9.  Gas turbines are almost constant volume flow rate machines when the speed remains unchanged. At low inlet air temperature the density is high. Thus, although the volumetric flow rate remains constant, the mass flow rate and power output is higher at low temperatures. As the temperature of inlet air increases the mass flow rate and therefore, the second law efficiency decreases. As shown in Figure 4.9 the first law efficiency increases with inlet air temperature (ambient temperature) but second law efficiency decreases with increasing the ambient temperature and power-to-heat ratio also decreases. In the present case, the output of the system includes process heat with electrical output and with decrease in power-to-heat ratio, process heat increases. The increase in inlet temperature is significant effect on efficiency. For a typical pressure ratio of 20 and TIT 1900 K, the increase in temperature from 0 to 50°C causes decrease in 6% second law efficiency. This is due to increase in exergy destruction in various components of the present system. Due to this, the gas turbine cogeneration power systems show a relatively inferior performance as compared to winter. Now-a-days cooling of inlet air to compressor is done by using various cooling methods. 
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Figure 4.9:  Effect of Compressor inlet temperature on First law, Second law efficiency, Specific fuel consumption and power-to-heat ratio 
Effect of Relative Humidity 

Figure 4.10 shows the variation of the first-law efficiency, second -law efficiency, and the power-to-heat ratio with the change in ambient relative humidity for TIT=1900 K and rp=20 at inlet air temperature (T1) = 250C. The variation in efficiencies and power-to-heat ratio is insignificant 
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Figure 4.10: Effect of variation of ambient relative humidity on first law efficiency, second law efficiency and power-to-heat ratio  
Effect of pinch point 

The energy and exergy of the process heat produced will depend on the temperature of hot exhaust entering and the temperature of saturated steam produced in the heat recovery steam generator (HRSG) at a higher temperature. Thus, it is expected that the pinch point as well as the pressure of the process steam will have a significant effect on performance parameters.

The effect of variation pinch point on system performance is shown in Figure 4.11 with fixed process steam pressure equal to 20 bars. The pinch point has been varied from 0 - 600 C. It has been observed that the power –to –heat ratio increases with increase in pinch point temperature which is expected because a larger pinch point will result in a higher temperature in the flue gas. Consequently, less heat will be produced when a larger pinch point is used.

The first law efficiency of the system decreases with the increase in pinch point.  The second law (exergetic) efficiency decreases with larger pinch point. This is consistent with the fact that larger pinch point would mean larger exergy destruction (entropy generation) for the system. The rate of decrease of second law (exergetic) efficiency is smaller than first law efficiency. Since a larger value of pinch point would mean a smaller(less expensive) heat recovery steam generator  but a less efficient system trade -off used on first law efficiency could lead to a wrong decision as the second law efficiency does not decrease as much as the first law efficiency.
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Figure 4.11:  Effect of Pinch point temperature on FIRST law, Second Law Efficiency & 
Power – to- heat ratio of gas turbine cogeneration system with saturated steam

Effect of Process Steam Pressure 
The effect of process steam pressure generated in HRSG on the system performance parameters with steam pressure is shown in Figure 4.12 for a fixed point temperature (Tpp). It has been observed that the power-to-heat ratio increases with increasing process steam pressure. The result is that the flue gas temperature will be higher. Consequently less process heat will be produced at a higher pressure of process steam. But this increase in power-to-heat ratio is relatively small if the turbine exhaust temperature is relatively high. This is expected because a higher pressure for process steam will increase the temperature of the gas mixture at the pinch point.  The second law efficiency increase quite significantly with an increase in pressure of process steam if turbine exhaust temperature is relatively high.  The first law efficiency  (ηI) decrease with an increase in the pressure of process steam. But the decrease is relatively small if the turbine exhaust temperature is relatively high. The second law efficiency increases quite significantly with an increase in the pressure of process steam if turbine exhaust temperature is relatively high.
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Figure 4.12: Effect of variation of Steam pressure in HRSG on first law efficiency, second law efficiency, fuel utilization efficiency and power-to-heat ratio  

For an increase in heat input, there is increase in turbine output and cogeneration cycle efficiency because of large mass flow rate of steam from HRSG. In the cogeneration cycle, the high-pressure steam pressure must be relatively high to attain good exergetic utilization of the waste heat by generating high quality of steam. Thus, a gas turbine engine having a relatively low turbine exhaust temperature is not very versatile for the production of process steam.
Exergy Destruction 
Table 4.4 shows the variation of the magnitude of exergy destruction in each component of the plant with the change in over all pressure ratio (rp) from 10 to 50 for TIT = 1900 K and φ = 60%. It is found that the exergy destruction in the combustion process dominates the exergy destruction picture, as expected; it represents over 46% of the total exergy destruction in the overall system. As the pressure ratio increases, the exergy destruction in the combustion chamber increases significantly. This is because the increase in pressure ratio implies higher combustion pressure, which leads to larger destruction as it is seen in Figure 4.13. 
Table 4.4: Effect of variation of Pressure Ratio (rp) on Exergy Destruction in different components of the cycle for TIT=1900K, φ= 60%, p1= 1.013 bar, T1= 298.15 K
	Pressure Ratio (rp)
	Exergy destruction in  compressor
	Exergy destruction in  regenerator
	Exergy destruction in  combustion chamber
	Exergy destruction in  turbine
	Exergy destruction in  HRSG

	10
	4.5163
	18.9004
	68.9909
	4.7632
	2.8291

	20
	5.1906
	10.2458
	73.0352
	6.3811
	5.1472

	30
	5.4512
	6.1897
	73.7429
	7.3737
	7.2425

	40
	5.5849
	3.7588
	73.5132
	8.1038
	9.0393

	50
	5.6549
	2.0485
	72.9597
	8.6683
	10.6726


The exergy destruction in the regenerative heat exchanger decreases as the pressure ratio increases. This is because the higher pressure ratio results in lower power turbine exit temperature as well as higher temperature at the inlet of the HRSG. As a result, exergy destruction in the HRSG increases with higher pressure ratio. At the given TIT, as the pressure ratio increases the exergy destruction in the compressor and turbine increases. 
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Figure 4.13: Effect of variation of pressure ratio (rp) on exergy Destruction in different components of the cycle for TIT= 1900 K, φ = 60%, p1= 1.013 bars, T1= 298.15 K

The variation of the magnitude of the exergy destruction in each component of the plant with the change in turbine inlet temperature for rp=20 and φ=60% is shown in Table 4.5. As the TIT increases, the exergy destruction in the regenerator increases because the temperature gradient for the heat transfer in it increases with higher TIT. The exergy destruction in the combustion chamber and regenerator increases because the logarithmic mean combustion temperature for the whole cycle increases. The exergy destruction in the HRSG increases because the temperature difference between the two heat exchanging fluids (flue gas and water/steam) increases, and for the given pressure ratio of the cycle, more steam is generated by the HRSG with the higher TIT, which produces larger process heat. Again, the combustion chamber and reheater are found to be a major source of irreversibility. 

	Table 4.5: Effect of variation of TIT on  Exergy Destruction in  different components of the cycle for rp= 20, φ= 60%, p1= 1.013 bar, T1= 298.15 K


	TIT (K)
	Exergy destruction in compressor
	Exergy destruction in regenerator
	Exergy destruction in  Combustion Chamber
	Exergy destruction in  turbine
	Exergy destruction in  HRSG

	1300
	6.6288
	7.8089
	66.7954
	10.3825
	8.3845

	1400
	6.3655
	8.612
	68.3468
	9.7318
	6.9437

	1500
	6.1113
	9.3012
	69.634
	9.0716
	5.8815

	1600
	5.5688
	9.8487
	70.6991
	8.4087
	5.1747

	1700
	5.6355
	10.2122
	71.5971
	7.7402
	4.8151

	1800
	5.4107
	10.3625
	72.3636
	7.0663
	4.7969

	1900
	5.1906
	10.2458
	73.0352
	6.3811
	5.1472
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Figure 4.14: Effect of variation of TIT on Exergy Destruction in different components of the plant for rp= 20, φ= 60%, p1= 1.013 bars, T1= 298.15 K

	Table 4.6: Effect of variation of ambient relative humidity (φ) on Exergy Destruction in different components of the cycle for rp= 20, p1= 1.013 bar, T1= 298.15 K


	Ambient Relative humidity (%)
	Exergy destruction in compressor
	Exergy destruction in regenerator
	Exergy destruction in  Combustion Chamber
	Exergy destruction in  turbine
	Exergy destruction in  HRSG
	Total Exergy Destruction 

	20
	1.8831
	1.1127
	25.9989
	2.7086
	11.5113
	43.2146

	40
	1.8813
	1.0238
	26.2208
	2.5146
	11.5489
	43.1894

	60
	1.8794
	0.9334
	26.4514
	2.3111
	11.585
	43.1603

	80
	1.8777
	0.8534
	26.6599
	2.1257
	11.6152
	43.1319

	90
	1.8768
	0.8127
	26.7675
	2.0295
	11.6299
	43.1164
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Figure 4.15: Effect of variation of ambient relative humidity (φ) on Exergy Destruction in different components of the cycle for rp= 20, p1= 1.013 bars, T1= 298.15 K

The variation of the magnitude of exergy destruction in each component of the plant with the change in ambient relative humidity φ for TIT=1900 K and rp=20. As shown in Table 4.6, the exergy destruction in all components of the plant is more or less independent of change in ambient relative humidity.
	Table 4.7: Effect of variation of ambient Temperature(inlet air ) on Exergy  destruction in different components of the cycle for rp= 20, p1= 1.013 bar, T1= 298.15 K


	Ambient Temperature (0C)
	Exergy destruction in compressor
	Exergy destruction in regenerator
	Exergy destruction in  Combustion Chamber
	Exergy destruction in  turbine
	Exergy destruction in  HRSG
	Total Exergy Destruction

	5
	1.7286
	1.4277
	23.7318
	2.4983
	10.5568
	39.9432

	15
	1.8041
	1.2087
	25.0398
	2.4674
	11.0446
	41.5646

	25
	1.8794
	0.9334
	26.4514
	2.3111
	11.585
	43.1603

	35
	1.954
	0.5867
	27.9759
	1.977
	12.1799
	44.6735

	45
	2.0273
	0.146
	29.624
	1.3642
	12.817
	45.9785
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Figure 4.16: Effect of variation of ambient Temperature (inlet air) on Exergy Destruction in different components of the cycle for rp= 20, p1= 1.013 bar, T1= 298.15 K
Table 4.7 show the variation of exergy destructions in each component of the plant with ambient temperature for TIT = 1900 K and pressure ratio (rp) =20. It is found that the exergy destruction in the combustion process, dominates the exergy destruction picture. Exergy destruction increases in regenerator, combustion chamber and HRSG with ambient temperature. As the ambient temperature increases, the temperature at regenerator inlet increases and heat transfer rate in regenerator decreases.  
Chapter 5

	CONCLUSION & SCOPE FOR FUTURE WORK


5.1. Conclusion
(1). 
A general-purpose design methodology has been developed for parametric study and performance evaluation of a gas turbine cogeneration system. 

(2). 
For the given values of following parameters; Turbine Inlet Temperature (TIT) = 1900 K, Effectiveness of Regenerator (ε) = 0.70 and Pinch Point Temperature (Tpp) = 250C, Inlet air temperature 250C, steam pressure 20 bars, the corresponding optimum performance parameters calculated are given below:
(i) Optimum compression ratio (rp) = 20

(ii) First Law efficiency (ηI) = 71%
(iii)  Second Law Efficiency (ηII) = 54%
(iv)  Specific Fuel Consumption =  0.1534 Kg/kWh
(v)  Power-to-Heat Ratio (RPH) = 1.82
3.  For an optimum pressure ratio (rp), first and second law efficiencies and power -to -heat ratio increases significantly with increase in TIT
4.  The second law efficiency and power-to-heat ratio decreases with increase in inlet temperature where as the effect of increase in inlet air temperature on first law efficiency and specific fuel consumption is negligible. The effect of variation of relative humidity on performance parameters is insignificant.
5.  First and second law efficiency decreases and power- to-heat ratio decreases with increase in pinch point. The first and second law efficiencies increase with increase in steam pressure where as power-to-heat ratio remains constant.

 6. For optimum conditions maximum exergy destruction occurs is 73% of the total destruction in combustion chamber. The exergy destruction in other components are: Regenerator 10.3%, turbine 6.5%, compressor 5.2% and HRSG 5% of total exergy destruction. Exergy destruction increases in compressor and HRSG and decreases in combustion chamber, turbine and regenerator with the increase in pressure ratio (rp). As the TIT increases the exergy destruction decreases in compressor and turbine where as increases in combustion chamber, regenerator and HRSG.
7. With increase in temperature, exergy destruction increases in compressor, combustion chamber and HRSG with where as decreases in regenerator and turbine.  The overall effect of increase of relative humidity on exergy destruction is insignificant.
5.2. Recommendations of Future Work   

The present computer program can be easily extended in following areas-

I. 
The present design methodology can be extended by incorporating reheat, intercooling and steam injection technology for parametric studies.

II.  
The effect of addition of suitable computational model for inlet air cooling system such as evaporative cooler, vapour absorption system etc. can be studied to examine the improvement of overall performance of the present system.

III. 
The design methodology can be easily extended for alternative regenerator cogeneration system.

IV. 
The present study can be further extended for Techno-economic analysis.  
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	APPENDIX


Appendix A

Table A.1 Standard molar chemical exergy e-ch (kJ/kmol) of various substances at 298.15 K and po (1.013 Bar)

	SUBSTANCE
	   FORMULA


	   MODEL A
	   MODEL B

	Nitrogen
	    N2(g)
	       639
	       720

	Oxygen
	    O2(g)
	     3951
	     3970

	Carbon dioxide
	    CO2(g)
	    14176
	   19870

	Water
	    H2O(g)
	     8636
	     9500

	Water
	    H2O(L)
	         45
	      900

	Hydrogen
	    H2(g)
	    235249
	   236100

	Methane
	   CH4(g)
	    824348
	   831650


Table A.2 Enthalpy of formation at 298.15 K and 1 bar pressure ideal gas enthalpy of different gas

	
	OxygenO2
hf˚298=0    kJ/kmol

M=32
	Carbon dioxide

CO2  hf˚298=

-393522

kJ/kmol

M=44
	Carbon monoxide

 CO   hf˚298= 

-110529l

0kJ/kmol

M=28
	Water H2 O

hf˚298=-241827

kJ/kmol

M=18
	Hydrogen

 H2 hf˚298= 0 kJ/kml

M=2
	NitrogenN2
hf˚298=0kJ/kmol

M=28


	 Temp  (K)
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-˚298)

kJ/kmol

	298.15
	0
	0
	0
	0
	0
	0

	900
	19246
	28014
	18397
	21924
	17682
	18221

	1000
	22707
	33405
	21686
	25978
	20686
	21406

	1100
	26217
	28894
	25033
	30167
	23723
	24757

	1200
	29765
	44484
	28426
	34476
	26794
	28108

	1300
	33351
	50158
	31865
	38903
	29907
	31501

	1400
	36966
	55907
	25338
	43447
	33062
	34936


Appendix-B

Table B.1.  
Variation of Specific Heat, Enthalpy, Entropy and Gibbs function with temperature (298.15 K) at 1 bar for various substances in units of kJ/ kmol or kJ/ kmolK

	Substance
	Formula
	Cpo
	ho
	   so
	     go

	Carbon
	 C(s)
	 8.53
	0
	    5.74
	-1711

	Nitrogen
	  N2(g)
	28.49
	0
	191.61
	-57128

	Oxygen
	O2(g)
	28.92
	0
	205.146
	-61164

	Carbon dioxide
	CO2(g)
	35.91
	-393521
	213.794
	-457264

	Carbon monooxide
	CO(g)
	28.54
	-110528
	197.648
	-169457

	Water
	H2O(g)
	31.96
	-241856
	188.824
	-298153

	Water
	H2O(l)
	75.79
	-285829
	69.948
	-306685

	Methane
	CH4(g)
	35.05
	-74872
	186.251
	-130403


Table B.2.  
Constants to calculate Enthalpy, Entropy and Gibbs function with temperature 298.15 K and pressure 1.013 bar for various substances in units of kJ/kmol or kJ/kmolK

	Substance
	Formula
	H+
	S+
	   a
	b
	c
	d

	Nitrogen
	  N2(g)
	-9.982
	16.203
	30.418
	2.544
	-0.238
	0

	Oxygen
	O2(g)
	-9.589
	36.116
	29.154
	6.477
	-0.184
	-1.017

	Carbon dioxide
	CO2(g)
	-413.886
	-87.078
	51.128
	4.368
	-1.469
	0

	Water
	H2O(g)
	-253.871
	-11.750
	34.376
	7.841
	-0.423
	0

	Water
	H2O(l)
	-289.932
	-67.147
	20.355
	109.198
	2.033
	0

	Methane
	CH4(g)
	-81.242
	96.731
	11.933
	77.647
	0.142
	-18.414


With the help of constants given in tables and the equations given below the specific Heat, enthalpy and entropy of air and flue gas can be calculated.
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Figure 3.1: Gas turbine cogeneration system with regeneration
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		15		0.4277		0.5		1.7352		0.1683
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		25		0.4102		0.4899		1.5343		0.1755

		30		0.3987		0.4824		1.4325		0.1805

		35		0.3869		0.4746		1.3391		0.186
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		30		0.4443		0.5233		1.6461		0.162
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		1500		0.3969		0.4738		1.5402

		1600		0.4204		0.4962		1.6374

		1700		0.4398		0.5148		1.7161

		1800		0.4559		0.5303		1.7777

		1900		0.4692		0.5434		1.8239

		RH		Ist law		IInd law		Rph		Sp. Fuel

		20		0.4691		0.5437		1.8152		0.1534

		30		0.4691		0.5436		1.8173		0.1534
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		60		0.4692		0.5434		1.8239		0.1534

		70		0.4692		0.5433		1.8258		0.1534

		80		0.4692		0.5432		1.8279		0.1534

		Effectiveness= 0.60

		rp		Ist law		IInd law		Rph		sp. Fuel

		0
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		15		0.4471		0.5297		1.6115		0.161

		20		0.4541		0.5347		1.658		0.1585

		25		0.4554		0.5357		1.6624		0.1581

		30		0.4539		0.5346		1.6456		0.1586

		35		0.4508		0.5324		1.6177		0.1597

		40		0.4468		0.5296		1.5837		0.1611

		45		0.442		0.5263		1.5468		0.1628

		50		0.4372		0.5228		1.5085		0.1646

		Effectiveness= 0.70

		0

		5		0.3978		0.4865		1.3898		0.181

		10		0.4548		0.5308		1.7614		0.1583

		15		0.4677		0.5414		1.8361		0.1539

		20		0.4692		0.5434		1.8239		0.1534

		25		0.4665		0.542		1.782		0.1543

		30		0.4618		0.5391		1.7285		0.1559

		35		0.4561		0.5354		1.6714		0.1578

		40		0.4498		0.5313		1.6142		0.16

		45		0.4433		0.527		1.5585		0.1623

		50		0.4368		0.5226		1.505		0.1648

		Effectiveness= 0.80

		0

		5		0.4475		0.5138		1.9822		0.1609

		10		0.4871		0.549		2.1968		0.1478

		15		0.4903		0.5543		2.1351		0.1468

		20		0.4855		0.5527		2.0297		0.1482

		25		0.4781		0.5487		1.9206		0.1505

		30		0.4699		0.5438		1.8203		0.1532

		35		0.4614		0.5385		1.7288		0.156

		40		0.453		0.5331		1.6457		0.1589

		45		0.4446		0.5277		1.5703		0.1619

		50		0.4365		0.5223		1.5016		0.1649

		Inlet Temp 0 - 50 C

		0		0.4889		0.5648		2.1258		0.1472

		10		0.4811		0.5567		1.9961		0.1496

		20		0.4732		0.548		1.8782		0.1521

		30		0.4652		0.5386		1.7723		0.1547

		40		0.4573		0.5287		1.679		0.1574

		50		0.4496		0.5181		1.6011		0.1601

		Pinch point 0 - 50 C

										fuel eff.

		0		0.4692		0.5496		1.7074		0.744

		10		0.4692		0.5471		1.7521		0.737

		20		0.4692		0.5446		1.7992		0.73

		30		0.4692		0.5421		1.8492		0.7229

		40		0.4692		0.5396		1.9021		0.7159

		50		0.4692		0.5371		1.9592		0.7088

		60		0.4692		0.5346		2.018		0.7017

		steam pressure 10 - 50 bar

		0

		10		0.4692		0.52		0.7281		1.8123

		20		0.4692		0.5434		0.7264		1.8239

		30		0.4692		0.5594		0.7249		1.8344

		40		0.4692		0.5745		0.7238		1.8431

		50		0.4692		0.5915		0.7229		1.8492

		60		0.4692		0.6128		0.7224		1.853

		Exergy Destruction in components with varying rp

		rp		Ed compr		Ed regen		Ed CC		Ed turbine		Ed HRSG

		5		1.4502		9.1956		25.2189		1.33		11.3348

		15		1.8083		2.0026		26.2423		2.0834		11.1766

		20		1.8794		0.9334		26.4514		2.3111		11.585

		25		1.9317		0.277		26.5935		2.5027		12.0164

		35		2.0072		0		26.7762		2.8189		12.8718

		45		2.062		0		26.8871		3.0796		13.68

		10		1.696		4.0026		25.9069		1.7893		10.9074

		Exergy Destruction in components with varying TIT

		TIT		Ed compr		Ed regen		Ed CC		Ed turb		Ed HRSG

		1300		3.3228		0		33.4904		5.2059		13.308

		1400		2.9689		0		31.8878		4.5401		12.6607

		1500		2.6759		0.0807		30.496		3.9733		12.2094

		1600		2.428		0.3135		29.2868		3.4787		11.92

		1700		2.2181		0.5378		28.22		3.0463		11.7266

		1800		2.0373		0.7455		27.2799		2.6605		11.6187

		1900		1.8794		0.9334		26.4514		2.3111		11.585

		Exergy Destruction in components with varying RH

		Rh		Ed compr		Ed regen		Ed CC		Ed turbine		Ed HRSG

		0.2		1.8831		1.1127		25.9989		2.7086		11.5113

		0.4		1.8813		1.0238		26.2208		2.5146		11.5489

		0.6		1.8794		0.9334		26.4514		2.3111		11.585

		0.8		1.8777		0.8534		26.6599		2.1257		11.6152

		0.9		1.8768		0.8127		26.7675		2.0295		11.6299

		Exergy Destruction in components with varying inlet temperature

		Amb Tem		Ed compr		Ed regen		Ed CC		Ed turbine		Ed HRSG

		5		1.7286		1.4277		23.7318		2.4983		10.5568

		15		1.8041		1.2087		25.0398		2.4674		11.0446

		25		1.8794		0.9334		26.4514		2.3111		11.585

		35		1.954		0.5867		27.9759		1.977		12.1799

		45		2.0273		0.146		29.624		1.3642		12.817
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		0		0		0

		5		5		5		1.3898

		10		10		10		1.7614

		15		15		15		1.8361

		20		20		20		1.8239

		25		25		25		1.782

		30		30		30		1.7285

		35		35		35		1.6714

		40		40		40		1.6142

		45		45		45		1.5585

		50		50		50		1.505



Ist Law Efficiency

Iind Law Efiiciency

Sp. Fuel consumption

Power-to-heat Ratio

Pressure Ratio (rp)

Ist Law & II law efficiency & sp. fuel Consumption

Power-to-Heat Ratio (Rph)

0.3978

0.4865

0.181
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0.1578
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0.5313

0.16
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0.4368
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		1300		0.4125		1.2558

		1400		0.4464		1.4142

		1500		0.4738		1.5402

		1600		0.4962		1.6374

		1700		0.5148		1.7161

		1800		0.5303		1.7777

		1900		0.5434		1.8239



First law Efficiency (%)

Second-law efficiency (%)

Power-to-heat Ratio (Rph)

Turbine Inlet Temperature (K)

Efficiency (%)

Power-to-heat ratio (Rph)
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		20		20		1.8152
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		40		40		1.8194

		50		50		1.8216

		60		60		1.8239
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0.1482

0.1581

0.1543

0.1505

0.1586

0.1559

0.1532

0.1597

0.1578

0.156

0.1611

0.16

0.1628

0.1623

0.1646

0.1648




_1285947338.unknown

_1285936751.unknown

_1285935882.unknown

_1285925789.unknown

_1285925949.unknown

_1285925712.unknown

_1285846414.unknown

_1285924781.unknown

_1285846487.unknown

_1285225372.unknown

_1285484502.unknown

_1285484997.unknown

_1285475074.unknown

_1285225040.unknown

_1276673819.unknown

_1284872076.unknown

_1285207867.unknown

_1285224170.unknown

_1285208576.unknown

_1284872322.unknown

_1285203878.unknown

_1284872181.unknown

_1276771390.unknown

_1284864523.unknown

_1284871945.unknown

_1284864934.unknown

_1284863887.unknown

_1276673969.unknown

_1276771298.unknown

_1276673264.unknown

_1276673785.unknown

_1276612511.unknown

_1276063730.unknown

_1276361140.unknown

_1276610101.unknown

_1276610586.unknown

_1276361673.unknown

_1276362094.unknown

_1276441772.unknown

_1276361601.unknown

_1276357706.unknown

_1276360939.unknown

_1276361125.unknown

_1276360923.unknown

_1276357615.unknown

_1276064208.unknown

_1265216552.unknown

_1265525670.unknown

_1265627057.unknown

_1275972289.unknown

_1265626544.unknown

_1265218774.unknown

_1265214258.unknown

_1265214409.unknown

_1265210901.unknown

