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Abstract:



In recent years, Hydro-pneumatic cycling compressed air energy storage (HC-CAES) has become an important topic in compressed air energy storage (CAES) technology research. In HC-CAES, air is compressed by liquid and driven by electrical equipment when energy is stored, and then, liquid is used to drive the water conservancy equipment to generate electricity. In this study, adaptive hydraulic potential energy transfer technology is proposed to solve a series of problems in the HC-CAES system, including the high fluctuation range of gas potential energy, poor operating stability, low efficiency, and so on. Therefore, fluctuating potential energy can be stably transferred through the variable area hydraulic devices, which can be controlled with an on–off valve. The structure and operation scheme of the adaptive hydraulic potential energy transfer device used in the HC-CAES system are explained in detail; the device can provide a stable water head range for the highly efficient operation of water conservancy equipment. Moreover, an optimal operation scheme was determined through simulation analysis; a physical experiment platform was built to verify the feasibility of the design and stability of system operation.
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1. Introduction


In recent years, power systems have faced severe challenges as the scale of renewable energy consumption continues to increase. There is a serious shortage of peak shaving capacity in some regions; the problems of wind power curtailment and water curtailment are serious in China. At the same time, the cost and difficulty of power system regulation and control have increased due to large-scale grid-connected operations using renewable energy. Fluctuations in renewable energy generation can be reduced and the power in power grids can be balanced through large-scale power energy storage technology, which has developed rapidly as a support technology for the structural adjustment and sustainable development of power grids [1,2,3,4,5,6].



Currently, only pumped storage and compressed air energy storage (CAES) technologies can be commercially used in large-scale power energy storage. Compared with pumped storage, CAES power plants can be built either on the power supply side or on the load side because of their location flexibility. Therefore, research on CAES has been considered as the main development direction for large-scale energy storage technologies of the future [7,8,9,10,11,12,13,14,15,16,17].



Hydro-pneumatic cycling compressed air energy storage (HC-CAES) is a new branch of CAES, in which the concept of a liquid piston is introduced; here, the liquid comes in contact with the gas directly and works together, and then, the liquid is used to drive the water conservancy equipment to generate electricity. However, the pressure of compressed air will violently fluctuate with the change of air volume when the liquid, directly driven by the compressed air, is used to generate electricity; it will make the operation of the equipment highly unstable with reduced service life. In addition, the design principle of traditional hydraulic turbines states that maximum generation efficiency occurs when the water head is fixed; if the water head violently fluctuates, the service life of the hydraulic turbine and its generation efficiency will be reduced.



Hydraulic transmission is a type of transmission mode in which liquid is used as a working medium and energy transfer occurs due to liquid pressure. Hydraulic transmission technology is widely used in industrial production because of its high flexibility and convenience. Smooth energy transfer can be achieved if the appropriate forces are exerted on the pistons with different areas, because the static state of the liquid can be effectively maintained in the balance system when hydraulic transmission technology is applied in machinery industry. However, the specifications of hydraulic cylinders are fixed in the conventional hydraulic transmission technology; using this, stable and efficient energy transmission cannot be achieved when the potential energy fluctuates rapidly and violently [18,19,20].



Adaptive hydraulic potential energy transfer (AHPET) technology is the focus of this study. The potential energy on both sides of the hydraulic equipment can be matched in real time by choosing operation areas of pistons on both sides of the equipment. Therefore, fluctuating pressure can be relatively stabilized and transferred to the output. The device was modeled, and its operation characteristics were simulated and analyzed. Furthermore, its feasibility was verified through physical experiments.




2. Principle and Design


2.1. Principle of AHPET


An AHPET device is a controllable hydraulic device through which multiple groups of hydraulic potential energy sources can transfer energy among each other. Several coaxially connected hydraulic cylinders are further connected to different potential energy sources. The numbers and modes of hydraulic cylinders participating in the operation can be controlled by changing the on–off states of the valves of the hydraulic cylinders. Multistage hydraulic cylinders connected to the same potential energy sources have different effective cross-sectional areas. Therefore, the piston area ratio can be reasonably controlled according to the pressure changes on both sides of the potential energy sources; thus, hydraulic potential energy can be stably transferred among each group of potential energy sources, because the forces exerted on the piston rod, which are produced by the different hydraulic potential energy sources, cancel each other out in the process of piston movement. Total force bearing areas of multistage hydraulic pistons, on which the force produced by the same potential energy sources is exerted, are called “equivalent areas” under this force.



The equivalent areas of hydraulic cylinders are only discretely changed, and the change of air pressure is continuous. Therefore, a pressure difference will be produced when equivalent areas change. In order to ensure that the pressure difference exerted on the piston rod is still within the allowable range after equivalent areas change, extra energy compensation, such as changing longitudinal force exerted on the piston rod or changing the pressure and flow of liquid in a certain cylinder to achieve liquid flow control, is needed except for designing reasonable switching time so that stable operation of the hydraulic device can be achieved and potential energy transfer efficiency can be achieved.



An AHPET device is shown in Figure 1; it consists of two bidirectional hydraulic cylinder groups with coaxially connected piston rods; one is connected to potential energy source 1 and the other to potential energy source 2. P1 and P2 respectively denote the pressure difference of potential energy source 1 and potential energy source 2. S11, S12, ∙∙∙, S1m denote the effective cross-sectional areas of pistons in the hydraulic cylinders in the first hydraulic cylinder group, and S21, S22, ∙∙∙, S2n denote that of the second hydraulic cylinder group. m and n are the number of hydraulic cylinders in the first and second hydraulic cylinder groups, respectively. K1i and K2j respectively denote the operating state parameters of hydraulic cylinder i in the first hydraulic cylinder group and hydraulic cylinder j in the second hydraulic cylinder group, and the values of K1i and K2j are as follows:


[image: ]



(1)






Figure 1. Principle of adaptive hydraulic potential energy transfer.
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It is assumed that potential energy is transferred from potential energy source 2 to potential energy source 1; this implies that potential energy source 2 acts as a sender and potential energy source 1 is the receiver. In Equation (1), the values 0, 1, and −1 represent no force, negative force, and positive force exertion, respectively, on the pistons in the hydraulic cylinders of the potential energy sender and represent no force, positive force, and negative force exertion, respectively, for the potential energy receiver. Positive force means that the direction of force acting on the pistons is same as its motion direction, and negative force indicates that the direction of force exerted on the pistons is opposite to its motion direction.



To transfer maximum energy from potential energy source 2 to potential energy source 1 and improve the utilization efficiency of energy, the following principles should be followed when the equivalent area is chosen and extra force is compensated.



	(1)

	
The equivalent area must be positive and should satisfy the following equation:
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(2)








	(2)

	
Work done by extra forces must help energy transfer rather than impede energy transfer—that is, force exerted on the piston rod must be positive. Output force [image: ] should satisfy the following equation:
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(3)












2.2. Design and Area Optimization of Hydraulic Cylinders


Piston areas need to be rationally designed when the number of hydraulic cylinders connected to the same potential energy sources is more than one in each AHPET device; this makes the whole switching process more stable and the fluctuation of resultant force exerted on the piston rod minimal and easy to control. Taking two level hydraulic cylinders as an example, as shown in Figure 2, S1 and S2 represent the corresponding areas of two hydraulic cylinders. Different area ratios can be achieved if the on–off states of the valves are reasonably controlled when the piston rod moves to the right, as shown in Table 1. The on–off states of the valves are interchanged when the piston rod moves to the left.


Figure 2. Principle of grading pressure increase on hydraulic cylinders.
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Table 1. Relationship between the equivalent area of the pistons and the on–off states of the corresponding valves.





	Equivalent Area
	Open Valves
	Closed Valves





	S1
	F2, F3, F6,F8
	F1, F4, F5, F7



	S2 − S1
	F1, F4, F6, F7
	F2, F3, F5, F8



	S2
	F2, F4, F6, F7
	F1, F3, F5, F8



	S1 + S2
	F2, F3, F6, F7
	F1, F4, F5, F8









Four kinds of equivalent areas, S1, S2 − S1, S2, and S1 + S2, can be achieved by an AHPET device with two level hydraulic cylinders. The overlap of equivalent areas should be avoided to use all equivalent areas effectively. In addition, the fluctuation of the resultant force exerted on the piston rod should be as small as possible to ensure the more stable operation of the hydraulic device when the equivalent area is changed. Therefore, the four kinds of equivalent areas produced by the abovementioned device should have uniform differences and should form an arithmetic progression as per the following equation:
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This equation can be simplified as follows:
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(5)







Four equivalent areas, including 1, 2, 3, and 4, are generated when S1:S2 = 1:3, which is the best solution for a two-stage AHPET device. Similarly, the optimal piston areas ratio of the n-stage AHPET device is 1:3:9: ···:3n−1 and [image: ] equivalent areas can be obtained in this case.





3. Application to CAES


3.1. Structure of the System


A CAES system based on an AHPET device is shown in Figure 3, which includes the following: a liquamatic piston A1 (i.e., a liquid piston with internal temperature control), in which gas can be compressed or expanded by liquid and whose internal temperature can be maintained constant by liquid at the same time; an AHPET device; liquid sources; air storage chambers; and pumped storage unit. P1 and P2 denote constant liquid pressure at port 1 and port 2, respectively. Liquid source is a huge liquid pool, which is full of liquid with low pressure, which is used to compress air at port 1 and to generate electricity and is used by the hydraulic compensation system to produce extra force for the piston rod. The pump connected to the communication valves is a hydraulic pump, which can pump water into the hydraulic compensation system, and then, high pressure water can produce extra force on the piston rod. The maximum value of the energy change is determined by the volume and pressure resistance of the liquamatic piston A1 after the compression or expansion process happens once [21,22,23,24,25].


Figure 3. Principle of a compressed air energy storage (CAES) system based on an adaptive hydraulic potential energy transfer (AHPET) device.
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The AHPET device in the system is shown in Figure 4. Ports 1 and 2 are composed of a series of hydraulic cylinders with different effective cross-sectional areas of pistons, which can be expressed as [image: ] and [image: ], respectively. The piston area values are selected according to the principle in Section 2.2; therefore, [image: ] equivalent areas are produced in the system. Some problems are faced when the values of m and n become large. Mechanical losses and space requirements increase, because the number of hydraulic cylinders becomes high, and piston areas become large; piston utilization ratio decreases because adjustable intervals are excessively overlapped, caused by too many equivalent areas. In this paper, two-stage hydraulic cylinders are designed in both first and second hydraulic cylinder groups, by which 16 equivalent areas are produced. Port 1 and port 2 are connected to liquamatic piston A1 and the pumped storage unit, respectively. Moreover, the pistons in the hydraulic cylinders at port 1 and port 2 are coaxially connected by a piston rod.


Figure 4. Design of hydraulic pistons in an AHPET device.
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3.2. Strategies of Operation


Based on the principles mentioned in Section 2.1, a suitable equivalent area should be chosen and changed on both sides of the AHPET device to make the resultant force as small as possible, which will ensure that the AHPET device can have stable operations even if the pressure at port 1 is constantly changing, according to the pressure difference changes on both sides of the AHPET device. The resultant force is compensated by a single pump with a supplementation hydraulic cylinder.



Liquamatic piston A1 is filled with low-pressure air at the beginning of the energy storage process. Assuming that the piston rod in the AHPET device is moved to the left, valves F3, F4, F5, F8, F10, F11, and F16 are opened first. Pistons are pushed to move to the left by the liquid with fixed pressure from potential energy source 2, in which the pressure difference at port 2 is constant because an equal amount of liquid is pumped into the high-pressure end at port 2 by liquid pump M, which is powered by the residual electricity from the power grid, when liquid flows to the low-pressure end at port 2. In this process, electric energy is converted to hydraulic potential energy at port 2 and is then transferred to port 1; finally, it is converted into the potential energy of compressed air and is stored in liquamatic piston A1 temporarily. The equivalent area [image: ] should be appropriately selected and changed because the pressure difference at port 1 increases gradually as the air is compressed, which causes the force exerted on the pistons in the first hydraulic cylinder group to increase gradually. In addition, the uniform motion of the piston rod is controlled by a single liquid pump with a supplementary hydraulic cylinder by providing proper output compensation to ensure the stable operation of the system. When the hydraulic piston moves to the leftmost end, valves F5, F8, F10, and F11 are closed, and valves F6, F7, F9, and F12 are opened, The piston rod in the AHPET device is moved to the right. The compression process is not complete until air is compressed to the specified pressure value. Compressed air is eventually transferred to external air storage chambers by opening valve F13, and liquamatic piston A1 is filled with low-pressure air again to prepare for the next compression process.



Liquamatic piston A1 is filled with liquid at the beginning of the power generation process. Compressed air with a certain volume is transferred to liquamatic piston A1, and liquid with equal volume is transferred to external air storage chambers by opening valve F13. Valve F13 is closed after this process. Assuming that the piston rod in the AHPET device is moved to the left, valves F1, F2, F6, F7, F9, F12, and F16 are opened first. The high-pressure air is expanded in the liquamatic piston A1, and electricity is generated through turbine G driven by the liquid with fixed pressure at port 2. Similar to [image: ], the equivalent area [image: ] should to be appropriately selected and changed to ensure that the hydraulic potential energy at port 1 is transferred to port 2 in a stable manner. The uniform motion of the piston rod is still controlled by a single liquid pump with a supplementary hydraulic cylinder by providing the proper output compensation to ensure the stable operation of the system. However, in this case, when the hydraulic piston moves to the leftmost end, valves F6, F7, F9, and F12 are closed, and valves F5, F8, F10, and F11 are opened. The piston rod in the AHPET device is moved to the right. The expansion process is not complete until the air is expanded to a specified pressure or the liquamatic piston A1 is filled with air. Finally, the liquamatic piston A1 is filled with liquid again to prepare for the next expansion process.




3.3. Mathematical Model of the System


During the energy storage process, the pressure of the air in the liquamatic piston A1 is as follows:


[image: ]



(6)




where P0 and v(t) represent atmospheric pressure and velocity of the piston rod, respectively.



Similarly, the pressure of the air in the liquamatic piston A1 is as follows during the power generation process:
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The resultant force exerted on the hydraulic pistons at port 1 can be expressed as follows:


[image: ]
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Similarly, the resultant force exerted on the hydraulic pistons at port 2 can be expressed as follows:
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(9)







The equivalent area on both sides of the AHPET device can be expressed as follows:


[image: ]



(10)







Considering resistance f exerted on the hydraulic pistons when the piston rod moves, the output compensation provided by the supplementary hydraulic cylinder can be expressed as follows:


[image: ]



(11)







P2 can fluctuate between Pa and Pb (Pa < Pb) in the actual operation process. The values of Pa and Pb do not exceed ±5% of the rated value. Thus, the force exerted on the hydraulic pistons at port 2 can be expressed as follows:
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Therefore, Equation (11) can be rewritten as follows:


[image: ]



(13)









4. Physical Experiment


4.1. Design of Device


Based on the aforementioned principles and models, an adaptive hydraulic system, whose pressure rating is 1.6 MPa, was built as shown in Figure 5. The hydraulic potential-energy transfer subsystem was composed of an AHPET device and a hydraulic compensation system. The AHPET device consisted of two hydraulic cylinder groups. Two-stage hydraulic cylinders with S1:S2 ≈ 1:3 were designed in both the first and the second hydraulic cylinder groups, and all pistons were coaxially connected by a piston rod, where the types of the larger and smaller hydraulic cylinder were DN250 and DN150, respectively. One end of the AHPET device was respectively connected to high-pressure pool #1and low-pressure pool #1, and another was respectively connected to liquamatic piston #3 and liquamatic piston #4 through 16 pneumatic butterfly valves and four hydraulic pipes. Two liquamatic pistons, #3 and #4, had exactly the same structure and could operate alternately, as shown in Figure 6.


Figure 5. Physical platform of the hydraulic system.
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Figure 6. Physical connection of the hydraulic mechanism.
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Pressure sensors were used to detect the pressure in the pressure vessels on both sides of the hydraulic system and to help to provide feedback results to a Programmable Logic Controller (PLC) system, which was used to send signals to control the on–off states of the valves and the output compensation provided by the hydraulic compensation system so that a suitable equivalent area could be selected and the piston rod could perform a uniform motion. Considering equipment safety and system stability, the switching of equivalent areas was carried out after the pistons moved to the terminal of the two ends, which could make the force exerted on the piston rod reach the maximum so that the AHPET device could stably operate in the range of working pressure. Thus, potential energy transfer efficiency was improved in the energy storage process, and the pressure difference between the high- and low-pressure pools was stabilized to maintain a constant water head interval for the high-efficiency generation of the turbine during the generation process.




4.2. Simulation of Operation


Based on the established 1.6-MPa LC-CAES experiment system, the processes of energy storage and generation were simulated according to the actual equipment parameters; so, an optimal operation scheme, which approximates the actual situation as much as possible, was designed. The continuous operation of the device consisted of multiple compression and expansion processes of air. The results of single compression and expansion processes of air are shown, because each compression and expansion process was the same. The parameters of the system are shown in Table 2.


Table 2. Initial parameters of the system (where friction is measured with a tension meter).





	Volume of Air in Liquamatic Piston/m3
	Pressure of Air in Liquamatic Piston/MPa
	Water Head of High-Pressure Pool/MPa
	Maximum Compensation Pressure/MPa
	Friction/N
	Constant Power of Water Pump/kW





	0.3–0.8
	0.6–1.6
	0.4
	5
	2272.62
	7.5









Multiple equivalent-area selection schemes could be obtained according to the principle and initial parameters of the system. However, a reasonable selection of schemes should meet the following conditions to ensure the normal and highly efficient operation of the system: (1) The pressure intervals covered by the selected equivalent areas should overlap each other, but the overlapping parts should not be too large; (2) The operation time supported by the selected equivalent areas should be as long as possible and the equivalent areas should avoid being frequently changed so that the energy transfer is maximized when the equivalent areas are fixed, if the system has constant power. The data from the energy storage experiment and power generation experiment are given in Table 3 and Table 4, respectively.


Table 3. Data from the energy storage experiment.





	Schemes of Equivalent Area
	Equivalent Area on Variable Pressure Side
	Equivalent Area on Constant Pressure Side
	Pressure of Air in Liquamatic Piston/MPa
	Volume of Air in Liquamatic Piston/m3
	Velocity of Piston Rod/m/s
	Operation Time/s





	1
	2
	3
	0.60–0.76
	0.80–0.65
	0.40
	12.35



	2
	1
	2
	0.76–1.04
	0.65–0.49
	0.62
	16.06



	3
	1
	3
	1.04–1.45
	0.49–0.36
	0.40
	19.76








Table 4. Data from the power generation experiment.





	Schemes of Equivalent Area
	Equivalent Area on Variable Pressure Side
	Equivalent Area on Constant Pressure Side
	Pressure of Air in Liquamatic Piston/MPa
	Volume of Air in Liquamatic Piston/m3
	Velocity of Piston Rod/m/s
	Operation Time/s





	1
	1
	4
	1.45–1.22
	0.36–0.43
	0.40
	12.35



	2
	1
	3
	1.22–0.83
	0.43–0.60
	0.62
	16.06



	3
	1
	2
	0.83–0.6
	0.60–0.80
	0.40
	19.76









The equivalent area ratio represents the ratio of the equivalent area on the variable pressure side to that on the constant pressure side. Table 3 shows that air can be compressed from 0.6 MPa to 1.45 MPa, and its volume correspondingly changes from 0.80 m3 to 0.36 m3 when three equivalent area ratios are chosen, and the compression ratio is 1.78 in the energy storage process. By contrast, it can be seen that air can be expanded from 1.45 MPa to 0.6 MPa and its volume correspondingly changes from 0.36 m3 to 0.8 m3 when three types of equivalent area ratios are chosen, and the expansion ratio is 1.78 in the power generation process from Table 4.



The pressure changes of the air in the liquamatic piston in both energy storage and power generation processes are shown in Figure 7. It can be seen that the air in the liquamatic piston can be compressed to over 1.4 MPa or expanded to 0.6 MPa continuously when three equivalent area ratios are chosen, and violent changes in the air pressure do not occur when the equivalent area ratio is changed in the operation of the system.


Figure 7. Pressure changes of air in liquamatic piston.
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The pressure changes in the hydraulic compensation system in both the energy storage and power generation processes are shown in Figure 8. It can be seen that the air pressure increases as time goes on, when an equivalent area ratio is fixed. The equivalent area ratio is changed when the compensation pressure reaches its upper limit, which changes the pressure of the hydraulic compensation system back to the lower value so that it can be used again.


Figure 8. Pressure changes in hydraulic compensation system.
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The output power of the hydraulic compensation system in both the energy storage and power generation processes are shown in Figure 9. It can be seen that the faster the piston rod moves, the higher the compensation pressure, which produces higher output power of the hydraulic compensation system.


Figure 9. Output power of the hydraulic compensation system.
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4.3. Results of the Experiment


According to the equivalent area ratios chosen in the simulation, the experiment was designed to verify whether the pressure of the high-pressure pool #1 can be maintained constant in both energy storage and power generation processes. The initial states of the system were preset according to Table 1. The output of the hydraulic compensation system was manually adjusted through a power amplifier plate and a voltage regulator so that the system could be corrected when large errors occurred during the actual operation. In the process of energy storage, the pressure changes in the high-pressure pool #1 in both the energy storage and power generation processes are shown in Figure 10 and Figure 11, respectively.


Figure 10. Pressure changes in high pressure pool #1 in the energy storage process.
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Figure 11. Pressure changes in high pressure pool #1 in the power generation process.
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Figure 10 shows that the pressure in high-pressure pool #1 can be basically stable near 0.4 MPa, which corresponds to the rated water head of the water pump in the energy storage process. Specifically, the maximum pressure in high-pressure pool #1 was 0.418 MPa, which was 4.5% higher than 0.4 MPa, and the minimum pressure in high pressure pool #1 was 0.387 MPa, which was −3.25% higher than 0.4 MPa. The fluctuation of the pressure met the requirements of the system.



Figure 11 shows that the pressure in high-pressure pool #1 can be basically stable near 0.4 MPa, which corresponds to the rated water head of the water pump in the power generation process. Specifically, the maximum pressure in high-pressure pool #1 was 0.416 MPa, which was 4% higher than 0.4 MPa, and the minimum pressure of high pressure pool #1 was 0.383 MPa, which was −4.25% higher than 0.4 MPa. The fluctuation of pressure met the requirements of the system.



In summary, it has been proven that the design scheme described in Section 4.2 is feasible. At the same time, this shows that the fluctuant potential energy of the liquamatic piston can effectively be transferred into the essentially constant potential energy of high-pressure pool #1 by the AHPET device, which can be efficiently used.





5. Conclusions


The fluctuant potential energy can be transformed to relatively constant potential energy by the AHPET device, which makes the operation of connected equipment more stable and reduces control difficulty. In addition, constant water head pressure can guarantee long-time and high-efficiency operation of the water conservancy equipment, whose service life is further improved.



Mature hydraulic technology is used in the AHPET device to carry out hydraulic potential energy transfer. The optimal piston operation and output compensation schemes are designed according to the values of the hydraulic pressure on both sides of the AHPET device. The optimal equivalent area ratios are chosen through the on–off states of the valves by which directions of water flow can be changed so that fluctuant hydraulic potential energy can be transformed in real time to constant hydraulic potential energy, which can be efficiently used.



It is difficult to use the potential energy of compressed air in the HC-CAES system directly, and it reduces the operation efficiency of the equipment if it is directly used, because air pressure changes sharply with the change in air volume. The AHPET device helps to improve the quality of output potential energy of compressed air effectively, so the operating efficiency of the CAES system is greatly improved, because water conservancy equipment can efficiently operate in constant water head intervals, which aids in the development of CAES technology.



In summary, the AHPET device has outstanding performance in some respects, such as improving the efficiency of the CAES system, reducing the difficulty of system operation control, and prolonging the service life of equipment. Therefore, it is worth being promoted in energy storage and other technical fields in the future.
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