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Abstract

:

In China, a large amount of the total energy consumption is made up of building energy, particularly in humid regions. The conventional vapor compression refrigeration systems cannot effectively control the indoor humid and thermal environment. Therefore, this article proposes a solar-powered desiccant wheel and ground-source heat pump (SDW-GSHP) air conditioning system. The energy consumption of the system is mainly from sustainable sources of solar and geothermal energy, showcasing excellent energy efficiency and environmental friendliness. The desiccant wheel (DW) processes latent heat loads, and the GSHP processes the sensible heat load. The regeneration air of the DW is heated by a solar collector. The operational performance of the system was simulated by using TRNSYS during the typical summer week (15 July to 22 July) in Qingdao. The simulation results indicated that indoor temperature was maintained within 25.8–26.2 °C and the relative humidity was maintained in the range of 57–61%. The COP of the SDW-GSHP air conditioning system was 42.1% higher than that of the DW air conditioning system with electric heating regeneration, and electricity saved 43.7%.
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1. Introduction


Presently, energy concerns have become a global focus. Heating, ventilation, and air conditioning (HVAC) systems account for 38% of building energy consumption and about 12% of global final energy [1,2]. Economic growth has improved living standards. The demand for thermal comfort has increased, and HVAC systems have become almost indispensable. Therefore, promoting energy-efficient retrofits of HVAC systems is essential to reducing global energy consumption and greenhouse gas emissions, mitigating climate change, and maintaining a comfortable indoor environment. Consequently, it is a practical solution to power HVAC systems with sustainable energy sources like solar energy, wind energy, and geothermal energy. Furthermore, optimizing indoor thermal and humidity conditions is equally vital for reducing building energy consumption, particularly in the hot and humid regions of China. In most of the summer, outdoor temperatures frequently surpass 32 °C, occasionally reaching up to 41 °C. In transitional seasons, outdoor temperatures are moderate, but relative humidity often remains within the range of 95% to 100%. In the absence of effective control of the indoor environment, the average indoor temperature in July and August in this climate zone can exceed 30 °C, with the monthly average indoor relative humidity exceeding 70%. The humid indoor environment significantly affects human comfort and health. Excessive indoor relative humidity not only disrupts human sweat regulation but also fosters the proliferation of molds and dust mites to deteriorate indoor air quality [3].



Conventional vapor compression air conditioning systems cool air below the dew point to remove humidity, meeting indoor dehumidification requirements, and then reheat the processed air to the supply air temperature. Therefore, this system often consumes more energy to simultaneously achieve indoor cooling and dehumidification requirements. In contrast, the DW system can adsorb water vapor from the processed air without cooling. The key point is the energy consumption of DW, because the regeneration of adsorbent materials requires a certain amount of heat energy [4]. The DW air conditioning system showed excellent performance in conserving energy and maintaining optimal indoor thermal and humidity conditions when solar energy is used for air regeneration [5]. Over the past few decades, solar energy technology has made great progress. As a result, solar-powered DW air conditioning systems have gained increasing concern and have been applied in multiple fields. Preisler et al. [6] conducted experimental studies on a DW air conditioning system driven by a flat-plate solar collector. Comparing the system to a traditional compression refrigeration system, the results show that it can achieve an average COP of 7.0 throughout the winter, which translates into primary energy savings of 60.5%. Bourdouka et al. [7] used a heat pipe vacuum tube (HPVT) collector to drive a traditional DW cooling system. The results show that the system is able to maintain the indoor environment at a comfortable level and can be adapted to different climates. Li et al. [8] conducted an experimental study in Dezhou City, Shandong Province, China, pairing a two-stage DW cooling/heating system with a vacuum tube solar collector. The results indicate that the system has the potential to improve indoor comfort by using solar energy for heating and humidification during the winter and providing comfortable supply air in the summer. Comino et al. [9] experimental tests in Martos, Spain, showed that a solar desiccant cooling system (SDEC) effectively controlled indoor conditions, achieving a seasonal coefficient of performance (SCOP) of 2 with 75% renewable energy use. Zhou [10] used TRNSYS to simulate the ability of a solar-driven desiccant cooling system with low-temperature regeneration (below 70 °C) to maintain indoor thermal comfort in three climates: tropical, subtropical, and temperate. The results show that in the tropics, the system fails to maintain the thermal comfort level of the building for at least 28.36% of the operating time. However, in the subtropical and temperate regions, the system could maintain indoor comfort for more than 98% of the operating time. Büker et al. [11] conducted an experimental study on a parabolic trough solar collector-assisted DW system. The results showed that the maximum regeneration air temperature supplied to the DW by the parabolic trough solar collector was 45.8 °C at a flow rate of 60 m3/h. The experimental study clearly demonstrated that the parabolic trough solar collector was able to successfully provide the low- and medium-temperature thermal energy required for the regeneration process in the DW.



With the decreasing cost of photovoltaic technology, solar desiccant cooling has the highest COP and lowest operating temperature compared to other solar thermal technologies. Therefore, some researchers have integrated PV technology into DW systems. Liu et al. [12] proposed a novel hybrid solar cooling device for buildings in high temperature and high-humidity climate zones (low-latitude isolated islands) that combines photovoltaic power generation, a solar collector, a vapor compression cooling system, and a two-stage DW system. The overall performance of the system was evaluated for a 100 m2 office building. The results show that the system has good operational performance and is able to effectively reduce air temperature and humidity in extremely hot and humid climatic conditions. Olmuş et al. [13,14] proposed a novel solid desiccant air-conditioning system configuration that integrates direct and dew-point indirect evaporative coolers and water-cooled photovoltaic/thermal solar collectors (PV/T). The system was simulated in a building located in Adana, a hot and humid city on the Mediterranean coast of Turkey. The results show that 69% of the thermal energy required to regenerate the DW can be generated by the PV/T collector. The primary energy savings for the whole cooling season amounted to 102.82 kWh. The authors concluded that this system could be one of the alternative air-conditioning solutions for office buildings in the Mediterranean region.



Dehumidification is an approximately constant enthalpy process that results in an increase in the air temperature. Consequently, the air exiting the DW needs to be cooled down before it enters the air-conditioned room. Heat pumps have the ability to provide cooling at lower temperatures than evaporative cooling. Combining heat pumps with DW can effectively control the supply air temperature, and the heat source of the regeneration air can remain stable. Baniyounes et al. [15] built a medium-high-temperature heat pump-driven DW system. Compared with traditional heat pump systems, the system reduces power consumption by more than 30%. Liu et al. [16] proposed a transcritical CO2 heat pump system with DW. It could save 35 to 84% of electrical energy compared to conventional systems. Ge et al. [17] proposed a heat pump-driven DW system with two evaporators and two condensers. Compared to traditional systems, the system can save 37% of primary energy in dehumidification. Tian et al. [18] coupled a heat pump with a DW system. The system achieves dehumidification by pre-cooling the evaporator, DW, and indoor evaporator. A heat recovery condenser is used for the regeneration of the DW. The performance of the system in a near-zero-energy residential home was simulated using TRNSYS. The results show that the indoor relative humidity is below 70% at 26 °C, approximately 96% of the time. Energy savings of about 9.4% and 14.9% are achieved during the summer and dehumidification seasons, respectively. In addition, the authors presented humidity boundaries for heat pump-driven single-stage and two-stage dehumidification systems under different conditions to determine the optimal system for different operating conditions [19]. The results show that the two-stage dehumidification system is more energy efficient when the humidity of the air-conditioned room is below 49%, 55%, and 40%, respectively.



As mentioned, several studies have used solar energy as an easily accessible renewable heat resource in desiccant cooling systems. The DW system can be combined with a variety of cooling devices, including heat pumps, chillers, and evaporative coolers. The GSHP system is an efficient system that uses the stable temperature of the ground to heat and cool buildings and that consumes less energy than traditional heating and air conditioning systems. There are few dynamic studies on the integration of solar-assisted DW systems with GSHP air-conditioning systems, and there is a gap in the research on the application of solar and geothermal energy to air-conditioning systems. Therefore, this paper proposes an SDW-GSHP air conditioning system. In this system, the outdoor fresh air is dehumidified by a solar-driven DW system to meet the latent heat load, and the high-temperature chilled water prepared by the GSHP system is supplied to the sensible heat end of the room to meet the sensible heat load. The regeneration heat of the DW comes mainly from solar energy. To investigate whether this system can be used as a practical alternative to conventional air conditioning systems. The main contributions to this paper are



	(1)

	
This study presented the design of the SDW-GSHP air conditioning system, including a detailed description of the air treatment process and control strategy.




	(2)

	
This study built a transient simulation model of the system based on the TRNSYS and simulated the cooling and dehumidification performance of the system under the typical hot and humid climate of Qingdao in the summer to verify the effectiveness of the system.




	(3)

	
This study comprehensively analyzed the operating energy consumption, performance parameters, and solar energy utilization of the SDW-GSHP air conditioning system using the solar fraction (SF) and coefficient of performance (COP). The system was compared with the traditional electrically heated DW air conditioning system to demonstrate its energy-saving and high efficiency.







This study aims to provide a sustainable and environmentally friendly solution for dehumidifying air conditioning systems in hot and humid areas during the summer. and provide some guidance for engineering applications.




2. Materials and Methods


2.1. System and Building Description


Figure 1 shows the schematics of the SW-GSHP system. The ground-source heat pump system, solar energy collection system, and air conditioning system constitute the three main parts of the system. The air conditioning and ground source heat pump systems include two air streams and two water loops: (a) process air; (b) regenerated air; (c) ground water loop; and (d) chilled water loop. The thermodynamic process of air treatment is shown in Figure 2. On the process side, the mixed air (state point 2) formed by compounding the fresh air (state point 1) with the return air (state point 6) from the air-conditioned room is brought into the dehumidification wheel (DW) to reduce the humidity of the process air. The adsorption heat generated by the DW increases the temperature of the process air. Then, the dry, hot air (state point 3) enters the heat recovery wheel, and its temperature decreases under constant humidity. The air (state point 4) coming out of the heat recovery wheel is cooled by the air cooler to become dry and cold air (state point 5). The air is then delivered into the air-conditioned room, where the temperature and humidity of the air increase due to sensible and latent heat loads (state point 6). On the regeneration side, ambient air (state point 1) enters the solar thermal cycle heat exchanger as the regeneration air and causes the temperature to rise (state point 7). As shown in the schematic figure of the SDW-GSHP hybrid system, the solar circuit is composed of the water source side and the load side. The water source side is the place where water circulates through the collector, and the hot water in the tank provides heat for the heat exchanger. Afterwards, the auxiliary heater heats the regeneration air to increase its temperature to the required regeneration temperature (state point 8). Finally, the air heated to the regeneration temperature enters the DW, where the temperature decreases and the humidity increases. The regenerated air is then discharged outdoors through the regeneration fan (state point 9).



The studied building is a typical office building with an air conditioning zone of 150 m2, facing south, located in Qingdao, where the climate is characterized by hot summers and cold winters. The description of the building is shown in Table 1. Equipment, lighting, and occupants follow temporal distributions as depicted in Figure 3. The climate data used for the simulation is taken from the TRNSYS weather data file and is as follows: Table 2.




2.2. System Control


In the system, three main controllers are employed to ensure system operation. The temperature differential between the water in the source-side loop exiting the storage tank and the water at the collector’s output is monitored by the differential controller in the solar circuit. Control the collector loop pump to be on when the temperature of the fluid leaving the collector is 5 °C higher than the fluid coming from the tank to the collector, turn off when the temperature of the fluid leaving the collector is less than 2 °C below the fluid coming from the tank to the collector, and turn off if the fluid supplying the hot water is higher than 90 °C.



If the temperature difference exceeds the user-defined value, the controller will activate the source-side pump. To maintain the working fluid’s temperature below the boiling point as it passes through the solar collector, an additional controller is incorporated into the solar circuit.



The temperature control in the system is achieved by the type108 module. This ON/OFF differential device simulates a room thermostat. It outputs a signal to control the start and stop of the GSHP system. The humidity control is taken by the type23 module, which employs a PID controller. PID control, or Proportional-Integral-Derivative Control, can be divided into P, PI, PD, and PID control, according to application conditions and control objects. In this paper, PI control, or proportional-integral control, is used for indoor humidity control. The control variable of the Type23 module is the design humidity of the building. Therefore, the Type23 module will output the corresponding control signal according to the real-time relative humidity of the room. In TRNSYS, the control signal can be converted to moisture content using equation 1. This moisture content is set as the humidity set point of the DW outlet, and the DW system adjusts the dehumidification amount to reach the set point by changing the regeneration temperature. A detailed description can be seen in Table 2.


   d  s e t   = p i  d  s e t   × d  



(1)




where:   p i  d  s e t     is the setpoint for the controller;  d  is the humidity ratio.



A PI controller has many advantages, such as fast response, stability, robustness, and wide applicability [20]. It can respond quickly to changes in the system, decrease steady-state errors, and tune the parameters, which are suitable for high-precision and high-stability systems.




2.3. System Model


This paper presents the modeling and investigation of an SDW-GSHP air conditioning system using TRNSYS. The TRNSYS 18 software was utilized for modeling and simulating the system using a transient system simulation approach. The system simulation model is depicted in Figure 4. The SDW-GSHP air conditioning system’s primary component parameters can be found in Table 3. The simulation model of an electric heating-powered desiccant wheel and ground-source heat pump (EDW-GSHP) air conditioning system is shown in Figure 5. The simulation is carried out under the same meteorological parameters as the SDW-GSHP air conditioning system.




2.4. Mathematical Equations


2.4.1. Vacuum Tube Solar Collector


A vacuum tube solar collector was used in the simulation, and the model was built using the solar collector’s thermal efficiency equation. The conventional quadratic (or linear) efficiency equation is shown below, and it represents the dependence of the thermal efficiency on the global radiation incident on the solar collector (Tilted surface), ambient temperature, and the temperature of the fluid in the solar collector.


  η =  a 0  −  a 1    (  T  w , i n   −  T a  )    I T    −  a 2      (  T  w , i n   −  T a  )  2     I T     



(2)




where:    a  0  - 3      is the correlation coefficient of the efficiency equation of a solar collector;    T w    is the fluid temperature fluid and    T a    is the ambient temperature;    I T    is the total radiation intensity of the solar radiation.



The solar collectors were designed to generate enough heat to maintain the DW’s continuous operation. The total collector area was calculated using the following formula:


   Q  c o l l   =  A  c o l l   η  I T   



(3)




where    A  c o l l     is the area of the solar collectors.




2.4.2. Desiccant Wheel


In this paper, the desiccant wheel was simulated using type 1716b from the TRNSYS library, with silica gel serving as the adsorbent material. Because silica gel has broad market availability, a low cost, and a reasonably high water adsorption rate. The DW model is based on two potential functions derived by Howe [23] and revised by Schultz et al. [24]. Given the temperature of the process air intake, as well as the humidity ratios of the process and regeneration air inlets and the humidity ratio of the process air outlet, it is possible to calculate the regeneration air temperature.



Two potential functions, F1 and F2, are obtained by the following equation:


   F 1  =   - 2865    T  1.49     + 4.344  d  0.8624    



(4)






   F 2  =    T  1.49     6360   − 1.127  d  0.07969    



(5)




where T and d are the dry bulb temperature and humidity ratio of the process air, respectively. Corrections to the two potential functions above are made using two effectiveness values.


   ε  F 1   =    F  1 D   -  F  1 P      F  1 R   -  F  1 P      



(6)






   ε  F 2   =    F  2 D   -  F  2 P      F  2 R   -  F  2 P      



(7)




where: D is the actual outlet state; P and R represent the process side and the regeneration side, respectively.




2.4.3. Air Cooler


The heat transfer between the airflow and the fluid in an air cooler is calculated using the bypass factor method. In this method, a portion of the airflow passes through the coil and is discharged in a saturated state, while the remaining airflow bypasses the coil without undergoing any change. Then, the two streams of airflow are mixed, and the outlet state point is calculated accordingly. The fluid cooling rate is calculated using the following equation [25].


   Q a  =  m f  ( 1 − f ) (  h  i n   −  h  o u t   )  



(8)




where:    m f    is the mass flow rate of fluid;    h  i n     and    h  o u t     are the enthalpies of Fluid;  f  is the bypass factor.



The outlet state point of air can be calculated using Equations (8) and (9), respectively.


   h  m i x   = ( 1 − f )  h  o u t   + f  h  i n    



(9)






   d  m i x   = ( 1 − f )  d  o u t   + f  d  i n    



(10)








2.4.4. Tank


In the simulation, the hot water tank was a stratified storage tank with N completely mixed isothermal nodes. Heat was transferred between two adjacent nodes by fluid movement and conduction. A fixed node energy balance was provided by [26]:


   M n   c  p , w     d  T n    d t   =  m w   c  p , w      T  n − 1   −  T n    −  m w   c  p , w      T  n + 1   −  T n    − U  A n     T n  −  T a     



(11)




where: M is the mass of fluid in the nth tank section;    c  p , w     is the specific heat of the working fluid; T is the temperature of the working fluid; m is the working fluid mass flow rate; and U is the tank loss coefficient.





2.5. Performance Indices


The COP, electrical power consumption, and SF are used to evaluate the performance of the SDW-GSHP air conditioning system.



The cooling capacity (Qcc) of the system is expressed by [27]:


   Q  C C   =  m P  (  h 1  −  h 4  )  



(12)




where:    m P    is the mass flow rate of process air;    h 1    and    h 4    are the enthalpies of process air at states 1 and 4, respectively.



The total energy consumption of the system    E t    [28] is calculated using the following equation:


   E t  =  E  f a n   +  E  a u x   +  E  G S H P    



(13)




where:    E  f a n     represents the fan’s power consumption;    E  a u x     represents the auxiliary heat source power consumption;    E  G S H P     represents the ground-source heat pump power consumption.



The regeneration heat is calculated by the following formula [29]:


   Q R  =  m R  (  h 8  −  h 7  )  



(14)




where:    m R    is the mass flow rate of regeneration air;    h 7    and    h 8    are the enthalpies of regeneration air at states 7 and 8, respectively.



The COP of the system is calculated using the following equation [30]:


  C O P =    Q  C C      E t     



(15)







The solar fraction (SF) is the ratio of the available energy gained from the solar collector to the regeneration heat [31]. The expression is as follows:


  S F =    Q  solar      Q R     



(16)




where:    Q  solar     is the available energy gained by solar collectors.





3. Results


The cooling and dehumidification performance and energy consumption characteristics of the system were simulated during a typical summer week (15 July to 22 July) in Qingdao. Figure 6a,b illustrate the hourly variations in outdoor temperature, humidity, and indoor room temperature, respectively. The indoor relative humidity fluctuated between 57 and 61%. When the maximum outdoor humidity ratio was 18.8 g/kg, the indoor humidity ratio was 7.26 g/kg. It follows that the process air’s humidity could be effectively decreased by the DW. During the working hours (8:00–18:00), the indoor temperature varied between 25.8 and 26.2 °C. The maximum outdoor air temperature was 32 °C, and the indoor air temperature was 25.8 °C. Therefore, the system could effectively maintain indoor air temperature and relative humidity within the comfort zone during the working hours. During non-working hours (0:00–8:00, 18:00–24:00), the air processed by the DW was cooled through an air cooling coil and then met dehumidification requirements before being supplied into the room. At this time, the heat load in the room was completely generated by equipment, and the outdoor air temperature was relatively low, which resulted in a lower indoor temperature compared with the indoor temperature during working hours. The hourly variation in air cooler and radiant panel outlet temperatures is shown in Figure 6c. During the working hours (8:00–18:00), the temperature of the air cooler and the radiant panel outlet were in the range of 9.6–20.4 °C and 17.4–21.8 °C, respectively. As can be seen from Figure 6a, the temperature range was sufficient to handle indoor sensible heat loads and process air sensible heat loads. The dehumidification amount of the DW was adjusted by the proportional-integral controller according to the regeneration temperature. Figure 6d shows the hourly temperature at the inlet and outlet of regeneration air. The regeneration temperature is between 21.9 and 60 °C. When the regeneration temperature is lower than the process air temperature, dehumidification of the air is not required.



Figure 7 shows the COP of two systems: system 1, which utilizes solar energy and electric heating for regeneration, and system 2, which relies only on electric heating for regeneration. In the majority of hours, system 1 shows a much higher COP compared with system 2. However, in certain hours, the COP of system 1 is lower than that of system 2. This variation is due to the impact of solar radiation on system 1 during these specific hours, which leads to increased consumption of auxiliary electric heating. Throughout the simulation, the average COP of systems 1 and 2 was 2.16 and 1.52, respectively. Consequently, system 1 not only ensures indoor thermal comfort but also improves energy efficiency. The accumulative power consumption of system1 and 2 is shown in Figure 8. Obviously, the power consumption of system 1 is much lower than that of system 2. Hourly simulations were conducted for a typical cooling month (July), and Figure 9 illustrates the total energy consumption of components in systems 1 and 2 in July. The energy consumption of the water pump and ground-source heat pump in system 1 was slightly higher than that in system 2. Because the solar energy collection system in system 1 required a heat collection pump. The electricity consumption for heating the regenerative air in auxiliary heat sources for system 1 and 2 was 535 KWh and 2308 KWh, respectively. Overall, System 1 saved about 43.71% of the electricity compared to system 2.



The hourly variation in heating coil transfer heat, auxiliary heat source consumption, and regeneration heat are shown in Figure 10. The maximum heat transfer of the heating coil and regeneration heat were 7.88 KW and 6.38 KW, respectively. The maximum auxiliary heat sources consumed by the system were 6.11 KW. As seen in Figure 10, in the early stages of system operation, the heat provided by the heating coil was very low due to the intermittent solar radiation. However, the system required a higher regeneration heat, and the heat of the regeneration air was mainly provided by the auxiliary heat source. During the day, as the system ran, the solar collector absorbed solar radiation. The heat provided by the heating coil gradually increased, and a portion of the heat was stored in the thermal storage tank. At night, due to the lack of solar radiation, the solar collector stopped providing heat, which resulted in decreasing the heat provided by the heating coil.



For the desiccant cycle, SF quantifies the portion of driving energy supplied by the solar system. A higher SF value indicates that the auxiliary heat source provides a lower percentage of regeneration heat. The hourly variation in SF in the SW-GSHP air conditioning system is illustrated in Figure 11. In the early stages of system operation, on the one hand, the available energy gained from the solar collector was low. On the other hand, when outdoor air humidity was high, a higher regeneration temperature was required to drive the DW. Both of them cause lower SF. As the system operated, more and more heat was stored in the tank. The dehumidification cycle was mainly driven by solar energy, so SF increased. When SF = 1, the heat of the regeneration air was completely provided by the solar heat collection system.



It is noteworthy that as the system stabilizes, there is enough heat in the tank to meet the regeneration needs of the DW. Consequently, surplus solar heat can be stored for diverse applications during specific time periods.




4. Conclusions


Conventional air refrigeration systems usually handle both sensible and latent heat loads. However, this way is obviously impractical for regions with moderate temperatures and high humidity. Therefore, to achieve independent control of temperature and humidity while maximizing the use of renewable energy, this study conducted dynamic simulations on the SDW-GSHP air conditioning system. In this system, a DW system driven by solar energy and auxiliary heat sources were used to handle latent heat loads, while a ground-source heat pump handled sensible heat loads through a ground heat exchanger. Simulations were conducted in Qingdao, Shandong Province, China.



The results show that the system has excellent thermal comfort and a high coefficient of performance. During the working hours (8:00–18:00), the temperature of the air-conditioned room was maintained at 25.8~26.2 °C, and the relative humidity was 57~61%, which provided a comfortable indoor thermal and humid environment. Compared with traditional vapor compression air conditioning systems [32], the dehumidification effect is obvious. When the outdoor humidity is high, the designed humidity can still be achieved. The GSHP provided high-temperature chilled water (9.3 to 12.7 °C) to handle indoor sensible heat loads. To minimize fluctuations in indoor relative humidity, the dehumidification amount of the DW was controlled by the temperature of the regenerative air, with a temperature range of 21.9 to 60 °C. The SDW-GSHP air conditioning system saves 43.71% of electric energy compared with the DW air conditioning system, which relies on electric heating for regeneration. The average COP of the SDW-GSHP air conditioning system was 2.16, an improvement of 29.6%. The regenerative heat of the DW in the SDW-GSHP air conditioning system was provided by solar energy and auxiliary heat sources. To investigate the efficiency of solar energy, the SF was used to measure the proportion of regenerative heat from the solar energy collection system. Throughout the simulation period, the SF showed a gradually increasing trend until SF = 1. This indicated that the regeneration heat mainly came from the solar energy collection system. Therefore, the SDW-GSHP air conditioning system provides more satisfactory cooling and energy performance through temperature and humidity control compared with conventional refrigeration systems.



The climate of Qingdao in the summer is hot and humid. In comparison to conventional refrigeration systems, solar energy’s participation is essential for having the ability to save energy. Similar environments in other hot, muggy cities that need separate temperature and humidity management can also benefit from the application of this solar air conditioning technique.



Through the above research, we can know that the SDW-GSHP air conditioning system has broad applications. Next, we will conduct more in-depth research through experiments.
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Nomenclature




	
Nomenclature




	
A

	
Area (m2)




	
a

	
Collector efficiency parameter




	
Cp

	
Specific heat at constant pressure (kJ·kg−1·K−1)




	
F1

	
Potential functions




	
F2

	
Potential functions




	
h

	
Specific enthalpy (kJ·kg−1)




	
IT

	
Global radiation incident on the solar collector (kJ·h−1·m−2)




	
Q

	
Heat transfer capacity (KW)




	
T

	
Temperature (K)




	
d

	
Humidity ratio




	
f

	
Bypass factor




	
V

	
Volume (m3)




	
m

	
Mass flow rate (kg·s−1)




	
U

	
Loss coefficient (kJ·h−1·m−2·K−1)




	
SF

	
Solar fraction




	
Abbreviations




	
DW

	
Desiccant whell




	
SDW

	
Solar powered dehumidification wheel




	
GSHP

	
Ground source heat pump




	
Subscripts




	
a

	
ambient




	
in

	
inlet




	
P

	
process air




	
R

	
regeneration air




	
Out

	
outlet




	
t

	
total




	
CC

	
cooling capacity




	
aux

	
auxiliary heat
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Figure 1. Schematic figure of the SDW-GSHP hybrid system. 
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Figure 2. Thermodynamic process of air treatment. 
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Figure 3. Time-dependent distribution of working day equipment, lighting, and occupants. 
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Figure 4. TRNSYS simulation model of the SDW-GSHP air conditioning system. 
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Figure 5. TRNSYS simulation model of the EDW-GSHP air conditioning system. 
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Figure 6. Hourly variation in temperature and humidity. (a) outdoor temperature and air-conditioned room temperature. (b) outdoor humidity and air-conditioned room humidity. (c) air cooler and radiant panel outlet temperature. (d) regeneration air inlet and regeneration air outlet temperature. 
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Figure 7. Hourly variation in COP. 
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Figure 8. Accumulative power consumption of system1 and system 2. 
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Figure 9. Power consumption of each device in system 1 and System 2 in a typical cold month. 
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Figure 10. Hourly variation in heating coil transfer heat, auxiliary heat source consumption, and regeneration heat. 
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Figure 11. Hourly variation in SF. 
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Table 1. Parameters of the Building Type.
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	Type
	Description of the Building





	Ground
	240 mm concrete + 80 mm insulation + 60 mm stone

Heat Transfer Coefficient: 0.313 W/(m2·K)



	Roof
	240 mm concrete + 40 mm gypsum + 10 mm insulation

Heat Transfer Coefficient: 0.438 W/(m2·K)



	Exterior Wall
	200 mm brick + 10 mm insulation + 15 mm plaster

Heat Transfer Coefficient: 0.339 W/(m2·K)



	Window
	Double glazed

Heat Transfer Coefficient: 1.92 W/(m2·K)

Window-to-Wall Ratio: 40% for south wall



	Indoor heat sources
	20 persons working in the building; Sensible and Latent load of 70 W/person,66 g/(h·person); Lighting load of 10 W/m2; Equipment load of 2000 W



	Design zone parameter
	Design zone temperature of 26 °C; Design zone relative humidity of 60%;










 





Table 2. Weather data in Qingdao in July.
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Parameter

	
Valve






	
Air temperature (°C)

	
Max: 36.6




	
Mean: 26.7




	
Air humidity ration (g/kg)

	
Max: 25.5




	
Mean: 16.9




	
Solar radiation (W/m2)

	
Max: 918




	
Mean: 203




	
Soil temperature (°C)

	
Initial: 13.6











 





Table 3. Parameters of the primary component of the SDW-GSHP air conditioning system.
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	Component Name
	Types
	Parameters





	Air Cooler
	Type508c
	Bypass Factor: 0.06 [21]

Pressure Drop: 210 Pa [21]



	Desiccant Wheel
	Type1716a
	F1: 0.05

F2: 0.90

Humidity mode: 1



	Vacuum Tube Collector
	Type71
	Area [22] (single): 2.04 (m2)

Intercept efficiency (   a 0   ) [22]: 0.78 (-)

1st order efficiency coefficient (   a 1   ) [22]: 1.27 (W·m−2·K−1)

2nd order efficiency coefficient (   a 2   ) [22]: 0.0012 (W·m−2·K−2)

Tilt angle: 37 (degree)

Working fluid specific heat:

4.19 (kJ·kg−1·K−1)



	Stratified Water Tank
	Type158
	Tank volume: 2 m3

Working fluid: water

Fluid specific heat: 4.19 kJ/kg·K

Fluid density: 1000 kg/m3

Tank loss coefficient: 2.5 [22]



	Heat Pump
	Type927
	Cooling Capacity: 13 KW

Rated Cooling Power: 2.7 KW



	Ground Source Heat Exchanger
	Type557a
	Borehole Depth: 150 m

Horizontal Ground Loop Depth: 1 m

Number of Boreholes: 3

Borehole Radius: 0.075 m



	Heat Exchanger
	Type670
	Humidity mode: 2

Efficiency: 0.7



	Fan
	Type146
	Efficiency: 0.9

Process air rated volumetric flow Rate: 1200 m3/h

Regeneration air rated volumetric flow Rate: 500 m3/h



	Pump
	Type114
	Solar loop pumps rated flow rate: 1180 kg/h

Ground pump rated flow rate: 2780 kg/h



	Flow diverter
	Type11f
	Control signal: 0.5



	Tee piece
	Type11h
	Tee piece mode: 1



	Heat wheel
	Type 760
	Efficiency: 0.85



	Auxiliary heater
	Type121b
	Efficiency 100% (electrical heater)



	Humidity controller
	Type23
	Setpoint: 60

Minimum control signal: 0.8

Maximum control signal: 0.1
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