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Abstract: This study proposed a combined solar-assisted heat pump (SAHP) system that could operate
in the serial mode or parallel mode. For this proposed system, a stable year-round operation could be
achieved without the assistance of electric heating or low-temperature heat pump. By analyzing the
heat balance equations, a correlation of the combined SAHP system for the two modes switched was
obtained, which provided a theoretical basis for the optimal operation of this system. In addition,
the performance of the proposed system applied in a university bathroom in Xi’an district was
investigated using TRNSYS. The results illustrated that compared to the serial and parallel systems,
the proposed system exhibited a good performance on energy efficiency. The annual average
coefficient of performance (COP) of the proposed system was 5.7, obviously higher than those of the
serial system and the parallel system, which were 3.3 and 4.3, respectively. Therefore, the results in
this study could provide the theoretical guidance and reference for practical engineering design.
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1. Introduction

At present, one third of the global energy consumption is used in the building sector [1,2], and nearly
40% of it is related to heating, ventilating and air conditioning (HVAC) systems [3]. The accelerated increase
in fossil fuel cost has resulted in a high cost of the space heating in recent years [4]. Therefore, how to provide
a clean and efficient building energy supply system has become a worldwide issue. Numerous studies have
shown that the solar energy is abundant and freely available in nature as well as has higher output efficiency
than other energy sources [5,6]. For example, with an approximate energy conservation rate of 75%, solar
building has become one of the most important branches in green buildings [7]. Thus, the utilization of
solar energy will be popularized to a high degree. Especially in areas with abundant annual solar radiation,
it could be used as an important auxiliary energy.

Since Jordan and Threlkeld [8] proposed the concept that combines solar energy with a heat
pump, many researchers have carried out investigation on various aspects, such as energy efficiency,
parameters design, and the operation performance of the solar-assisted heat pump system (SAHP) [9-11].
Moreover, most SAHP systems are designed for building hot water supply. The SAHP water heater
is different from conventional solar water heating system. It is a device based on reverse Carnot
cycle, which uses the evaporator to absorb energy from solar, air and other low-grade heat sources,
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and heats the domestic hot water through the condenser. On the one hand, the SAHP water heaters
overcome many problems that exist in conventional solar domestic hot water systems, such as large
initial investment of collectors and pipeline corrosion. On the other hand, this combination method
improves the efficiency of the heat pump in cold winter condition and ensures a satisfactory hot water
supply when the solar radiation is instable and at low density, which has a significant effect on building
energy consumption. The solar energy is helpful to enhance the performance of the heat pump that
runs in a low-temperature environment. Sun et al. [12] demonstrated a comparative study between a
SAHP system and an air source heat pump (ASHP) system in different seasons, and the results showed
that the SAHP system has a remarkable high performance on COP in winter condition compared to
the ASHP system. Liu et al. [13] and Yang et al. [14] found the SAHP system could achieve a COP of
4.0, while the average COP of the ASHP was 3.0 [15].

According to the coupling mode of the solar collector and evaporator, the SAHP system can
be classified into direct-expansion solar-assisted heat pump (DX-SAHP) and indirect-expansion
solar-assisted heat pump (IDX-SAHP) by different connection types between the solar collector
and heat pump [16]. DX-SAHP is a common and simple method that delivers the solar energy to
the evaporator of the heat pump in a serial configuration to enhance the system performance [17].
The improved efficiency is achieved because the high evaporator temperature increases the COP of the
heat pump [17-19]. However, with further study, researchers found that the DX-SAHP performances
in different regions differ dramatically due to the influence of solar radiation, which is because the
refrigerant directly flows inside the solar collector. The most important task for DX-SAHP is to
guarantee its working efficiency and stability in different regions [20]. Consequently, the IDX-SAHP
has gradually attracted wide attention from researchers [21]. The IDX-SAHP can be classified into three
different categories: the serial system, parallel system and complex system, as shown in Figure 1. In the
serial system, the solar collector and water source heat pump (WSHP) are connected in series [22],
and the heat absorption of the heat pump evaporator is supplied by the solar collector, as shown in
Figure 1a. The difference between the serial IDX-SAHP and DX-SAHP lies in the existence of the
heat exchanger, which is usually a water tank. Due to this configuration, the serial IDX-SAHP is
limited by the available energy from the collector. Figure 1b shows the configuration of the parallel
IDX-SAHP system, in which the heat pump (ASHP) and solar collector are independent units and
simultaneously support the system heating load. This configuration makes the parallel system exhibit
a better performance under the condition of abundant solar radiation and ambient temperature.
The great advantage of the parallel system is the heat pump could stop operating when the heat output
of the solar collector meets the system heating demand. Moreover, the system control and connection
of the parallel system is simple in comparison with the serial and complex systems. The complex
system is similar to the serial system, but has two heat sources, including solar energy; furthermore,
it can make them replenish each other (as shown in Figure 1c). The most applicable system is the
parallel solution that accounts for 61% of the market [23]. For the cold conditions, the advantages of
the serial systems are more obvious. This is because the solar collector serves as the heat source of the
heat pump evaporator, providing a stable and relatively appropriate evaporation temperature for the
WSHP. Consequently, the serial system shows a better performance. Huan et al. [24] comparatively
investigated performances of the serial and parallel systems, and the result showed that the serial
system has a higher COP than the parallel in winter. Bakirci [25] studied the serial system performance
applied in Erzurum, Turkey, in which the experimental data were collected from January to June
(the ambient temperature was between —10.8 °C and 14.6°C). The results showed that the average
system COP was 2.9 and indicated the outdoor environment could affect the SAHP system selection
and design. However, in the summer condition and transition season, the performance and the
stability of the parallel system are better than those of the serial system, particularly with abundant
solar radiation [26,27]. This is because the solar collector provides a large amount of heating load.
Liang et al. [28] investigated the solar assisted air source heat pump with flexible operation control.
The results showed that the COP of the heat pump unit was enhanced with the increase of the solar
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radiation during the typical sunny day in the heating season. Considering the climate condition, e.g.,
in a cold environment, a low-temperature heat pump [29] or an auxiliary electric heater is usually
employed in the serial or parallel system, which greatly increases the system cost.

Expansion valve
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Figure 1. Sketch of the indirect-expansion solar-assisted heat pump (IDX-SAHP) system. (a) Serial
system; (b) parallel system; (c) complex system.

Recently, there have been a series of performance optimization analyses on different types of SAHP
systems. Due to the environmental condition and system matching relationship, the experimental
results obtained in different areas are quite different [30-32]. In order to solve the problem that ensures
the efficient operation of the SAHP system throughout the whole year, there are many optimization
techniques for the system. Moreno-Rodriguez et al. [33] developed a mathematical model to optimize
the DX-SAHP system by predicting the evaporation temperature and energy transmission. The system
COP was between 1.7 and 2.9 for the load temperature of 51 °C. Banister et al. [34] built a dual tank
SAHP system and compared it to a common serial system. Results indicated that the proposed system
had a superior performance, which was able to maintain the hot water temperature at 53-57 °C
during 99.9% of the year. Moreover, some studies have found that the optimized SAHP system could
operate stably at night, under completely overcast conditions or in countries and regions that lack
solar radiation [35,36]. However, how to realize a good combination of the serial system and the
parallel system has not been fully discussed, by which the combined SAHP system could exhibit a high
performance under different environment conditions. Based on a hot water supply system in a college
bathroom in Xi’an district, this study proposed a combined SAHP system, which could be switched
between the serial and parallel modes conveniently, and the water tank on the consumer side could be
heated by optimal control, as shown in Figure 2. By analyzing the heat balance equations of system
components and detailed TRNSYS simulations, the matching relationships between environmental
conditions and system components, and the optimal operation for the combined SAHP system in Xi’an
district were obtained.
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Figure 2. Schematic layout of the SAHP heating system.
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2. Methodology

Simulation methods are commonly used in engineering research fields [37,38]. This study mainly
focused on the high-efficiency operation of the combined system via mode switching. The performance
of the system was investigated through TRNSYS simulation, and the validation experiment should be
conducted to verify the simulation model [39,40].

2.1. System Descriptions

For this hot water supply system, 60 tons of water needed to be heated each day, with a target
temperature of 50 °C. The working hours of this system was from 8:00 to 18:00, and the daily heating
load was about 107 kJ. The proposed combined SAHP system could be switched between the serial
and parallel modes conveniently. It was mainly composed of a solar collector, a heat storage water
tank (HSWT), a WSHP, an ASHP and a consumer side water tank (CSWT), as shown in Figure 2.
For the serial mode, the water stored in the HSWT was heated by the solar collector, which served as
an evaporation heat source for the WSHP, finally, the water in the CSWT was heated by the WSHP
until reaching the required temperature; for the parallel mode, the solar collector and the ASHP heated
the water in the CSWT simultaneously. The system could achieve a steady and efficient operation
throughout the whole year without electric auxiliary heat source.

2.2. Design Parameters of the Serial Mode

For Xi’an area, considering the frost issue, the evacuated collector was adopted [41]. In order to
ensure the safe and stable operation of the system under the most disadvantageous outdoor climatic
condition (such as bad weather conditions), the daily average solar radiation in the coldest month
(January) was 9937 kJ-m~2-d~! according to the meteorological parameters of typical years in Xi’an,
with a southern direction and a tilt angle of 59° [42]. According to the results found in previous
research [43,44], the collector efficiency was 75%, and the heat coefficient of the heat pump was
2.8 [45,46]. Thus, if the daily heating load of the system (107 kJ) was needed, the daily heat-collecting
capacity of the solar collector should be 6.42 x 10° kJ-d~!. The area of the solar collector could be
obtained using the following Equation [47]:

_

A= p
‘ ICT]C

)

where Q,’ is the daily heat collection capacity of the solar collector, k]-d~; I is the daily average solar
radiation in the coldest month, k]-m~2-d~!; and 7, is the collector efficiency.

The area of the collector was 860 m? by using Equation (1). The collector consisted of 60 sets
of evacuated collectors of MK-58 x 1800-50-2 X 1-83-20, as shown in Figure 3. In view of the
low-temperature environment, the antifreeze fluid mixed by alcohol and water (volume ratio of 1:2,
freezing point of —14.2 °C) was used as the heating medium [48].
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Figure 3. Evacuated collectors.

Considering the influence of the occupied area and the heat dissipation, a cylindrical accumulator
was adopted as the HSWT [49]. The volume of the HSWT is given by Equation (2) [50,51], mainly
affected by the property of the heating medium and the daily heat storage capacity.

Qs

V= (=)’ @

where Qy’ is the daily heat storage capacity, kJ-d™!; (pc), is the volumetric heat capacity of the heating
medium, k]- m=3-°C~1; At is the temperature difference of the heating medium, °C; and 1 is the heat
loss rate of heating medium.

According to the typical meteorological parameters during January, it was supposed that during
approximately two-thirds of the daytime, there was sufficient solar radiation, thus during another
third of the daytime, the heat needed by the WSHP evaporation should be supplied by the HSWT.
Consequently, the daily heat storage capacity was obtained to be 2.2 x 10° kJ-d~! with consideration
of an extra coefficient of 20%. Generally, the temperature difference of the heating medium was
10-15 °C [48], and it was supposed to be 12 °C in this study. Furthermore, the heat loss rate of the
heating medium was generally 20%—40% [52], and it was supposed to be 20% due to the low working
temperature of the HSWT in the serial mode. Finally, using Equation (2) the volume of the HSWT was
found to be 55 m®. Considering the economy and durability of the tank, the main structure of the tank
was welded with a 3-mm-thick steel plate; the shell of the tank was composed of a 1.2 mm thick steel
plate; and the whole water tank was thickened with a 200 mm insulation layer.

For the serial mode, the daily heat supply of the system was provided by the WSHP, with a
value of 107 kJ and a running period of 10 h. Therefore, the heating power of the WSHP was 278 kW.
According to the capacity of the heat pump and the working range of the evaporation, two RW210-F
WSHPs were adopted, each with an input power of 48 kW and a circulating water flow of 20 T-h™?.

2.3. Design Parameters of Parallel Mode

Due to the low-ambient temperature in winter conditions, the efficiencies of both the ASHP
and solar collectors were at low level. Considering a certain heating load and the system stability,
the heat pump should be selected according to the minimum monthly average temperature. In this
study, the minimum monthly average temperature in Xi’an was -3 °C [42], and the heating power
was 278 kW; thus, five DKFXRS-6411 ASHPs were selected, each with an input power of 19 kW and a
circulating water flow of 12 T-h~!, as shown in Figure 4.



Energies 2019, 12, 2515 6 of 20

Figure 4. Air source heat pumps.

By studying the relationship between the collector area and the system initial investment of
a parallel SAHP system in different months, Jiang et al. [53] found that the collector area could be
designed according to the typical daily average radiation during the transition season. For Xi’an
region, the typical daily average radiation is 15,000 k]-m~2-d~! [42], consequently, the collector area
was 1025 m? using Equation (1). However, the serial and parallel modes shared the same solar collector,
given the investment [14], and the collector area was designed to be 860 m? in this experiment.

2.4. Measurement Instrumentation

In this experiment, a copper-constantan (IT-type) was adopted as the temperature sensors.
The total solar radiation projected onto the collector was measured by TBQ-2 pyranometer, with
a sensitivity of 7~14 pV-W_l-m_z, a response time of less than 30 s, and a measurement range of
0~2000 W-m~2. The installation angle of the pyranometer was consistent with the angle of the solar
collector. Moreover, two layers of quartz glass cover made by optical cold processing were employed
to reduce the influence of environmental changes on equipment performance. The water flow rate was
measured by the YB-70H hand-held ultrasonic flowmeter. The measurement range for velocity was
0-30 m-s~! and the applicable diameter range was 10-6000 mm. The real-time experimental data was
recorded by a HP34970A data collector. The measuring instruments are shown in Figure 5. During the
experimental process, the accuracy of measuring instruments was the main factor that caused system
error [54,55]. In this study, the uncertainty analysis method put forward by Moffat was adopted [56].
Assuming the variant R, which is calculated from a set of independent variants Xy, Xp, ... , X;;, that is
tosay R = R(X3, Xy, ..., Xu), the uncertainty of the variant R can be determined by combining the
uncertainties of individual terms and can be expressed as follows:

273
5R = [Z?_l(%é&) ] ) ®)

where 0R is the total uncertainty of the experimental result R and 6Xi is the uncertainty of the
independent variant Xi. The water temperature is a directly measured variable, thus the uncertainty of
a measurement result was determined by the standard deviation of the arithmetic average value of the
records. Thus, the maximum measurement uncertainty for water temperature was found to be 2.2%.
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Figure 5. Measuring instruments. (A) HP34970A data collector; (B) TBQ-2 pyranometer; (C) YB-70H
hand-held ultrasonic flowmeter; (D) DF-type centralized electric energy meter.

3. Modelling

TRNSYS is widely used for transient energy consumption calculation in complicated
systems [57-59]. In this study, the TRNSYS software was adopted to investigate the system running
efficiency and energy consumption under the serial and parallel modes, by which the optimal conditions
of the mode switching for SAHP system could be obtained.

3.1. Models of the Two Modes

The main component modules (types) used in the simulation are summarized in Table 1.
The evacuated collector and heat pumps modules needed to run with the user’s source files while other
modules only needed the corresponding input and output parameters. According to the modified
coefficients of the two-dimensional incident angle [60] in Xi’an, the parameters of the evacuated collector
were corrected. For the heat pump, the COP was influenced by the evaporation and condensation
temperatures. The input file of the heat pumps was established by referring the heat pump performance
curves provided by manufacturers.

Table 1. Main components used in the TRNSYS simulation.

Component TRNSYS Type
Weather data reader 109
Evacuated collector 538

Controller 2
HSWT 4
CSWT 4
WSHP 668

Water pump 114

Load profile 14

Results 24
Printer 25
Graphic plotter 65
ASHP 941
Mixer 11

Figure S1 shows the TRNSYS model of the combined SAHP system. In this model, the most
important Type was Equation, which controlled the operation mode of the proposed combined system,
ensuring the efficient year-round operation of the system. When the combined system operated in
the serial mode, the meteorological parameters of Xi’an were loaded at first by Type 109 and then
transmitted to the evacuated collector (Type 538) as the input environmental parameters. The HSWT
acted as the heat source for the WSHP (Type 668). The heating period of the WSHP was controlled
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by the time controller. Water with an initial temperature of 10 °C was poured into the CSWT before
8:00 by a load profile and then was heated. Simultaneously, the on-off of the system was realized by
a temperature controller (Type 2b). The logic diagram of the CSWT is shown in Figure 6. Once the
water temperature in the CSWT reached 50 °C, the whole system was stopped. The main difference
between the parallel and serial modes was that in the parallel mode, the meteorological data was
loaded by Type 109 and then simultaneously transmitted to the evacuated collector (Type 538) and
the ASHP (Type 941). When the combined system operated in the parallel mode, the ASHP and the
collector heated the water in the CSWT (Type 4) separately. The energy consumptions and COP of the
two systems were calculated by the integrator (Type 24). Finally, the performance results could be
displayed on Graphic plotter (Type 65) or exported to a file.

Set the water temperature in the CSWT is Tc
Acceptable error is +1°C

Time
(8:00-18:00)
T
No _— T~
ASHP or WSHPON < IsTe >50°C? >
Time Or
(18:00-8:00) Yes
ASHP or WSHP OFF

Figure 6. Logical diagram of the operation control for heat pump.
3.2. Model Validation

In this study, modules of the WSHP, ASHP, and evacuated collector were validated by the
experiment, respectively. A total of 60 tons of cold water (10 °C) were filled into the CSWT before
8:00 and then heated by each validated module, with an objective temperature of 50 °C. The measured
and simulated water temperatures in the CSWT during the heating process were compared. For the
solar collector, the validation experiment was conducted on January 7-9. Figure 7a shows the measured
and simulated water temperatures in the solar collector. It was found that a generally good agreement
between the measured and simulated results could be achieved. For most cases, the relative error was
around 10.2%. The maximal relative error was 14.8%, appearing at 8:00 in the second day, which is at
the stage of daily heating period. This was because the high-temperature heat medium remaining
from the previous day made the experimental value increase first, and then decrease. The validation
experiment of the WSHP module was conducted on January 10-12. Two WSHPs simultaneously
heated the water in the CSWT. Figure 7b shows the good agreement between the simulation and
experimental results. The maximum error between the simulation and the measurement was 8.6%.
The validation experiment of the ASHP module was carried out on February 18-20. Five ASHPs
simultaneously heated the water in the CSWT. Figure 7c indicates that the experimental data fitted
well with the simulation result, with a maximal error of 7.8%. For each day, the measured water
temperature values were slightly lower than the simulated results. It was probably attributed to the
direction and location of the ASHPs, where the ASHPs were sheltered by the buildings and therefore
the actual ambient temperature around the ASHPs was lower than the input value of the simulation.
Based on the validation of the aforementioned modules, the switching conditions of the system could
be analyzed.
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Figure 7. Water temperature changes; (a) validation of the evacuated collector; (b) validation of the
water source heat pump (WSHP); (c) validation of the air source heat pump (ASHP).

4. Results and Discussions

4.1. Switching Analysis

The parallel mode had a high COP value during summer conditions because of the abundant
solar radiation, which provided plenty of heat to the system. In contrast, the advantages of the
serial mode were more obvious during winter conditions, due to the insufficient solar radiation and
low-temperature environment. For most regions in northern China, there is a relatively large difference
of outdoor weather parameters between sunrise and noon during a day, particularly in winter or
transition season. Therefore, in different time periods during a day, we supposed that there might be
different optimal operation mode of the SAHP system corresponding to different weather parameters.

In order to illustrate the rationality of this assumption, the comparative analysis was conducted
in this study, which aimed to demonstrate the performance difference of the SAHP system with and
without mode switching during a day. In view of the low temperature and weak solar radiation in the
morning, the proposed combined system was started in the serial mode (at 8:00 each day), and was
switched to the parallel mode at noon, when both the solar radiation and the ambient temperature are
increased. According to the weather condition, the maximum ambient temperature and maximum
solar radiation generally occurred at 12:00, thus 12:00 was supposed to be the mode switching time
during a day for the preliminary assessment. The meteorological parameters are shown in Figure 8.
In addition, the performance parameters of SAHP systems with and without mode switching are listed
in Table 2, by which it was found that on April 1, the maximum solar radiation (I;;) was 3070 kJ-m~2h71,
and the maximum ambient temperature (T,;) was above 14 °C. In this case, the COP of the parallel
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mode was 8.84, while that of the serial mode was 4.06. However, as the solar radiation decreases,
the efficiency of the collector will decrease dramatically, which led to the decline of COP in parallel
mode. For March 21, when I, was 1756 k]-m~2-h~! and Tm was 13 °C, the COPs of the serial and
parallel modes were 3.99 and 4.32, respectively; for March 1, when I,;, was 2056 kK-m~2h~! and T,, was
11 °C, the COP of the serial mode was 3.94 and that of the parallel mode was 3.86. From these two
results, it could be seen that the COPs of the two modes were simultaneously influenced by the solar
radiation and ambient temperature. In addition, it was found that in the winter condition (January
11), the serial mode had a better performance than the parallel mode; with the increased ambient
temperature and solar radiation, the parallel mode exhibited a performance advantage in transition
season (March 21 and April 1). The comparison results fully illustrated the rationality and necessity of
the mode switching during a day. However, to obtain the reasonable optimization method as well
as the accurate results, the mode switching condition needed to be further analyzed by establishing
heat balance equations of the SAHP system, which are detailed and discussed in Sections 4.2—4.4 in
this manuscript.
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Figure 8. Meteorological parameters of the typical days.

Table 2. Performance comparison of the combined SAHP system with and without mode switching.

Jan 11 Mar 1 Mar 21 Apr1l
Performance Parameters
P P P P
SMode > +tPMode o iode STPMode o ide SHPMode o iode ST FPMode
C A C A C A C A
5 —
Heating capacity/10° kJ 408 155 270 522 214 317 534 236 371 546 445 193
(C&A)
Energy consumption/lO(’ kJ 1.26 1.35 1.32 1.38 1.34 1.40 1.35 0.72
COP 3.24 3.15 3.94 3.86 3.9 432 4.06 8.84

(C and A respectively represent the heat provided by the collector and the ASHP in parallel mode; S mode represents
the serial mode (without mode switching); S + P mode represents the serial + parallel mode (with mode switching))

4.2. Heat Balance Equations of the SAHP System

To investigate the switching condition of working modes for the SAHP system, the heat balance
of the system was examined. Based on the following assumptions, the heat balance equations of the
SAHP system could be established:

(1) Stable operation of the system.
(2) Linear distribution of the temperatures in the solar collector and the heat exchanger.
(3) Negligible heat loss of pipes and valves.
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For the parallel mode, the heat balance of the solar collector was described by Equation (4).
Qu= mCp(Teo = Tei) = FrA[1/3600(7r) — Ky (Tea — T)], 4)

where Q,, is the heat collection capacity of the solar collector, kw; mC, is the heat capacity of the heating
medium, kJ-°C~1.s71; T, is the outlet temperature of the collector, °C; T,; is the inlet temperature of the
collector, °C; T, is the average temperature of the collector, °C; F; is the heat removal factor; A, is the
solar collector area, m2; I is the solar radiation, k]-m=2-h~1; ta is the product of the transmittance and
absorption rates of the plate; K1 is the heat transfer coefficient of the plate to environment, kW-m=2.°C~1;
and T, is the ambient temperature, °C.

The heat balance equation of the ASHP was

Qr=COP, W=0Q,+ W, (5)

where @ is the heat transfer capacity of the ASHP condenser, kw; COPa is the COP of the ASHP;
W is the compressor power consumption of the ASHP, kw; @ is the heat transfer rate of the ASHP
evaporator, kw.

For the parallel mode, the heat balance equation of the CSWT was defined as:

Q=Qu+0Qk (6)

where Q is the heating capacity of the CSWT under the parallel mode, kw.
For the serial mode, the heat balance equation of the solar collector was expressed as:

Qu= mcp(Tco —Tei) = FA[I(ta) = Ki(Tea — Ta)], ()

where Q,, is the heat collection capacity of the solar collector, kw.
The heat balance equations of the HSWT were written as follows:

Qs = Qu - Qc/ (8)

Qs = KsAs(Top — Ta) + (mCy) (6Ts/67), ©9)

where Qs is the heating capacity of the HSWT, kw; Q. is the heat transfer rate of the WSHP evaporator,
kw; K; is the heat transfer coefficient of the HSWT, kW-m~2.°C~1; A, is the heat exchange area of the
HSWT, m?; Ty, is the average water temperature in the HSWT, °C; (mC,)s is the heat capacity of water,
kJ-°C1.s71; 6T, /67 is the water temperature change rate, °C.

The heat balance equation of the WSHP was:

Qr=COPs-W=0Q:+W, (10)

where Qy is the heat transfer rate of the WSHP condenser, kw; COP; is the COP of the WSHP; W is the
compressor power consumption of the WSHP, kw.
For the serial mode, the heat balance equation of the CSWT was:

Q= Qk (11)

where Q is the heating capacity of the CSWT under the serial mode, kw.
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To analyze the switching conditions, other assumptions about heat transfer must be made:

(1) The compressor power consumption under the two modes was equal, which was described
as follows:
W=Ww. (12)

(2) The condensation temperatures of the ASHP and WSHP were approximately the same at the
mode switching timing, thus it was supposed that the COPs of the heat pump systems were only
influenced by the evaporation temperature.

(3) The HSWT was insulated, thus the heat loss of the HSWT, e.g., KsAs(Ts — T;) could be ignored.

According to previous studies on the performance of the ASHP and WSHP [61] as well as
the parameters provided by the manufacturers, the relationship between the COP and the ambient
temperature and that between the COP and the evaporation temperature could be obtained, as shown
in Figure 9.
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(a) (b)
Figure 9. Performance curves of the heat pumps. (a) Performance curve of the ASHP; (b) performance

curves of the WSHP.

Through linear fitting, the COPs of heat pumps could be expressed as follows:
COP; = 0.065T, + 2.325, (13)

COPs = 0.04Ts + 3.4, (14)

where T; is the water temperature in the HSWT, °C.
Given the results found by Zhang et al. [62], the value of F,, ta, and K; in Equations (3) and (6)
were 0.6, 0.76, and 0.001, respectively, in this study. The constraint condition for mode switching was:

Q-Q=0. (15)
Substituting Equations (4)—(6), and (10)-(14) into Equation (15) yields the following equation:
Al
0.04T; — 0.065T, — 0'456W +1.075 = 0. (16)

Similarly, substituting Equations (7), (9), (10) and (14) into Equation (8), we can obtain Equation (16).

w W A
(6Ts/67) +9.52 x 10‘67Ts +5.71 x 10—47 = 1.64x 10_4VI' (17)
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From Equations (16) and (17), it was found that when the compressor power consumption, solar
collector area, and the volume of the HSWT are constant, the switching conditions are related to the
water temperature in the HSWT (Ts) as well as the ambient temperature (T,;) and the solar radiation
(I). The relationship between the water temperature in the HSWT and system running time can be
illustrated by Equation (17).

4.3. Switching Conditions

For the combined solar-assisted heat pump proposed in this study, the solar collector area was

860 m?, the compressor power was about 100 kW, and the volume of HSWT was 55 m3. In addition,

at the moment of mode switch, substituting the values of these parameters into Equation (16), it can be
simplified as follows:

0.04Ts — 0.065T, —0.00109I 4+ 1.075 = 0. (18)

From Equation (18) it can be found that the mode switching conditions are mainly related to the
ambient temperature and solar radiation. When the value of the left side of Equation (18) is above zero
(as shown in Equation (19)), which indicated that the performance of the serial mode is higher than
that of the parallel mode, the combined SAHP system should be switched to the parallel mode.

0.04T;s — 0.065T, — 0.00109I + 1.075 > 0. (19)

Considering that Ts was variable, the combined SAHP should be started in the serial mode
for conveniently monitoring the value of T in real-time. As the ambient temperature and solar
radiation were increasing gradually after 8:00 AM, the system would switch from the serial mode
to the parallel mode at a proper time. Similarly, the parallel mode should be switched to the serial
when its performance was worse than the serial system. The logic diagram of the mode switching is
shown in Figure 10. The system loaded the real time values of T, I and T at first and transmitted
them to Equation (19) to determine whether to switch to the parallel mode. According to the above
analyses, it was obvious that the parallel mode would performance better if Equation (19) is below or
equal to zero. However, the monitoring was still continuing. When the ambient temperature and solar
radiation reduced to a certain extent, it would result in a low evaporation temperature of ASHPs and a
limited solar heat output for the parallel system. In this case, the serial mode might perform better than
the parallel mode, thus the system should be switched back to the serial mode. Therefore, the mode
switching is a continuous cycle until 18:00 PM in each day.
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Figure 10. The logic diagram of the mode switching.

4.4. Annual Performance Analysis

14 of 20

Figure 11 shows the COP variations of the three systems. It could be found that in summer and
transition season (1416-8016 h), the COP of the parallel mode was much higher than that of the serial
mode, while in winter (0-1416 h and 8016-8760 h) the serial mode had a higher COP (compared to
the parallel mode), which was in accordance with the previous studies [12,14]. The annual average
COPs of the serial and parallel systems were 3.3 and 4.3, respectively. The combined SAHP system
integrates both advantages of the serial and parallel systems. In winter condition, the COP of the
combined SAHP system showed a higher COP than the serial system. This is owing to the relative
strong solar radiation and high ambient temperature that occurred in the afternoon during the winter
days, ensuring an appropriate operation condition for the parallel mode, in which the solar collector
and the ASHP simultaneously provide the system heating load. Simultaneously, energy consumption

of the collector system was much lower than that of heat pumps. In the transition season and summer
condition, there was no significant difference between the COP values of the combined SAHP system
and the parallel system. That meant, in most cases, the combined SAHP was operated under the
parallel mode. In general, the combined SAHP system had an annual average COP of 5.7, which was
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higher than those of the serial and parallel systems, indicating that the mode switching is an effective
approach to improve the performance of heat pump system.

In addition, Figure 12 shows the heating capacity and energy consumption of the three different
systems: the serial, parallel, and the proposed combined systems. It was found that for annual
operation, the energy consumption of the combined SAHP system was 0.68 x 103 GJ, which was
obviously lower than those of the serial and the parallel systems, with values of 1.17 x 10® GJ and
0.87 x 10° GJ, respectively, indicating the good energy efficiency of the combined SAHP system.

Winter Transition Season Summer Transition Season Winter
16 ® oy
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Figure 11. COP variations of the three systems during a whole year.
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Figure 12. Annual performance of the three systems.

4.5. System Benefit Analysis

The annual energy-saving amount and the annual cost-saving amount of a system are often used
as indicators for the benefit analysis of a solar heating system [63]. The annual energy-saving amount
of a solar heating system was determined by many factors, including the types and performance
parameters of the solar collector as well as the solar collector area and the local meteorological
parameters. The annual energy saving amount can be calculated by the following equation:

AQ - Ac]t(l - ncd)nm (20)
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where AQ is the annual energy-saving amount, MJ; Ac is the area of the solar collector, m2; Ji is the
annual solar radiation projecting onto the surface of the solar collector, MJ/m?; 1,4 is the heat loss
rate of the pipeline and water tank; ) is the collector efficiency. In this study, the solar collector area
was 860 m?. According to GB 50495-2009 [63], the J; in Xi’an region was 2752 MJ/m?, 11,4 and 7). were
25% and 75%, respectively. Thus, the annual energy-saving amount of the proposed combined SAHP
system was 1,318,218 M] by Equation (20).

In addition, the cost-saving amount of the system was also analyzed. According to [63], the annual
cost-saving amount could be obtained by the following equation:

M; = GAQ, (21)

where M; is the annual cost-saving amount, CNY; C; is the heat pricing of the conventional energy,
CNY/M], which is expressed as:
Ci=C'/(q-Eff), (22)

where C;’ is the conventional energy price, CNY/kg; g is the calorific value of the conventional energy,
M]J/kg; Eff is the heating efficiency of the devices with conventional energy. Generally, the coal
price in China was about 450 CNY/ton and the calorific value of the standard coal was 29.308 M]J/kg.
The thermal efficiency of boilers was 75%. Thus, the value of C; could be obtained by Equation (22),
which is 0.02 CNY/M]J. Consequently, the value of M; could be obtained by Equation (21), which is
26,363 CNY.

In addition, the annual electric charges of the three systems were calculated. The annual
electricity cost was taken as the evaluation index for economic comparison of the three systems.
According to Figure 12, the annual energy consumption of each system could be obtained, in which
the energy consumption of the serial, parallel and the proposed combined systems was 325,000,
240,278, and 188,889 kW'h, respectively. Considering that the electric price in Shaanxi region was
about 0.73 CNY/kW-h, it could be obtained that the electric cost of the serial, parallel and the proposed
combined systems was 237,250, 175,402, and 137,889 CNY, respectively, indicating the obvious
advantage of the combined system on energy conservation. The result also suggested that the proposed
combined system was more suitable for year-round operation.

5. Conclusions

In this study, a combined SAHP system that could operate in the serial mode or parallel mode
was proposed. The performance of the proposed system was investigated and compared with the
conventional serial and parallel systems in detail using TRNSYS simulation, which was validated
through experimental measurement. The results suggested that during winter condition, the serial
mode exhibited a better performance than the parallel mode; in contrast, during the summer and
transition season conditions, the parallel mode had a performance advantage compared to the serial
mode. Thus, the proposed system should operate in different modes corresponding to different weather
conditions. Based on the mode switching method obtained by analyzing the heat balance equations,
the annual performance of three different SHAP systems was comparatively evaluated. The results
showed that compared to the serial and parallel systems, the proposed combined system had an
obvious advantage on energy efficiency, in which the annual average COP of the proposed system was
5.7, while those of the serial and the parallel systems were 3.3 and 4.3, respectively. The finding in this
study indicated the necessity and rationality of the proposed system, which could be used for actual
practical engineering design.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/13/2515/s1,
Figure S1: TRNSYS model of the combined SAHP system.
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Nomenclature

ASHP air source heat pump

CSWT consumer side water tank

HSWT heat storage water tank

SAHP solar assisted heat pump

WSHP water source heat pump

A area of the solar collector, m?

As heat exchange area of HSWT, m?

Ay surface area of the exterior wall, m?

Ci conventional energy heating price in the year of system design, CNY/M]J
C/’ systematic assessment of conventional energy prices, CNY/kg
COP, COP of ASHP

COP; COP of WSHP

Eff efficiency of conventional energy heating devices

F, heat removal factor

I solar radiation, kJ-m~2-h™!

I, average daily solar radiation in the coldest month, kJ-m2.d71
Jt annual solar radiation on the surface of solar collector, MJ/m?
Ky heat transfer coefficient of the plate to environment, kW-m~2.cC1
Ks heat transfer coefficient of HSWT, kW-m~2.°C~1

(mCp)s heat capacity of water, kJ-°C1.s71

mCp heat capacity of the heating medium, kJ-°C~1.s7!

M; simple annual energy saving cost, CNY

q calorific value of conventional energy, MJ/kg

Q heating capacity of CSWT for serial mode, kW

Q heating capacity of CSWT for parallel mode, kW

Qc heat transfer rate of WSHP evaporator, kW

@ heat transfer rate of ASHP evaporator, kW

Ok heat transfer rate of WSHP condenser, kW

Qx heat transfer capacity of ASHP condenser, kW

Qs daily heat capacity, kW

Qu heat collection the solar collector, kW

@ collecting heat of the solar collector, kW

AQ annual energy-saving amount, MJ

T, ambient temperature, °C

Tea average water temperature of the solar collector, °C

T, inlet water temperature of the collector, °C

Teo outlet water temperature of the solar collector, °C

Tsm average water temperature in HSWT, °C

1% volume of the HSWT, m>

4% compressor power of WSHP, kW

w compressor power of ASHP, kW

(pO)w volumetric heat capacity of the heating medium, kJ-m=3.°C~1

T product of the transmittance and absorption rates of the plate
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e collector efficiency

Ned heat loss rate of pipeline and water tank

ns heat loss rate of heating medium

At temperature difference, °C

oTs/6T water temperature change rate, °C
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