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Abstract

:

This study presents a distributed integrated energy system driven by deep and shallow geothermal energy based on forward and reverse cycle for flexible generation of cold, heat and electricity in different scenarios. By adjusting the strategy, the system can meet the demand of heat-electricity in winter, cool-electricity in summer and electricity in transition seasons. The thermodynamic analysis shows that the thermal efficiency of the integrated energy system in the heating and power generation mode is 16% higher than that in the cooling and power generation mode or the single power generation mode. Meanwhile, the annual heat-obtaining quantity of the system is reduced by 11% compared with that of the independent power generation system, which effectively alleviates the imbalance of the temperature field of the shallow geothermal reservoir. In terms of net power generation, the integrated energy system can generate approximately 31% more electricity than the conventional independent cooling and heating system under the same cooling and heating capacity. An integrated system not only realizes the comprehensive supply of cold and thermal ower by using clean geothermal efficiency, but also solves the temperature imbalance caused by the attenuation of a shallow geothermal temperature field. It provides a feasible way for carbon emission reduction to realize sustainable and efficient utilization of geothermal energy.
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1. Introduction


With the rapid growth of global total energy consumption, global warming, ecological deterioration, and the mismatch of energy supply and demand for consumers are becoming increasingly acute [1,2]. In this context, adjustment of energy structure, utilization of renewable energies and improvement of energy efficiency are considered effective approaches for resolving the energy and environmental challenges [3]. For diminishing the carbon dioxide emissions in China, it is crucial to optimize the coal and power structure systems and vigorously develop renewable-integrated energy systems [4,5]. As a kind of renewable energy, geothermal energy reserves within 10 km of the earth’s crust exceed 70,000 times of global available coal reserves [6]. Moreover, geothermal energy is not easily affected by environmental changes compared with other renewable energy such as solar energy and wind energy. As a consequence, the installed capacity utilization factor of geothermal power generation can be as high as 73%, which is approximately 1.7 times, 3.5 times, 5.2 times of hydropower, wind power and solar power generation, respectively [7]. Therefore, the development and utilization of geothermal energy is of significance for realizing the goals of the peak emissions and carbon neutrality in China by 2030 and 2060, respectively [8,9].



At present, there are two main forms [10] of utilization of geothermal energy, including the geothermal power generation and the direct utilization of geothermal energy. Specifically, typical thermal dynamic cycles are adopted for efficient power generation based on geothermal energy. In addition, the thermal energy can be also utilized for heating and cooling purposes through advanced heat exchangers, refrigeration cycle and heat pumping systems, which fulfils a diverse demand of users in energy communities. As the medium-low temperature geothermal resources are the largest reserves and are the most widely distributed geothermal energy forms [11], organic rankine cycle (ORC)-based power generation, as an effective way to utilize the medium-low temperature thermal energy, has become a current research hotspot in the field of geothermal energy utilization [12,13]. Table 1 summarizes the development status of geothermal utilization, and shallow geothermal water within 200 m is first used, represented by a ground source heat pump [14,15] and a water source heat pump [16,17]. For medium-deep geothermal utilization, the borehole heat exchanger [18], the deep downhole coaxial heat exchanger [19,20] and air conditioning [21,22] are the representatives, and the heat transfer is better. The deep geothermal temperature is high, which is suitable for geothermal power generation. ORC geothermal power generation technology is widely used [23,24]. The integrated system provides three loads of cooling, heating and power, while the independent sub-supply system can only provide a single load [25,26]. In recent years, integrated geothermal energy systems have also been widely valued. According to the statistics, the geothermal power generation is not regarded as an ideal model since the efficiency of geothermal systems for power generation is relatively low [27,28]. In order to improve the power generation efficiency or the comprehensive utilization efficiency of geothermal energy, many scholars have advanced research on the selection of system working fluids [29], operation control strategies [30], economic analysis [31], system forms [32] and theoretical models [33].



For realizing a more efficient utilization of geothermal energy, this study considers the cascade utilization of geothermal energy and completely analyzes the thermal performance of deep and shallow geothermal energies. Moreover, a new type of geothermal system integrating cooling, heating and power generation is proposed. One of the characteristics is that shallow “cold” is utilized to ensure heat balance and improve system efficiency to a certain extent. In addition, the power provided by ORC here can not only generate electricity through the regulating mechanism, but also drives the compressor for refrigeration and heating. Because of the high cost of geothermal drilling, the current utilization mode is not fully utilized, resulting in a waste of energy. Using the idea of a cascade utilization of energy, the extracted geothermal energy will be dried and squeezed. Therefore, we designed the integrated energy system based on a combination of shallow geothermal and deep geothermal, which can maximize the energy utilization. Through an innovative design, the efficient supply of “cold, heat and electricity” is realized. According to the principle of supply and demand, idle equipment is reduced. Based on the thermodynamic theory, this study analyzes the thermal efficiency of the three systems. Subsequently, the overall advantages of the system are analyzed by comparing them with the traditional independent systems which simply combine the geothermal power generation and the heat pump unit, so as to provide guidance for the comprehensive application of shallow geothermal and middle deep geothermal.




2. Geothermal-Driven Integrated Energy Systems for Buildings


A summary of geothermal utilization is shown in Figure 1. The principle of temperature matching refers to the most appropriate utilization mode of heat sources according to the temperature, which has reached the maximum energy efficiency. According to the principle of temperature matching, geothermal resources above 120 °C are used for power generation, and those between 25–120 °C are used for cooling and heating. ORC uses a low boiling point working fluid for power generation, which is very suitable for geothermal working fluid and a low temperature heat source. Geothermal heating is mainly based on a ground source heat pump and a deep heat exchanger, and the cooling with lithium bromide refrigeration as the representative. Figure 1 summarizes the influencing factors of geothermal energy, which provides a more comprehensive reference for the utilization of the comprehensive system.



The distributed integrated energy systems utilize geothermal energy in deep and shallow layers to achieve the function of cooling, heating and power supply. This is realized by coupling and by flexibly switching the Rankine forward cycle and refrigeration/heat pump reverse cycle. As a consequence, the relative balance of the annual temperature field of the shallow geothermal well can be effectively maintained while the cold, hot and electric load of buildings can be fulfilled in different seasons. The system schematic diagram is shown in Figure 2.



The integrated energy system consists of a heat pump heating/cooling subsystem and an ORC power system. The expander is connected with a compressor by adding a coupled and coaxially connected generator at the other end. The organic working fluid in ORC power system enters the deep geothermal well to exchange heat with the underground hot water. After evaporation, the working fluid enters the expander to output the dynamic power. Next, the expander drives the generator to generate electricity. The exhaust steam is condensed in the heat exchanger in front of the well (heat exchanger 2) and the shallow heat exchanger, and then enters the gas-liquid separator. Through the working fluid pump, the liquid working fluid is pumped to the deep heat exchanger for heat absorption and evaporation, so as to complete the sub-cycle for power generation.



In the operation of the refrigeration subsystem, the expander in the original power generation subsystem drives the compressor to compress the gaseous refrigerant by switching the coupling unit. The compressed high-temperature and high-pressure refrigerant enters the shallow heat exchanger through the four-way reversing valve to release heat and is condensed into the subcooled state. After throttling by the throttle valve, the refrigerant evaporates and absorbs heat in the user side heat exchanger (which is now used as the evaporator) to cool the cold water and provides cold to the user as required. After evaporation, the gaseous refrigerant enters the compressor for compression to complete the sub-cycle of refrigeration. Similarly, during the operation of the heating subsystem, the expander in the original power subsystem drives the compressor to compress the gaseous refrigerant. The refrigerant with the high temperature and high pressure is exchanged through the four-way reversing valve and then enters the user side heat exchanger (heat exchanger 1, which is now used as the condenser) to exchange heat with the hot water on the user side. Due to the heat absorption, the hot water can be later utilized for meeting the heat demand on the user side. It is pointed out that the net output of mechanical power, heat and cold can be flexibly adjusted by coupling the heat pump heating/cooling subsystem and ORC power generation subsystem. In addition, the coupled heat exchangers of the two subsystems include the heat exchanger 2 and the shallow heat exchanger. For heat and power co-generation in winter, the heat exchanger 2 and the shallow heat exchanger are used as the condenser of the power generation system and the evaporator of the heating subsystem, respectively.




3. Thermodynamic Model for the Integrated Energy System


3.1. Preliminary Selection of the Working Fluid


For the thermal cycle, in addition to cycle conditions, the working fluid has an extremely important influence on the cycle performance [35,36,37]. Whether for refrigeration cycle working fluids (A) or for ORC working fluids (B), the physical parameters, the safety and environmental performance of working fluid should be comprehensively considered. The basic assumptions are as below [38,39]:




	(1)

	
The solidification temperature is lower than the lowest possible temperature of the cycle, and the triple point temperature is lower than the ambient temperature.




	(2)

	
It has a good thermal conductivity and a low viscosity.




	(3)

	
No corrosion, no combustion and stable chemical properties.




	(4)

	
Ozone depletion potential (ODP) is zero and global warming potential (GWP) is low.




	(5)

	
No toxicity to the human body.









In the premise of the above, the five most commonly used working fluids in the industry are preliminarily selected as the circulating working fluids for the two subsystems, and the optimal working fluids corresponding to the two subsystems are determined based on the thermodynamic analysis. The specific parameters of the five working fluids are shown in Table 2.




3.2. System Hypothesis and Parameter Setting


In the deep and shallow geothermal energy system, the refrigeration cycle subsystem is set as a vapor compression refrigeration cycle. Because most of the high-temperature geothermal energy discovered in China is between 120–180 °C, it has a medium–high temperature, and the subcritical cycle is more applicable. To simplify the model, the following assumptions are adopted for the thermodynamic calculation of the integrated system:




	(1)

	
The system works stably.




	(2)

	
The heat loss and pressure loss in the thermodynamic process of the system are not considered.




	(3)

	
The efficiency of mechanical equipment is calculated according to the conventional equipment parameters (as shown in Table 3).









In order to reflect the power generation and refrigeration and heating performance of the system, the total thermal efficiency of the system    η  n e t     is selected as its evaluation index.




3.3. Thermodynamic Calculation of the Coupling System


In summer cooling or winter heating seasons, the coupling is adjusted according to the cooling and heating load (compressor power consumption), and the expander output power beyond the compressor load is used to drive the generator to generate electricity. In transitional seasons, since there is no heating and cooling demand on the user side, the system uses all the expansion work for electricity generation by disconnecting the coupling between the compressor and the expander, which is used to supply power for electrical equipment in buildings or transmittance to the grid. The thermodynamic process of the ORC system is shown in Figure 3. Here, 6-1 is heat absorbing process in deep well heat exchanger. Then 1-2′ is isentropic expansion, and 1-2 is the actual expansion process in the expander. 2-3-4 indicates that the condensation process is in heat exchanger 2 and shallow well heat exchanger. 4-5-6 indicates the process that the refrigerant pump sends the liquid working medium back to the deep well heat exchanger. Then, a power generation cycle is completed.



In the analysis, the work done by the working fluid in the expander is    W  O R C    :


   W  O R C   =  m B   (   h 1  −  h 2   )  =  m B   (   h 1  −  h  2 ′     )   η  t u r b    



(1)




where h1 and h2 are enthalpy values at the inlet and outlet of the expander, kJ/(kg·K).



The heat absorbed by the condenser (shallow heat exchanger and heat exchanger 2) is    Q L   :


   Q L  =  m B   (   h 2  −  h 4   )   



(2)




where h4 is the enthalpy at the condenser outlet, kJ/(kg·K).



The heat absorbed by the working fluid in a deep heat exchanger in the ORC cycle is written as    Q H   :


   Q L  =  m B   (   h 2  −  h 4   )   



(3)







The power consumption of the working fluid in the pump is represented by    W  p u m p    :


   W  p u m p   =  m B   (   h 5  −  h 4   )  =    m B   (   h  5 ′    −  h 4   )     η  p u m p      



(4)




where h5 is the ideal enthalpy at the outlet of the working medium pump, kJ/(kg·K).



Assuming that the working fluid B is dry-saturated steam with a temperature of 120 °C at the outlet of the deep heat exchanger and enters the expander at this state, the above parameters can be calculated according to the enthalpy value of working fluid at each state point in the T-S diagram.



In winter or summer, the user side will need heating and cooling. As a result, the coupling between the expander and the compressor can be connected to make part of the output power of the expander to drive the compressor for a refrigeration and compression cycle. The thermodynamic process of the cycle is shown in Figure 4. In the refrigeration conditions, the refrigerant evaporated by heat exchanger 1 turns into steam (8), adiabatically compressed into high-temperature and high-pressure steam (9) by a compressor, condensed into state 12 by heat exchanger 2 and a shallow geothermal heat exchanger, throttled by a throttle valve, turns it into a gas–liquid mixture (13), and enters heat exchanger 1 to absorb heat and provide a cooling capacity for users. In the heating condition, the steam (8) from the shallow geothermal heat exchanger changes into high-temperature and high-pressure steam (9) after adiabatic compression by the compressor enters heat exchanger 1 through the four-way valve for condensation, provides heat for the user, changes into liquid 12 after heat release, changes into a gas–liquid mixture (13) through the throttle valve, and enters the shallow geothermal heat exchanger for heat absorption to complete a heating cycle.



After evaporation, the vapor of refrigerant A is sucked into the suction port of the compressor for compression, and the power consumption of the compressor is as follows:


   W  c o m p   =  m A   (   h 9  −  h 8   )  =    m A   (   h  9 ′   −  h 8   )     η  c o m p      



(5)




where    η  c o m p     is the isentropic efficiency of the compressor.



The high temperature exhaust of the compressor condenses and releases heat in the heat exchanger (heat demand side or condenser), and its condensing heat load or heating capacity QC can be calculated by the following Formula:


   Q C  =  m A   (   h 9  −  h  12    )   



(6)







The thermal efficiency of the whole cycle system    η  n e t     is as follows:


   η  n e t   =    W  O R C      Q H     



(7)







Cop of refrigeration or heating is equal to the ratio of the condensing heat load or heating load to compressor power consumption under corresponding working conditions:


  C O P =    Q c     W  c o m p      



(8)







The above parameters are obtained by NIST calling the enthalpy and entropy of the corresponding parameters.





4. Analysis of Cycle Calculation Results


According to the cycle efficiency and the heat absorption and discharge data of the related heat exchanger, the integrated energy system was compared with the traditional energy supply system in terms of the heat balance of the ground heat storage, the efficiency of power generation and refrigeration and heating.



4.1. Thermal Characteristics of the Integrated Energy System Based on Geothermal Wells


In consideration of the regional climate differences, North China is taken as an example in the study (the heating period in winter is generally from November to February of the next year, and in summer is generally from July to September). Under the condition of fixed deep and shallow geothermal parameters, three operation modes can be divided according to the actual seasonal demand:




	(1)

	
Winter heating and power generation mode (set the annual operation hours as 3000 h): in this mode, the output power of the expander can not only meet the heating requirements required to drive the compressor, but also the remaining expansion work can be used to drive the generator for power generation.




	(2)

	
Summer refrigeration and power generation mode (set the annual operation hours as 2000 h): in this mode, the output power of the expander can not only meet the refrigeration requirements required to drive the compressor, but also the remaining expansion work can be used to drive the generator for power generation. The simulation results show that in summer, the refrigerant condenses in the shallow heat exchanger. Because the temperature of the shallow well is lower than the ambient temperature in summer, the pressure ratio of the compressor decreases with the decrease of the condensation temperature, which improves the COP of the refrigeration cycle.




	(3)

	
Transition season power generation mode (set the annual operation hours as 3000 h): in this mode, there is no demand for cooling and heating on the user side. At this time, the coupling between the compressor and the expander is disconnected, and all the output power of the expander is used for the generator power generation. The generated electricity is not only used for the system’s own use, but also for the grid.









The setting parameters of the three operating modes are shown in Table 4.



The COP of the refrigeration and heating cycle and the thermal efficiency of ORC under the above conditions (condensation temperature and evaporation temperature) using the five working fluids in Table 2 are calculated and compared. The specific results are shown in Figure 5, Figure 6 and Figure 7.



In the power generation subsystem, when the evaporation temperature is 120 °C, it exceeds the critical temperatures of R134a and R152a. This paper only discusses the subcritical ORC, so the two working fluids are not discussed. Only the last three working fluids are analyzed. The comparison of thermal efficiency is shown in Figure 7 below.



According to the comparison of the above figures, for the heating/cooling subsystem, the optimal working fluid is R245ca, and the COP of refrigeration and heating is 5.26 and 4.36, respectively. For the ORC subsystem, by comparing the operating thermal efficiency of the three working substances, it is found that R245fa is the optimal working fluid with a thermal efficiency of 10.43%. Therefore, R245ca is selected as a working fluid for heating/cooling subsystem and R245fa is selected as a working fluid for the ORC subsystem.



Based on the established thermodynamic model and the selected working fluid, the main operating parameters of the three modes can be calculated. The specific simulation data are shown in Table 5.



By analyzing the calculation data, it can be seen that the thermal efficiency of the system in the winter heating mode is 12.18%, which is significantly higher than that in the refrigeration and power generation mode (10.47%) and that in the independent generation mode (10.43%). The thermal efficiency is 1.7% higher than that of the two modes, indicating a relative improvement of approximately 16%. The reason is that under the heating and power generation mode, the refrigerant evaporates in the shallow heat exchanger, and the low temperature R245ca working fluid exchanges heat with R245fa in the ORC system in heat exchanger 2. As a result, the suction temperature of the compressor is increased, while the exhaust steam temperature is reduced, which is beneficial for the operation of the heat pump. In addition, because the refrigerant evaporates in the shallow heat exchanger, the condensing temperature of the ORC system can be reduced, leading to an increase in the output work by the expander and an improvement in the overall thermal efficiency of the system.



According to Table 4, the annual heat-obtaining quantity of the shallow geothermal well    Q  t o t a l     is as follows:


   Q  t o t a l   =  Q  c o l d   +  Q  h e a t   +  Q  p o w e r    



(9)







In which,    Q  c o l d     is the heat-obtaining quantity of the shallow geothermal well in cooling and power generation mode,    Q  h e a t     is the heat-obtaining quantity of the shallow geothermal well in the heating and power generation mode, and    Q  p o w e r     denotes the heat-obtaining quantity of the shallow geothermal well in the independent power generation mode. In the analysis, the annual heat-obtaining quantity    Q  t o t a l     is calculated as 8.58 × 1010 kJ.



In the instance that the coupling system is not applied, the heat-obtaining quantity of the shallow well    Q  t o t a l  ′    in the annual independent power generation mode is as follows:


   Q  t o t a l  ′  =  Q  p o w e r   ×    τ  t o t a l      τ  p o w e r      



(10)




where    τ  p o w e r     is the operation hours of the independent power generation in the transition seasons of the coupling system, and    τ  t o t a l     represents the operation hours of the whole system in the whole year. The calculated heat-obtaining quantity    Q  t o t a l  ′    is 9.66 × 1010 kJ.



By analyzing the heat gain results of the shallow geothermal well in the two cases, it is found that the annual heat-obtaining quantity of the shallow geothermal well (8.58 × 1010 kJ) is 11.18% lower than that of the independent power generation (9.66 × 1010 kJ). This is due to the coupling heat transfer of two subsystems in the shallow geothermal well. It is speculated that the integrated energy system can better maintain the balance of the annual temperature field of the shallow geothermal reservoir.




4.2. Comparative Analysis of the Distributed Integrated Energy System with Traditional Independent Distribution Systems


The simulation results show that under the heating mode in winter, the working fluid evaporates in the shallow well heat exchanger, and the refrigeration working fluid and ORC working fluid exchange heat in the shallow well front heat exchanger, thus reducing the exhaust steam temperature and increasing the suction temperature of the compressor.



This has three beneficial effects: (1) the annual temperature field balance of shallow geothermal energy is effectively maintained; (2) the refrigerant evaporates in the shallow well heat exchanger, reducing the condensation temperature of ORC system, thus increasing the output power of expander; (3) the refrigerant evaporates in the shallow well heat exchanger, and the evaporation temperature is higher (the shallow water temperature is significantly higher than the air or ambient temperature in winter). The COP of refrigeration is therefore improved.



As shown in Figure 8, the annual cooling output (2000 h in refrigeration season) of the integrated energy system is 5.31 × 109 kJ, and the annual heating output (3000 h in refrigeration season) of the integrated energy system is 1.47 × 1010 kJ, while the annual generating output of the system (in which the independent generation mode is calculated according to the transition seasons of 3000 h) is 6.76 × 109 kJ. In the condition that geothermal energy is regarded as the single heat source for ORC throughout the year, the total annual power generation (calculated at 8000 h) is 9.82 × 109 kJ. In order to meet the demand of refrigeration and heating, it is assumed that the refrigeration and heating units adopt the traditional heat pump units. According to the COP performance level of the industry, the refrigeration COP is 3.8 and the heating COP is 4.5. For the same cold and heat production, the power consumption is 1.40 × 109 kJ and 3.26 × 109 kJ, respectively.



Therefore, the net power generation of the independent power distribution system of the geothermal power generation–heat pump unit is 5.17 × 109 kJ after removing the power consumption of refrigeration and heating. In this paper, the cycle net power generation of the integrated energy system is calculated to be 6.76 × 109 kJ, which is 1.59 × 109 kJ more than that of the traditional independent sub supply system and nearly 31% higher than that of the control group. From the perspective of the energy system, an integrated energy system has great advantages.





5. Outlook on ORC in the Distributed Integrated Energy System Driven by Deep and Shallow Geothermal


In view of the sustainable characteristics of geothermal energy and the conformation of the distributed integrated geothermal systems to the principle of energy cascade utilization and temperature matching, the regional energy station based on a distributed integrated energy system driven by deep and shallow geothermal energy is expected to become one of the alternative paths for the carbon emission reduction. It is worth mentioning that the promotion of the system performance is highly dependent on the breakthrough of ORC technology. As illustrated, although the ORC technology has been applied for power generation using low temperature heat sources for a long time, the round-trip efficiency of energy systems is still restrained within 15% based on the latest statistics. Great efforts have been made to improve the thermal performance of geothermal systems in the following aspects:



(1) The collaborative matching of the evaporation temperature and thermophysical properties of the heat source and the organic working fluid. Although geothermal energy is more stable than other renewable energy sources, in the long run, the heat-taking temperature has a chronic decay; therefore, the method for matching the heat source temperature and the evaporation temperature need to be established. (2) The evaluation indicator of the ORC system in consideration of thermal performance and environmental impact. The design of geothermal systems and the selection of organic working fluids are the main trend of the ORC technology development towards high thermal performance, low carbon emission and safe operation. (3) Turbine development. Despite the difficulties in research and development, the turbine deliberately invented for ORC systems are a significant factor to be considered. The specific path is shown in Figure 9.




6. Conclusions


This study presents an integrated system innovatively, which realizes the comprehensive supply of cold and thermal power by using clean geothermal efficiency, but also solves the temperature imbalance caused by the attenuation of a shallow geothermal temperature field. Based on the thermodynamic theory, this study analyzes the thermal efficiency of the three systems. The conclusions are as follows:




	(1)

	
In the heating and power generation mode, the thermal efficiency of the integrated energy system is 12.18%, which is significantly higher than that in the cooling and power generation mode and the single power generation mode. The efficiency increase rate is 16%.




	(2)

	
The annual heat-obtaining quantity of the shallow geothermal well of the established integrated energy systems is 11.18% lower than that obtained by single power generation, indicating that the integrated energy system can better maintain the balance of an annual temperature field of shallow geothermal energy.




	(3)

	
Compared with the traditional independent sub supply system (only using geothermal power generation and heat pump units throughout the year), the integrated energy system generates 1.59 × 109 kJ more electricity per year, which is approximately 31% higher.









Through an innovative design, the efficient supply of “cold, heat and electricity” is realized. According to the principle of supply and demand, idle equipment is reduced. Despite the superiority of the integrated system in sustainability and efficiency, it is critical to analyze the economics between the integrated system and the independent distribution system in the next work.
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Figure 1. Influential factors and indicators for geothermal energy systems. Adapted with permission from ref. [34]. Copyright 2019 Elsevier. 
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Figure 2. Schematic diagram of integrated energy system driven by geothermal energy. 
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Figure 3. T-S diagram of thermodynamic process of subcritical ORC. 
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Figure 4. P-h diagram of the thermodynamic process of the refrigeration/heat pump cycle. 
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Figure 5. COP comparison of different refrigerants in the refrigeration cycle. 
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Figure 6. COP comparison of different refrigerants on heating cycle. 
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Figure 7. Generation efficiency comparison of the different refrigerants. 
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Figure 8. Comparison between the integrated energy system and independent sub supply system. 
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Figure 9. Multi-scale modeling and optimization framework of ORC for the geothermal energy systems. 
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Table 1. Development of geothermal cooling, hesating and power system.
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System

	
Geothermal Source

	
Output/Efficiency

	
Time

	
Ref.






	
Heating

	
geothermal source heat pump

	
85 kW (COP = 2–3.5)

	
2004

2020

	
[14]

[15]




	
water source heat pump

	
105–580 kW

	
2004

	
[16]

[17]




	
borehole heat exchangers

	
200–300 kW

	
2013

	
[18]




	
deep downhole coaxial heat exchanger

	
700–1000 kW

	
2019

	
[19]

[20]




	
Cooling

	
air conditioning

	
169 kW (COP = 5.5)

	
2018

2003

	
[21]

[22]




	
Power

	
Power generation

	
3949 kW

	
2014

2021

	
[23]

[24]




	
Integrated system

	
heating-power

cooling-power

cooling-Heating and Power

	
6.9–10.6%

	
2014

2018

	
[25]

[26]
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Table 2. Physical parameters of the five primary selected working fluids.
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	Working Fluid
	Critical Temperature

(°C)
	Molecular Weight (kg/kMOL)
	Molecular Formula
	Standard Boiling Point (°C)
	Critical Pressure (MPa)
	ODP
	GWP





	R134a
	101.06
	102.03
	C2H2F4
	−26.07
	4.06
	0
	1300



	R152a
	113.26
	66.05
	C2H4F2
	−24.02
	4.52
	0
	124



	R236ea
	139.29
	152.04
	CF3CHFCHF2
	6.17
	3.42
	0
	710



	R245fa
	154.01
	134.05
	CF3CH2CHF2
	15.14
	3.65
	0
	950



	R245ca
	174.42
	134.05
	CHF2CF2CH2F
	25.26
	3.94
	0
	560
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Table 3. Parameter setting of integrated energy system.
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	Parameter
	Symbol
	Unit
	Set Value





	Mass flow rate of working fluid B
	    m B    
	kg/s
	15



	Isentropic efficiency of the compressor
	ηcomp
	%
	75



	Isentropic efficiency of the working fluid pump
	ηpum
	%
	80



	Relative internal efficiency of the expander
	ηtur
	%
	80



	Transmission mechanical efficiency
	ηc
	%
	90



	Generator efficiency
	ηmotor
	%
	95



	Geothermal temperature of the shallow well
	TL
	°C
	18



	Outlet temperature of working fluid B in the deep well
	TH
	°C
	120



	Cold water inlet temperature
	Tin−l
	°C
	12



	Cold water outlet temperature
	Tout−l
	°C
	7



	Hot water inlet

temperature
	Tin−h
	°C
	45



	Hot water outlet

temperature
	Tout−h
	°C
	50
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Table 4. Main operation parameter settings of the three modes.
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Category

	
Heating and Power Generation

	
Refrigeration and Power Generation

	
Independent Generation






	
Annual operating hours

	
2000 h

	
3000 h

	
3000 h




	
ORC system

	
Inlet temperature of the expander

	
120 °C

	
120 °C

	
120 °C




	
Condensation temperature of the shallow well

	
30 °C

	
40 °C

	
40 °C




	
Heating and cooling system

	
Isentropic efficiency of the compressor

	
0.75

	
0.75

	
/




	
Evaporation temperature

	
11 °C

	
5 °C

	
/




	
Inspiratory temperature

	
16 °C

	
7 °C

	
/




	
Condensation temperature

	
52 °C

	
25 °C

	
/
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Table 5. Outputs of the coupling energy system in typical operation modes.






Table 5. Outputs of the coupling energy system in typical operation modes.





	Category
	Refrigeration and Power Generation
	Heating and Power Generation
	Independent Generation





	Heat absorption of the deep well (kW)
	3810
	4020
	3827



	Output work (kW)
	399
	489
	399



	Thermal efficiency (%)
	10.47
	12.18
	10.43



	Annual heat-obtaining quantity of the shallow well (kJ)
	3.11 × 1010
	1.85 × 1010
	3.62 × 1010
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