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    FOREWORD 1




    


    


    


    


    


  




  

    

      It is an honour for me to write the foreword for the book titled “Thermal Cycles of Heat Recovery Power Plants,” written by Dr. T Srinivas. The scope of the book is in the area of heat recovery power generation and thermal cycle analysis. The book covers various heat recovery power generation systems and thermodynamic cycle analysis. Given the growing global energy demand, there is a need to improve power generation efficiency and to conserve energy resources. Global warming and the need to reduce greenhouse gas emissions demands higher efficiency fossil fuel-based power plants. The waste heat recovery and utilization will help to reduce greenhouse gas emissions. The cycle analysis plays a dominant role in understanding the heat recovery based power plants, including the performance. The book covers various thermal cycles and their analysis, including the performance of heat recovery based systems.




      Srinivas is a well-known researcher in the areas of thermal power generation, combined cycle and cogeneration systems, waste heat recovery, solar energy, and exergy analysis. He has published extensively in journals and conference proceedings as an author and also with research collaborators. We have worked together on research projects in thermal power generation, waste heat recovery, and solar energy and published them in reputed journals and conference proceedings.




      The “Thermal Cycles of Heat Recovery Power Plants” book covers the latest advances in heat recovery power generation systems, various thermal cycles, and analysis, including recent advances. The book incorporates recent advances in research and developments in heat recovery based power generation systems. I am confident that the book will be very useful to senior undergraduate level students, graduate-level students, researchers working in the area of thermal power generation and waste heat recovery power generation, and for practicing engineers in the area of thermal power generation, waste heat recovery, and energy management.




      

        Bale V. Reddy


        Department of Mechanical and Manufacturing Engineering


        Faculty of Engineering and Applied Science


        Ontario Tech University (UOIT)


        Oshawa, ON, Canada

      




      FOREWORD 2




      The power generation from the waste heat recovery is equivalent to the power from the renewable energy sources as it does not generate any new or additional carbon dioxide to the environment. Therefore, these power plants are also eligible to claim the carbon credits as per the policy norms. I wish this book on the power thermal cycle of heat recovery power plants nurtures new ideas of power plants to tap the waste heat recovery. This book deals with the thermodynamic analysis of very important vapour power cycles such as organic Rankine cycle, organic flash cycle, Kalina cycle, steam Rankine cycle, and steam flash cycle from the modelling to the optimization of performance parameters and highlighting the challenges and opportunities. The latest power cycles, including the Kalina cycle, organic flash cycle, and steam flash cycle, are thoroughly analysed with exhaustive models and examples. The book also covers important practical aspects of the power cycles with detailed case studies, which may be very useful for the students. I know that Dr. T. Srinivas is also an author of ‘Flexible Kalina Cycle Systems’, which is focused on cooling cogeneration cycle based on Kalina cycle working principle. The chapter on comparison of the power cycles based on various thermodynamic characteristics may be very useful to the students and researchers. I hope this book contributes to the understanding of the power cycle’s concepts, design, and development of new plants to the students, scholars, faculty, and practicing engineers for innovative developments.




      

        K. Srinivas Reddy


        Department of Mechanical Engineering


        Indian Institute of Technology Madras


        Chennai, India
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    Worldwide many thermal industries are working without tapping the valuable waste heat into a useful form. Electricity is one of the most extensively used commodities in the world. The existing and futuristic power plant configurations and its characteristics suitable to a waste heat recovery (WHR) are discussed in the book. Novel power plant configurations are developed and elaborated from modelling to the optimization through the simulation. Five different power plants configurations, suitable to heat recovery are presented viz. organic Rankine cycle (ORC), organic flash cycle (OFC), Kalina cycle (KC) steam Rankine cycle (SRC) and steam flash cycle (SFC). Out of these power plant layouts, flash cycle (FC) has been recommended because of its adoptability to the heat recovery. The novel flash cycle, which is different from the current geothermal power plant is detailed to augment the heat recovery and power with organic fluid system and steam system. In a power plant, the source temperature may fall below the critical temperature of the fluid or above it. The performance characteristics of these power plants differ with the working fluid and state of heat source, i.e., below or above the critical temperature. Separate performance characteristics and correlations are developed in these two regions for all the selected fluids. The selected working fluids in the heat recovery power plants are R123, R124, R134a, R245fa, R717 and R407C. In FC, the liquid is flashed from high pressure to low pressure at the exit of heat recovery’s economizer. The vapour is separated from the process and used in turbine for power augmentation. However, the handling of additional fluid in boiler increases the pump capacity and heat recovery. Therefore, a drop in thermal efficiency has been observed. FC plants are well justified by comparing the existing power plants with its higher production rate. A case study related to cement factory’s heat recovery has been presented to understand the power plant nature with heat recovery. The cement factory demands 15 MW for its functioning and the case study showed that the WHR is capable of producing the self-generation to meet the load. A lower heat recovery pressure is suggested for maximum power. Second case study is at a 7.7 MW power plant operating under SFC. The theoretical results are validated with a cement factory’s case studies with SRC and SFC. The mathematical simulation has been extended to solve ‘n’ flashers in SFC. Finally, OFC and SFC are recommended in place of ORC and SRC for maximum output.




    Organic flash cycle or steam flash cycle are not reported in the available books in the area of power industry. This book companions the undergraduate and post graduate students of mechanical, electrical and similar streams, power plant engineers, practising engineers, research scholars, faculty and plant trainees in the field of power generation. Latest power plant configurations, selection of working fluids to suit the heat recovery temperature and novel flashing cycle in place of organic Rankine cycle and steam Rankine cycle are the key features of this book.






    

      Tangellapalli Srinivas


      Department of Mechanical Engineering


      B.R. Ambedkar National Institute of Technology Jalandhar


      India
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    Introduction on Heat Recovery Power Plants
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      Abstract




      This chapter overviews the heat recovery with power generation plants. The significance of captive power plants has been highlighted. Different heat recovery arrangements as per the category of thermal power cycle have been discussed. The power plant layouts of organic Rankine cycle (ORC), organic flash cycle (OFC), Kalina cycle (KC), steam Rankine cycle (SRC) and steam flash cycle (SFC) are deliberated. The subsequent chapters are focused on the detailed study of thermal cycles of heat recovery power plants.
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      POWER GENERATION FROM WASTE HEAT RECOVERY




      Is waste heat recovery (WHR) a renewable energy? The USA framework of climate change declared WHR power as green energy. These projects can claim the carbon credits for earning. The carbon credits are sanctioned for CO2 reduction but not for renewable energy generation. Energy is capital for any country's development. A lot of waste heat is dumped on earth without dropping its temperature. This book is focused on construction, working, and description of power generation technologies using waste heat recovery. Power generation from fossil fuel causes environmental issues such as carbon dioxide emissions and thermal pollution. The electricity installed capacity of a nation is the sum of utility capacity and captive power capacity. The utility plants are the grid connected power plants. The captive power plants are the decentralized power plants, operating mostly on off-grid mode. The decentralized power generation using renewable technology is one of the promising solutions to address environmental pollution. Apart from the renewable energy sources, power from waste heat recovery is an attractive solution for self-generation of electricity without creating additional carbon dioxide in the environment. Since there is no investment in energy sources such as fuel or renewable energy technologies, the WHR power plants are doing a large business in the power market.




      The major consumer of electricity is the industry, followed by domestic, agriculture, commercial, traction, railways, and others.




      Since the thermal industries handle heat, they can switch into heat and power, i.e. , cogeneration plants. Concrete measures are to be taken for the effective use of waste heat from industries for power generation. Depending on the size of the power plant, these power plants may be operated either captive mode (small capacity) or gird connection mode (high capacity). If the plant capacity is high, the excess amount of electricity can be supplied to the grid. In process industries a lot of hot flue gases are generated from kilns, furnaces and boilers. If effective utilization of those flue gases is done by using proper technology, a considerable amount of energy and money can be saved. The major part of the electricity generation is from conventional sources of energy, viz. coal, oil, and natural gas. However, they are exhaustive and harmful to society and the environment. The power from waste heat is one of the opportunity to this challenge. Waste heat recovery is a heat exchanger, which permits the transfer of heat from the waste hot fluid to the working fluid of the power plant. Waste heat recovery units are generally used in cogeneration plants where the outputs consist of power and process heat.
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Fig. (1))


      Captive power through either topping cycle or bottoming cycle operation.



      With reference to the position or location of the power cycle in cogeneration, the captive power plants are classified into two viz., topping system and bottoming system. (Fig. 1) differentiates the topping system and bottoming system with reference to the relative temperature of power and process heat. In a topping system, the high temperature fluid (exhaust gases, steam) drives an engine to produce electricity. In contrast, low temperature heat is used for thermal processes or space heating (or cooling). In a bottoming system, the 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). Later the 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. In the topping system, the fuel is fired mainly to a power plant. Therefore they can not avail the benefit of carbon credits. The bottom system uses waste industrial heat without creating additional emissions, so, these plants can claim the carbon credits.




      In this book, waste heat from a cement factory has been selected to develop the power plants. Therefore, the power plant cycles are bottoming systems. The studied power plant cycles are organic Rankine cycle (ORC), organic flash cycle (OFC), Kalina cycle (KC), steam Rankine cycle (SRC), and steam flash cycle (SFC).




      The working fluid used in a power plant may be the single fluid system or multi-fluid system. In a single fluid system, a pure substance of working fluid such as water or R123 is used. In a binary fluid system, two working fluids are used together to get the benefit of variable temperature during the phase change. For example, in KC, ammonia and water mixture is used as a working fluid. During the processes of KC, the mixing ratio or concentration of working fluid changes from one state to other state. The mixture of ammonia and water is known as a zeotropic mixture. The zeotropic mixture can be separated by heating and absorbed (mixed) by cooling.




      Fig. (2) shows the temperature-heat transfer profile of the heat recovery system used in a power plant. In a single fluid plant such as ORC and SRC, the saturation temperature of the working fluid is fixed in the evaporator (Fig. 2a). The gas temperature is controlled by a constraint called as pinch point (PP). PP ensures the heat transfer from high temperature to low temperature fluid. Approach point (AP) is used between economizer and evaporator to avoid the sudden transition from liquid to vapour. In a binary fluid system, the fluid temperature is variable during the phase change (Fig. 2b). In KC, the boiling starts at bubble point temperature (BPT) and ends with dew point temperature (DPT) in an evaporator. If the heat recovery is used for steam generation in an SRC or SFC, it is called a heat recovery steam generator (HRSG). If the vapour is generated in a heat exchanger, it is known as a heat recovery vapour generator (HRVG). In ORC, OFC, and KC, the heat exchanger is HRVG. A typical combined cycle power plant use HRSG between the topping cycle (gas power plant) and the bottoming cycle (steam power plant). In the Brayton cycle, the gas turbine inlet temperature is high with the firing of fuel in the gas turbine combustion chamber (GTCC). Therefore, a multi-pressure HRSG is used to suit the high temperature gas. Dual pressure or triple pressure heat recovery is generally used as multi-pressure HRSG in a combined cycle power plant. Fig. (2c) shows such a multi-pressure HRSG. The figure shows a dual pressure HRSG where low pressure (LP) and high pressure (HP) sections of heat exchangers are arranged in a sequential order to match the temperature of hot fluid with counter flow arrangement. The counter flow arrangement results in more effectiveness compared to the parallel flow. At low temperature heat recovery, single pressure is sufficient. The multi-pressure heat recovery is complex in nature and suitable for high temperature heat source. The multi-pressure heat recovery is equivalent to binary fluid heat transfer due to temperature glide of the working fluid. Fig. (2d) shows the temperature-heat recovery profile of the flash cycle. The flash cycle may be OFC or SFC with organic fluid or steam, respectively. A predetermined amount of liquid at the end of the economizer is used in flasher. In flasher, the high pressure fluid is expanded (throttled or flashed) to a low pressure. The expanded fluid at the low pressure is a mixture of liquid and vapour. The state is nearer to the saturated liquid line. A small quantity of vapour is available for the turbine. A separator is used next to the flasher for vapour collection. The heat recovery is similar the heat recovery used for a pure substance (Fig. 2a). But the heat load in the economizer is more than the evaporator and superheater due to additional mass in the first part.


    




    

      ORGANIC RANKINE CYCLE




      Majority of power plants at high temperature are combined gas power plant and steam power plant. ORC is suitable to a low temperature source. The rise in price of energy and environmental issues are the major drives to promote energy recovery. The developed countries are successfully extracting the waste heat with ORC. The power through ORC is well established with industrial waste heat recovery (iron, cement and glass), internal combustion (IC) engine, gas turbine, geothermal, solar and biomass supplies.




      Very few plants are operating on ORC due to various financial and technical constraints. Currently power plants on ORC are successfully running. Notable cement factories are installed and extended with power generation. Tadipatri, Andhra Pradesh, India is producing 4 MW of power from the waste heat. Thermax India Limited installed 125 kW in Pune with association of Department of Science and Technology (DST). The second plant is a hybrid using solar energy during sunny days and biomass boiler on low radiation. Two more plants are installed purely for experimentation and research purpose by Thermax India limited. ORC is a promising technology for geothermal and biomass but these are not as familiar as solar and wind. There is a huge potential for solar thermal installations and more number of plants running on solar using ORC. Bagasse based plants which are quite common is one more area that ORC can be implemented effectively. A rough estimate has been made and it indicates that 4.4 GW of power can be produced using ORC technology including all sectors. Iron and steel sector potentiality is 148 MW, 35 MW from glass industry, 574 MW of power can be produced from cement sector, 1.4 GW of power can be obtained from solar thermal plants and 2.4 GW of power from biomass.




      It becomes difficult to identify the real potential until and unless the total potential of geothermal plants using ORC is assessed properly. It is note worth to mention that if quarter of all the total potential mentioned above can be utilized then the capital cost and environmental impact of building new thermal power plants will be reduced drastically and fossil fuel consumption also reduces. It can be concluded that ORC technology can play a significant role in industrial and renewable energy sector but a detailed analysis has to be carried out in order to know the exact potential of this technology.
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Fig. (2))


      Heat transfer between hot fluid and cold fluid of heat recovery power plants.



      Very few companies and multinational companies (MNC) are working on ORC. Most of the international companies who are expertise in ORC, and many nations are not yet started their full-fledged work at the local level. Different business modules are making the mass scale adoption commercially viable. Working principle of ORC is similar to that of steam Rankine cycle (SRC). The only difference is instead of steam; organic fluid is used. Low boiling point and high vapor pressure of organic fluid makes it suitable for low temperature heat recovery even as low as 65 °C. In ORC, organic fluids such as hydro fluorocarbons, propane, isopentane, isobutene and toluene etc. are used. Higher molecular masses of the fluid make it compact, high mass flow rates are possible and turbine efficiencies are in the range of 80-85%. Since the cycle is working at low temperature, the efficiency is low that is having a range of 10-20% depending upon the condenser and evaporator temperature. When compared with SRC (30-40%) the efficiency of ORC (10-20%) is low as SRC works at high temperature. Around 80% of power generated is through SRC which is a matured technology and in near future also it is going to contribute a lot for power production. Frank ofeldt in 1883 used naphtha instead of steam to run the pistons. It triggered the research on organic fluids to run the power engines.




      The selection of working fluid plays an important role on performance of thermal power cycle of heat recovery such as Rankine cycle, flash cycle etc. The selected fluid should result higher power and thermal efficiency at the chosen source temperature and sink temperature of the power cycle. Isentropic saturation vapour curve or positive slope saturation vapour curve (wet fluid) are suitable to ORC and OFC plants. The negative slope fluid (wet fluid) creates liquid in the turbine and damages the blades. A higher vapour density of the working saves the size of heat exchangers. The low pressure in a condenser increases the volume (low density) and so large size condenser is required which is expensive. The high density fluid save the cost of the equipment and also allows the machines at the lower speeds. This stables the operation of machines such as pumps and turbines. The low viscosity of the fluid in liquid and vapour results high heat transfer and low frictional losses in heat exchangers. Similarly, high thermal conductivity of the fluid also increases the heat transfer coefficient in a heat exchanger. Acceptable vapour pressure is one of the desirable property of the fluid. Too high pressure such as water increases the pumping cost, and other equipment cost. It also increases the complexity and safety measures of the power plant. Therefore, a reasonable pressure to be selected to the plant. The condenser pressure to be positive to avoid the air leakages into the plant. The positive pressure i.e. above the atmosphere pressure also avoids the use of vacuum pump. The working fluid should be stable chemically at the high temperature. The high temperature stability permits the plant to operate at higher temperature which favors the performance. The freezing point should be lower than the atmospheric state to avoid the freezing of the working fluid throughout the year. High level of safety in terms of toxicity and flammability is required. The ozone depleting potential (ODP) should be low i.e. either zero or close to zero. The fluids having higher ODP are going to phased out by Montreal Protocol. A lower greenhouse warming potential (GWP) is required to the working fluid. GWP is measured with respect to CO2, as a unity. The cost and availability of the working fluid is one of the important feature to develop the cycle. Currently refrigeration and air conditioning industry is using many organic fluids as working fluids. They are available easily and less expensive in the market.




      The main components of ORC are heat exchangers, turbine, generator and pumps. Fig. (3) outlines the working principles of simple ORC. Heat recovery from the external source in the form of hot fluid will transfer heat to the organic fluid directly or indirectly to HRVG. The hot organic fluid is impinged on the turbine blades which in turn rotates the turbine shaft. The heat energy is converted to mechanical energy and the mechanical energy is converted into electrical energy in generator. Condenser used to cool the hot organic vapor with the help of water as shown in Fig. (3). The hot water from the condenser can be used for process heat which improves the overall efficiency of the plant. The condensed organic fluid is pumped to the boiler and completes the cycle. Thermal efficiency of the ORC can be improved with the internal heater recovery at the exit of vapour turbine, which is called as regenerator.




      The various industries that have good potential for waste heat recovery using ORC are cement industry (574.2 MW) followed by iron and steel (148.4MW) and glass industry (35.7MW). A total of 758.3 MW can be produced in India. Nearly 2500 ton per day capacity cement plant can produce 1.6 MW of power using organic Rankine cycle. The present production of cement in India is 327.5 million tons per annum which can produce 574.2 MW of power using ORC technology. Similarly, 500 tons capacity manufacturing glass unit can produce 1 MW power. According to the present production capacity of India a power of 36 MW can be produced. Coming to iron and steel industry 6000 tons per day capacity plant can produce a power of 2.4 MW using ORC. As per the present production scenario of iron and steel in India, a power of 148.4 MW can be generated. The first cement plant in India using ORC technology that was running successfully is Ultratech cement plant, India which is giving 4.8 MW of power. It is 10% of the total power consumption of the plant. This plant registered under CDM (clean development mechanism) and it saved around 80 million India rupee (INR) on the cost of power generation. Due to introduction of ORC in cement plant it decreases the operational cost by minimizing the energy costs.




      Based on slope of dry saturated vapour curve on temperature-entropy diagram, the working fluids can be categories into three viz. dry, isentropic and wet. The slope of the dry fluids is positive and remains in dry during the expansion in the turbine. Therefore, vapour is not reheated in the power cycle with dry fluids. The slope is zero for isentropic fluids. These fluids also would not demand superheating and reheating of fluid. The slope is negative for wet fluids and needs superheating. The fluid also demands reheating if the power plant is running on high pressure. R123, R113 and R245ca are dry fluids.




      Water is the example of wet fluid.
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Fig. (3))


      ORC with heat recovery.



      The advantages and disadvantages of ORC are as follows.




      The advantages are:





      

        	The working temperature range varies from as low as 100 °C to as high as 450 °C.




        	Compactness and ORC module standardization makes them easy to install and operate.




        	Size of system ranging from few kWe to several MWe. This makes them suitable to operate under various thermal sources.




        	Special water treatment plants are not required as in SRC. Simple water treatment is sufficient which reduce the expenses of treated water.




        	The organic fluid molecular mass is more compared with water which rotates the turbine blades at a slower speed. It makes the ORC systems more stable.




        	Long life of the system, more than 20 years is ensured in ORC with a small maintenance. The closed leak proof system ensures no entry of moisture content into the turbine which increases the longevity of turbine blades.




        	Little maintenance is required (erosion of turbine is almost nil) there by low running costs.


      




      The disadvantages are:





      

        	Low thermal efficiency (10-20%) is the major drawback of ORC as the system is operating at low temperatures. But the overall efficiency can be increased to 95% if hot water after condensation can be utilized for heating and cooling purposes.




        	More stringent measures are to be taken when organic fluids are used because of high flammability and toxicity when compared with steam. But fully concealed systems make them leak proof and flammability chances are almost negligible.




        	Process plants of smaller capacity are not showing interest to implement ORC as the conventional power tariff is not that much higher.




        	This technology is new and only few manufactures are available. Equipment is to be imported. Import and custom duties are making the technology expensive. This is one of the reasons why this technology is not being implemented. Unless proper subsidies and incentives are not declared it becomes difficult to use this technology to the maximum potential.




        	Manufacturer of the equipment is from outside country providing service after sales is costly and the industries are not interested to install the equipment for fear of system break down. So there is a need of large scale capacity building of operators and maintenance technicians.


      


    




    

      ORGANIC FLASH CYCLE




      Organic flash cycle is a modified version of ORC with added flasher(s). The flashing of fluid is an irreversible throttling process. During the throttling the enthalpy in the process is constant. Therefore, the process is an isenthalpic process. After throttling of high pressure liquid from high pressure to low pressure, liquid and vapour mixture results. The vapour can be separated and used for the power generation in turbine. Therefore, the power generation through the regular processes of preheating in economizer, evaporation and superheating is carried parallel to this flashing process. OFC turbine receives vapour from superheater and flashers. The construction and working of such a simple OFC with single flasher is outlined in Fig. (4).
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Fig. (4))


      Organic flash cycle with single flash unit.

    




    

      KALINA CYCLE




      The working of Kalina cycle is similar to a flash cycle. But in KC works on binary fluid system with the advantage of temperature glide with the heat transfer fluid. Similar to OFC, KC also has a regenerator at the exit of turbine. Fig. (5) shows the schematic layout of a basic KC with the components of HRVG, separating drum, turbine, absorber and pump.




      In basic KC, no regenerator has been shown at the exit of turbine as it consists of main and basic components. The main working principle of KC is absorption (mixing) of two fluids with cooling and separation by heating. In absorber, the vapour absorbs into a weak solution by rejecting heat to the surroundings. The absorber works as a heat sink or condenser.The separation of fluids in heating is the reversal of absorption process. The absorption and separation gives the driving force to the working fluid.The steam Rankine cycle is a well-established technology in power industry that is suitable for high temperatures.




      The reversed vapour absorption power cycle is known as vapour absorption refrigeration (VAR) cycle.
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Fig. (5))


      Basic Kalina cycle operating with heat recovery.



      Most of the waste heat recovery systems are designed to run on steam Rankine cycle as shown in Fig. (5). If the source temperature exceeds 340 - 370 °C, Rankine cycle is the best option. The steam from the waste heat boiler is in superheated state. The power from turbine can be used to meet the factory's load and excess can be supplied to grid. Various industrial waste gases that are suitable for SRC are detailed in table 1.




      

        Table 1 Industrial waste heat for power production with temperature range.




        

          

            

              	Temperature Range



              	Source



              	Temperature, °C



              	Suitable Power Plant

            


          



          

            

              	> 650 °C



              	Steel electric arc furnace



              	1370-1650



              	SRC

            




            

              	Aluminum furnace



              	1100-1200

            




            

              	Copper refining furnace



              	760-820

            




            

              	Glass melting furnace



              	1300-1540

            




            

              	Coke oven



              	650-1000

            




            

              	Iron cupola



              	820-980

            




            

              	Fume incinerators



              	650-1430

            




            

              	Steel heating furnace



              	930-1040

            




            

              	230-650 °C



              	Gas turbine exhaust



              	370-450



              	SRC and ORC

            




            

              	Cement kiln



              	450-620

            




            

              	Steam boiler exhaust



              	230-480

            




            

              	Reciprocating engine exhaust



              	320-590

            


          

        




      


    




    

      STEAM RANKINE CYCLE




      The challenges that are being faced by using different waste heat gases are corrosive nature, abrasive nature, sticky nature, oily and particulate –laden. We cannot use the exhaust of the various industries directly as it contains sediments, soot, which are difficult to remove. One more constraint is financial burden.




      

        The advantages and disadvantages of SRC are




        

          Advantages





          

            	Reduction in CO2 emissions because it uses of waste heat to run plant.




            	Energy efficiency is more.




            	Size of the equipment is reduced.




            	Auxiliary equipment consumes less energy.




            	Fuel used is cheaper when compared with other plants.




            	Generation cost is low.




            	Plant can be installed anywhere if water and fuel are available.




            	It is a matured technology not like other sources solar, nuclear and geothermal. So maintenance of the plant is easy.




            	Space occupation is low compared with hydroelectric plant.


          


        




        

          Disadvantages





          

            	Heat exchangers selection is difficult and exchangers material cost is also high. Because it as to with stand different temperature conditions.




            	Sometimes it may not be economically viable.




            	Cost of the plant will be more.




            	Costly technology is to be used for handling different types of waste gases.




            	Uses large quantity of water.


          


        


      


    




    

      STEAM FLASH CYCLE




      Similar to OFC, SFC also uses flasher(s) to generate the extra vapour for power generation. Since the turbine exit temperature is closed to the sink temperature, the use of regenerator at the exit of turbine is avoided. The construction and working of such a SFC with single flasher is outlined in Fig. (6). The working of SFC seems opposite in working of SRC with a deaerator. The deaerator receives the steam from the turbine which favors the efficiency and suppress the power. On other side, SFC turbine receives steam from flasher which favors the power and declines the efficiency.


    




    

      OBJECTIVES OF THE BOOK





      

        	The current book is targeted 



          

            	To develop novel configurations to suit the industrial waste heat’s temperature.




            	To generate the optimum HRSG/HRVG pressure at the given source temperature below and above the critical temperature of fluid.




            	To study the performance characteristics of the ORC, OFC, SRC and SFC below and above the critical temperature of the fluid.




            	To develop the performance characteristics of KC plant.




            	To augment the power by optimizing the process conditions.




            	To compare the performance of ORC, OFC, KC, SRC and SFC under the same supply conditions and identify the potential and weakness applicable to heat recovery.




            	To conduct the case studies to validate and work the industrial power plant configurations.
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Fig. (6))


      Steam power plant with a deaerator.



      
[image: ]


Fig. (7))


      Steam flash cycle with single flasher.

    




    

      SCOPE OF THE BOOK




      In the current scenario of global emissions, generation of power without producing additional carbon dioxide emissions from the wasting thermal heat has significant weightage in captive power industry. The book dealt with many power plant configurations such as organic Rankine cycle, organic flash cycle, Kalina cycle, steam Rankine cycle and steam flash cycle to tap the waste heat for power production. Out of these thermal power cycles, organic flash cycle and steam flash cycle are not well reported in the literature. Kalina cycle is an advanced thermal power cycle suitable to heat recovery and has potential for cooling cogeneration cycle. This book gives a good reference to the students, researchers and engineering to practice the advanced thermal power cycles for the futuristic implementations and developments.




      The waste heat from the cement factory has been selected to generate the power with suitable power plant technology. A novel method of power generation especially suitable to waste heat has been configured and studied to highlight its potential benefits. Nontraditional plants such as liquid flashing into liquid and vapour are compared with the ORC and steam power plants. Recommendations are made to choose the suitable configuration and working fluid to augment the power from the heat recovery. Case studies are conducted at cement factories to link the theoretical work with the industries.




      Following are the contributions from the book:





      

        	Mathematical models are developed for OFC and SFC which are not reported in the literature.




        	Derived and generalized ‘n’ number of flashers in a SFC to simplify the tedious numerical work.




        	Developed the curve fitting equations for the optimum boiler pressure below and above the critical temperature of the fluid.
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    History of Heat Recovery Power Plants




    


    Tangellapalli Srinivas


    




    

      Abstract




      The present scenario of captive power generation has been outlined with the challenges and the future steps to be implemented. The developments of conventional and the latest power plants are presented. The literature is focused on organic Rankine cycle (ORC), organic flash cycle (OFC), Kalina cycle (KC), steam Rankine cycle (SRC), and steam flash cycle (SFC). The research gap is identified and highlighted the scope for future developments.
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      INTRODUCTION




      World energy consumption is increasing drastically and leading to non-bearable level of carbon dioxide in the atmosphere. Environmental organizations are taking actions to measure and control greenhouse gas emissions. To control these greenhouse gases, the buildings and industries may generate their own electricity to decrease the grid load. Obviously, the technology is to be shifted from the use of conventional energy sources to non-conventional energy sources such as solar, biomass, solar thermal, solar photo-voltaic, geothermal and hydro, etc. The use of fossil fuels to be avoided for transportation and space heating and similar. The decentralized power section to be improved [1].




      Waste heat recovery (WHR) is a heat exchanger used to transfer the heat from a high temperature fluid to low temperature fluid for the purpose of energy conversion, especially power generation. Captive power plants can be operated with the source of renewable energies, industrial waste, or fuel firing. It can be operated on grid connection or off-grid mode. The waste heat may be taped from the industrial hot gas, diesel engine exhaust, hot water from a process industry such as steel cooling, and steam from cooling towers. WHR may be designed as recuperators, regenerators, heat pipe exchangers, thermal wheels, economizers, or heat pumps. In a conventional power plant, one-third of the fuel energy is converted into electricity, and the rest of two-third is wasted and thrown on the earth. It leads to global warming and environmental disorder.




      There is a need to develop energy conversion technologies to tap the waste heat at the low temperature range. Industries handling a considerable amount of heat have a great potential for self-generation power through the recovery of waste heat. The production of electricity using this root is the most economical option compared to the direct fuel-fired plant. To meet the growing energy demand, the available best options are waste heat recovery and renewable energy technologies. Renewable energy technologies are costly and need time for complete marketing. Therefore, heat recovery is the immediately available and feasible solution for power generation without much investment and emission. The review has been conducted to understand the development and identify a suitable technology to tap the potential resources with power plant configurations and working fluids. WHR also can be used for refrigeration and air conditioning (A/C) using vapour absorption refrigeration (VAR) principle. The power and cooling cycles can be combined to form a new cycle for power and cooling. Cooling cogeneration cycle is one such example where power and cooling can be generated from a single cycle.


    




    

      ORGANIC RANKINE CYCLE




      The development of the infra-structure field raised the demand for cement factories. From the cement factories, nearly 40% of the energy is in the form of waste heat [2]. Chandra and Palley [3] suggested organic Rankine cycle (ORC) for the low temperature heat recovery and steam Rankine cycle (SRC) for the high temperature heat recovery of the cement factory after the process heat for cement production. Chen et al. [4] studied the ORC with 35 working fluids and concluded the suitable fluids, which are isentropic and dry fluids. In isentropic fluids, the saturated vapour line on the temperature-specific entropy diagram is nearly vertical, and its slope is zero. The slope of the dry fluids is positive, i.e., the saturated vapour line bends towards the right. Water is a wet fluid, and its slope is negative. Bao and Zhao [5] recommended radial inward flow turbine to ORC for the highest isentropic efficiency. They also gave the guidelines to select the prime movers to ORC based on the power plant capacity. They recommended radial flow turbine for large size power plants, positive displacement turbine for medium capacity, and scroll expander for small size power plants. Mago et al. [6] worked on regenerative ORC and proved the benefits of this cycle over the ORC without a regenerator. Sun and Li [7] analysed the ORC plant’s heat supply temperature with a change in working fluids. The working fluid plays an important role in the process conditions and performance of the ORC plant. The selection of working fluid is a big task in ORC design. Frutiger et al. [8] studied 15 working fluids and developed a method to select the suitable working fluid for ORC, Table 1 lists the thermal efficiency of few ORC plants with the source temperature and working fluid. The reported thermal efficiencies are proportional to the supply temperature. Since CO2 and ethanol plant’s temperature is high, the thermal efficiencies are also showing more.




      

        ORGANIC FLASH CYCLE




        Organic flash cycle (OFC) is the latest cycle and modified version of the ORC. The OFC presented in this book is different from the geothermal flash cycle. In the conventional flash cycle, complete liquid is subjected to the flashing without undergoing to evaporation and superheating. The reported OFC presented in this book consists of evaporator and superheater and more efficiency and power compared to the traditional flash cycle. Dagdas [21] focused on the flash pressures in a geothermal power plant having the working fluid of steam. Lai and Fischer [22] demonstrated the power augmentation of the flash cycle over ORC. Varma and Srinivas [23] highlighted the power augmentation of OFC over the ORC under the same energy supply conditions. Muhammad et al. [24] developed ORC with 1 kW capacity and R245fa fluid. The experiment resulted in maximum thermal efficiency of 5.75%, with 77.74% of the maximum expander’s isentropic efficiency. Recently Witanowski et al. [25] optimized ORC turbine with toluene fluid with a focus on stator and rotor profile variables, rotor blade twist angle, circumferential lean, and axial sweep angles. The total static efficiency of the ORC turbine is gained by 2.8% from 77.8% to 80.6%.




        

          Table 1 Summary of few ORC plant’s performances with working fluid and source temperature.




          

            

              

                	Authors



                	Heat Source



                	Temperature, °C



                	Thermal Efficiency, %

              


            



            

              

                	Yamamoto et al. [9]



                	R123



                	70



                	11.0

              




              

                	Lei et al. [10]



                	R123



                	120



                	8.0

              




              

                	Lee et al. [11]



                	R245fa



                	115



                	6.0

              




              

                	Hu et al. [12]



                	R245fa



                	95



                	4.0

              




              

                	White and Sayma [13]



                	R245fa



                	105



                	8.0

              




              

                	Wei et al. [14]



                	R245fa



                	350



                	9.5

              




              

                	Yamada et al. [15]



                	R245fa



                	90



                	2.0

              




              

                	Yamaguchi et al. [16]



                	CO2




                	200



                	25.0

              




              

                	Chen et al. [17]



                	CO2




                	140



                	9.0

              




              

                	Hsieh et al. [18]



                	R218



                	100



                	5.5

              




              

                	Galindo et al. [19]



                	Ethanol



                	245



                	22.7

              




              

                	Lu et al. [20]



                	Zeotropic mixture



                	140



                	10.5
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