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    In the context of the many challenges to society related to energy and environmental issues, the utilisation and the storage of electrical energy appear at a front level of needed industrial developments, accompanied by academic research and other investigations.




    The technology of compressed air is a simple and reliable technique widely used in the sector of industrial handling and actuators but has recently become an attractive means for energy storage in different forms. The main argument behind the use of compressed air energy storage is given by the use of simple mechanisms issued from reversible physics in comparison to electrochemical principles, where the calendric and cycle ageing mechanisms have been the centre of questions for many years. The question of recycling elementary materials is another aspect related to the battery industry and public services.




    Regarding the sustainability aspects of the use of energy, the general question of efficiency is now the centre of many considerations worldwide, and more and more studies and comparisons are made at the system level, where the different individual or cascaded energetic transformations are evaluated. A strong example comes from the automotive sector, where the classic ICE (Internal Combustion Engine) vehicles with their reservoirs are compared to Hydrogen powered vehicles with fuel-cells, or further with BEV (Battery Electric Vehicles).




    Back to the technique of compressed air, the industrial world uses from long time pneumatic actuators for their simplicity, reliability and low costs. But regarding the energetic balance, this technology presents, in its actual form, many disadvantages that can be qualified as energetic aberrations. And the use of pneumatic devices for the transformation from compressed air energy to mechanical and electrical power must be reconsidered.




    This book tries to give answers to the questions of the energetic efficiency of pneumatic devices and tries to use new arrangements for an application to energy storage. When speaking about energy storage, the question of the reversibility of the transformations or energy flows is also addressed. Even when the actual or classical industrial pneumatic devices are not foreseen for an operation as compression stages, the principle of using them as such is considered, and will need adaptations of those devices, especially at the level of their sealing elements.




    The compressed air energy storage principle is used in the industrial world in the form of air reservoirs used as buffers feeding the pneumatic actuators and motors. Here the buffering function serves to power devices with a strong flow of pneumatic energy, and normally, pressure regulating valves are rarely used. But several proposals are made in the sense of using compressed air stored at a higher level of pressure and with an adaptation element to the application. The properties of such pressure reduction elements are also discussed in this book.




    Further in the direction of realizing compressed air energy storage, a low pressure storage system called the underwater compressed air energy storage (UWCAES) is described and represents one of the ways for storing energy and using pneumatic converting elements for which the actually used pressure level fits the UWCAES system.
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      Abstract




      The motivation for the use of compressed air as an energy carrier and as a storage means for many industrial applications resides in the simplicity and low-cost conditions of its implementation. However, conventional pneumatic technology suffers from a very low energetic efficiency even if the production, use and recycling of the components can be said to be environmentally friendly, and it does not use problematic materials. This introductory chapter positions pneumatic technology and discusses a possible extension of the applications to the sector of energy storage in a general manner. The chapter gives the historical background of the presented developments of the book and gives an overview of the content of the document.
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      1. INTRODUCTION




      During the second half of the 20th century, many questions arose about the availability of fossil energy resources and about the greenhouse gas emissions linked to their combustion. These questions have prompted several efforts in the development of alternative energy sources, mainly photovoltaic systems and wind energy.




      The intermittent nature of these sources linked to day-night alternation and seasonal or weather conditions has triggered new developments downstream in the sector of energy storage technologies.




      As a complement to well-established storage facilities like pump-turbine hydropower plants, battery energy storage systems can be considered very well suited for supporting decentralized power producers.




      Successive iterations of battery technology have shifted battery applications from the older lead-acid or nickel-cadmium or nickel-metal-hydride cells to the new lithium-ion technique, which features higher energy and power densities and allows the realization of applications under much better economic conditions.




      Generally, for electrochemical batteries, the question arises of the materials available in the future if their development evolves in the direction of very large volumes. The particularly concerned areas of future electrical systems are distributed generation and electrical mobility.




      Not only the material resources available but also the indirectly related topics of the global life cycle and aging phenomena are becoming increasingly important, as well as the still open questions on the recycling of all components and materials used in the manufacture of an electrochemical accumulator.




      In the context of sustainable energy strategies, several alternative solutions for energy storage are investigated as technologies based on reversible physics like mechanical or thermodynamic principles.




      Compressed air energy storage (CAES) can be considered a potential solution, using only standard materials and established technology. Additionally, and in opposition to the electrochemical batteries, these systems can be repaired or refurnished, offering unbeatable longer life cycles. Another advantage of CAES is that their materials are not problematic for recycling [1-4].




      The development of CAES systems includes the development of high-performance compression and expansion machines and must comply with the elementary rules of thermodynamics.




      By many different development projects, the focus has been set on isothermal compression and expansion [5-7], with the goal to reach the highest possible efficiency. Also elementary conversion means based on classical pneumatic equipment have been proposed, where the operating principle has led to limited performance.




      If the classical pneumatic devices are generally classified in the category of low efficiency devices, they present the advantages of limited costs. Regarding their efficiency, several solutions have been proposed, such as adding an expansion chamber to the original displacement volume in order to recover a significant part of the fluid’s enthalpy [8-10].




      For the same category of classical pneumatic devices, the normal operating pressure is in the order of tens of bars. Using them in the context of CAES will have the consequence of strongly limiting the system’s energy density if the storage reservoir is designed for the same pressure level as the pneumatic converters. However, one possibility exists where the storage pressure is of limited value. This is the so-called Under Water CAES, where the reservoir consists of immerged bags with a highly deformable volume. Such systems can be placed underwater at an immersed depth of one or two hundred meters, leading to a storage pressure compatible with the low pressure of classical conversion devices [11-12].




      Another advantage of UWCAES is that they can be operated under constant pressure for the whole range of their storage capacity.




      Last-but-not-least, the specially designed energy bags for UWCAES have the property of needing only very low energy for their realization, leading to storage equipment with very low grey energy [13].




      In this book, proposals are made for the enhancement of the energy efficiency of systems based on classical industrial pneumatic devices used in energy storage based on low pressure. The main contributions concern the expansion process, where linear and rotational actuators are used as prime movers of an electric generator. Then, with the aim to use the same components in the compression process, the reversibility of the components and systems is analysed and measured.




      Regarding the use of vane-type rotational actuators, the enhancement of efficiency is proposed for an original system called the Gallino system, where an oscillating angular actuator drives the generator with the help of a so-called motion rectifier [14-15]. The main contribution concerns the pneumatic to mechanic conversion, where in addition to the classical displacement work of the actuators, an expansion volume is added to the system allowing to recover an important part of the primarily injected enthalpy.




      Additionally, the influence of a pressure regulation valve on global efficiency is discussed. Such a valve is used in the Gallino system as a pressure reduction element between the storage reservoir and the pneumatic actuator.




      Because the motion rectifier in the Gallino system does not allow the reversibility of the power flow, a solution for the interface between angular actuators and the electric generator is proposed. This solution is based on a crankshaft and connecting rod assembly. A two-channel system with two 90° shifted actuators is proposed, allowing low speed operation and starting from any angular position.




      Then, the study describes a generator drive using classical linear pneumatic cylinders. First, the operation and energetic performance of a single cylinder is simulated and calculated. In this system, the back-and-forth movement of the piston is transmitted to the generator through a classical crankshaft.




      The kinematics of the crankshaft and connecting rod imposes a non-symmetric movement of the piston in the back and in forth motion, leading to different expansion works and displacements for the double-acting cylinders.




      This effect is the next motivation to analyse two different possibilities for the connection of the additional expansion cylinders. The behaviour of a two-cylinder system with a 180° crankshaft is first simulated, where the displacement and expansion volumes of the cylinders are on the same sides of the pistons. Second, a system with a 0° crankshaft is simulated where the expansion volume is on the opposite side of the displacement volume. The different forces, torques, mechanical power and converted energy are compared. The energetic performance of the enhanced linear system is also calculated.




      Finally, the principle of adding an expansion chamber is applied to conventional linear pneumatic cylinders. The principle allows increasing the poor energetic performance of the classical pneumatic cylinders which are intensively used in industry. The proposed solution represents a much cheaper solution in comparison with modern approaches that try to use electromechanical actuators instead of pneumatic ones.




      

        1.1. Historical Background of the Development: The System Gallino




        Gianfranco Gallino, a brilliant inventor from southern Switzerland has developed and patented an original diving lamp, using the same cylinders as the breathing air as the energy reservoir. The conversion of energy from its pneumatic form into electrical power for the light bulb is accomplished by a pneumatic angular actuator driving an electrical generator. The oscillating movement of the actuator is transformed into a unidirectional rotation for the generator through a so-called motion rectifier [14-15].




        Fig. (1.1) shows the patented system of Gallino with its main components as the high-pressure air bottle, the pneumatic actuator with the motion rectifier, the electric generator and the conversion circuits for the powering of the bulb.




        
[image: ]


Fig. (1.1))


        The patented system proposed by Gianfranco Gallino [14].



        A more detailed technical description of the Gallino system is given in Fig. (1.2), where the used components are represented through functional symbols.
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Fig. (1.2))


        Schematic diagram of the Gallino system.



        At the left side of Fig. (1.2), the air reservoir is connected to a pressure reduction and regulation valve (PRV), which adapts the pressure of the air at the level of the reservoir to the operating pressure of the vane-type angular actuator. This actuator consists of two working chambers, fed alternately by pressurized air through the control valves. The alternating motion of the actuator is then transformed into a unidirectional rotation with the help of a motion rectifier [15]. The motion rectifier is made up of two motor trains, the first being of the non-inverting direct type, made with a toothed belt. The second train is an inverter train comprising two gears. Both trains are driven from the input shaft in their respective directions by two freewheel devices working clockwise and counter clockwise, resulting in a shaft of unidirectional rotation output. This output shaft is connected to the electric generator via a simple multiplier gear in order to achieve a sufficiently fast speed for the generator.


      




      

        1.2. Contents of the Book




        In the second chapter of the book, elementary mechanisms and principles of compressed air technology are presented. For the compression and expansion processes, the physical principles according to adiabatic, polytropic and isothermal characteristic curves are described. The conditions of using compressed air under good efficiency are discussed, as the effect of using pressure reduction valves, or simply the level of the operating pressure.




        CAES (Compressed Air Energy Storage) with low pressure is presented in its version of using UWCAES Underwater CAES using so-called energy bags.




        In the third chapter, the basic principle of increasing the efficiency of pneumatic devices is presented. Examples of devices and machines where the pneumatic content of the pressurized air is recovered through thermodynamic expansion are given.




        The fourth chapter of the book is dedicated to the application of the principle of adding an expansion chamber to the already presented Gallino system based on the use of semi-rotational pneumatic devices. The structure of the system and its operational principle are presented. The evolution of the volumes and the resultant pressure are calculated. Then the acting forces and the torque components produced by the tandem running devices are evaluated. The goal of this study is to evaluate the energetic performance of the new system. The new principle allows to increase the efficiency from around 0.35 to nearly 0.7.




        Then a comparison of performances is made by changing the expansion characteristics, including isothermal and adiabatic expansions.




        An experimental setup is described with its control circuits.




        The same principle of adding expansion work to displacement work is then investigated by realising both phenomena in one device only. During the first part of the stroke, normal constant pressure work is achieved. And after that, the intake valve is closed and additional expansion work is produced during the rest of the normal stroke. The different quantities, pressure, forces and torques are simulated. The main result is that, according to this principle, the same average work is produced but with a stronger variation.




        Additionally, the proposed drive is simulated in a specific way of operation with position sensors allowing a closed-loop control. Experimental results are collected from a small experimental set-up.




        In the last part of the chapter, the reversibility of the generator driven by semi-rotary actuators is studied. This study is realized in correlation with the application of compressed air energy storage where not only air expansion is demanded but also air compression. Even if the available commercial devices are not able to work as compression stages, a system architecture is proposed for maintaining the oscillating operation of the semi-rotary actuators without using a motion rectifier. In this architecture, the coupling of the actuators with the electric generator is achieved through a classical crankshaft and coupling rods.




        In the fifth chapter of the book, a pneumatic motor using linear cylinders is presented. The same principle of combining constant pressure displacement work and expansion work within additional chambers is applied. Two cylinders of different sections and identical strokes are coupled on a common crankshaft. The piston rods are coupled with a phase-shift of 180 degrees.




        According to the mathematical description of the crankshaft and piston rod system, the different torque components are calculated. Again, the energetic performance of the new two-cylinder system with expansion is compared to the performance of a classical drive with one cylinder and without expansion.




        The obtained energetic performances in terms of efficiency are identical to the results obtained from the system described in Chapter 4.




        Then, for this system using linear cylinders, the principle of realizing the displacement work and the expansion work in the same cylinder is applied. An experimental set-up is finally described together with its control circuits.




        In chapter six of the book, linear cylinders are studied in their application as linear actuators. For these applications, new cylinder assemblies are proposed where the same principle of combining displacement work and expansion work can be achieved. Two original architectures are proposed. In the first one, the assembly comprised four cylinders of identical volume. One of them is placed in the centre of the arrangement, and three others are placed around the first one. The stators of the cylinders are coupled mechanically, as also their moving parts. In this first system, the displacement work is realized within the central cylinder, and the expansion work is achieved through a transfer of the air into the three other cylinders placed around the first.




        For the second architecture, three cylinders compose the new assembly. One cylinder is used for the production of displacement work, and the two others are placed laterally to the first one. The expansion work is produced while transferring the air from the central one to the two lateral ones. In order to achieve a sufficiently high expansion factor, the volumes of the two lateral cylinders are higher than the volume of the central one.




        In this chapter, a specific parasitic effect is considered where dead volumes of the tubing and the valves introduce a parasitic effect of pre-expansion when the valves are operated. The consequence is a reduction of the globally produced mechanical work.




        The energetic advantages of the linear cylinder assemblies are presented as well as experimental results.




        In the seventh chapter, the parasitic effect of the pre-expansion phenomenon due to dead volumes is discussed in more detail.




        Chapter eight of the book gives a special application of the previously described principle, namely an application to a so-called gas booster driven by a pneumatic cylinder. The study evaluates the potential savings in pressurized air for an equivalent output work.




        Chapter nine of the book serves as a conclusion to the global study and newly proposed systems and principles.
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