
A novel solar-assisted ground-source heat
pump (SAGSHP) with seasonal heat-
storage and heat cascade utilization: field 
test and performance analysis 
Article 

Accepted Version 

Creative Commons: Attribution-Noncommercial-No Derivative Works 4.0 

Sun, T., Yang, L., Jin, L., Luo, Z. ORCID: 
https://orcid.org/0000-0002-2082-3958, Zhang, Y., Liu, Y. and 
Wang, Z. (2020) A novel solar-assisted ground-source heat 
pump (SAGSHP) with seasonal heat-storage and heat cascade
utilization: field test and performance analysis. Solar Energy, 
201. pp. 362-372. ISSN 0038-092X doi: 
10.1016/j.solener.2020.03.030 Available at 
https://centaur.reading.ac.uk/89411/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1016/j.solener.2020.03.030 

Publisher: Elsevier 

All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf


the End User Agreement  . 

www.reading.ac.uk/centaur   

CentAUR 

Central Archive at the University of Reading 
Reading’s research outputs online

http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence


1 
 

Manuscript submitted to Solar Energy (revision): March 2019 1 

A novel solar-assisted ground-source heat pump (SAGSHP) with seasonal heat-storage 2 

and heat cascade utilization: field test and performance analysis 3 

Tingting Suna*, Lingyan Yangb*, Lu Jina, Zhiwen Luoc, Yan Zhangd, Yanzhu Liue, Zhengru 4 

Wangd 5 

a School of Building Services Science and Engineering, Xi’an University of Architecture and 6 

Technology, 710000 Xi’an, China 7 

b China Academy of Building Research, 100013 Beijing, China 8 

c School of Construction Management and Engineering, University of Reading, RG6 6AY 9 

Berkshire, United Kingdom 10 

d Haomaichangan Green Energy Limited (Shandong), 261000 Weifang, China 11 

e Jian Engineering Project Management Limited (Shandong), 255000 Zibo, China 12 

 13 

 14 

 15 

*Corresponding author: 16 

Dr. Tingting Sun, School of the Building Services Science and Engineering, Xi’an University 17 

of Architecture and Technology, China 18 

Email: suntt@xauat.edu.cn 19 

Dr. Lingyan Yang, China Academy of Building Research, China 20 

Email: yly8111@163.com  21 

mailto:suntt@xauat.edu.cn
mailto:yly8111@163.com


2 
 

Nomenclature 22 

BHEs borehole heat exchangers 

CP circulation pump 

GHS ground heat storage 

HP heat pump 

SCs solar collectors 

SAGSHPs solar-assisted ground-source heat pumps 

CCOP coefficient of performance for compressor  

SCOP coefficient of performance for the system 

Fmec fraction of monthly heat contributed by heat extraction from core GHS 

Fmhp fraction of monthly heat contributed by the HP  

Fmsc fraction of monthly heat contributed by SCs 

Qhp heat produced by the HP 

Qmr monthly heat injected into the core region of the GHS 

Qmsc monthly valid heat gain of solar collectors 

Qmu monthly heat supplied to the user side 

Qmuec monthly heat contributed by heat extraction from the core GHS 

Qmuhp monthly heat contributed by the HP 

Qmusc monthly heat consumption of user side contributed by SCs 

Rec/r ratio of heat extracted from core GHS to the heat recharged into it 

Ret/r ratio of total heat-extraction from the ground to heat injected into it 

Rmr/v month-averaged ratio of the heat injected into the ground to the valid heat 

gain of SCs 

ta1 water temperature at the top of water tank A 

tb2  water temperature at the bottom of water tank B 

tsc1 water temperature at the upper header of the SCs mounted on the Dwelling 

3 roof 

tw1 temperature measured at the borehole wall of W1 

  23 
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Abstract 24 

To maintain the energy quality with  high temperature and reduce the energy loss of seasonal 25 

heat-storage in solar-assisted ground-source heat pumps (SAGSHPs), a novel SAGSHP system 26 

with the heat-cascading of borehole heat-exchangers was designed and its field-test was 27 

conducted in this paper. The borehole heat-exchangers were divided into two regions: the core 28 

region and the peripheral region. The core region can maintain a high temperature (e.g. 45 ℃), 29 

which is much higher than in previous studies, and the heat from this region can be used 30 

directly, without the operation of a heat pump. The field-test was conducted in a community in 31 

the province Shandong, China. The results indicate that a sufficient soil-temperature gradient 32 

(the temperature is high in the core but low at the periphery) can be created and maintained. 33 

The monthly averaged borehole-wall-temperature difference between the borehole heat-34 

exchangers (BHEs) at the core and the periphery can be as high as 30.1 ℃. This means that 35 

both cascaded heat-storage and heat-utilization can be realized. In addition, an average 36 

performance of CCOP=5.15 and SCOP=4.66 can be achieved. Compared with previous studies, 37 

despite the lower CCOP, a higher SCOP can be attained, thanks to heat cascade storage and -38 

utilization. The novel approach described in this paper represents a viable alternative for space 39 

heating in North China. 40 

 41 

Keywords: Solar-assisted ground-source heat pump; Seasonal heat-storage; Heat cascade 42 

utilization; Hybrid thermal system; Field testing;  43 

  44 
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1 Introduction 45 

During the past decades, ground-source heat pumps, a well-known type of renewable energy 46 

technology, have grown in popularity (Yuan et al., 2012; Luo et al., 2016). Because the 47 

temperature of the ground-soil changes less than the air temperature, and the evaporation 48 

temperature is higher for heating applications, and the condensation temperature is lower for 49 

cooling, ground source heat-pumps can reach higher energy-efficiencies than conventional air-50 

source heat pumps (Sarbu et al., 2014). However, in heating-dominant buildings, the thermal 51 

imbalance of the soil can reduce the heating performance in the long-term (You et al., 2018; 52 

Fine et al., 2018; Li et at., 2018). To solve this problem, solar-assisted ground-source heat 53 

pump (SAGSHP) systems, where solar collectors are combined with a ground-source heat-54 

pump, are used in heating-dominant buildings (Olsson, 1984; Andrew et al., 2003). A SAGSHP 55 

system attempts to compensate the thermal imbalance of the ground soil and achieve a higher 56 

performance coefficient for the system (SCOP) in the long run (Xi et al., 2011; Yang et al., 57 

2006). Furthermore, when seasonal heat-storage is added, solar collectors can be used 58 

throughout the whole year by injecting the heat into the ground soil using borehole heat 59 

exchangers (BHEs) even during non-heating seasons (Bauer et al., 2010). However, a 60 

significant disadvantage of conventional SAGSHPs which use seasonal heat-storage, is that the 61 

heat produced by solar collectors at a higher temperature (e.g. 50 ℃ or higher) is converted 62 

into the heat stored in the ground heat storage (GHS), which has a much lower temperature, 63 

e.g. 18 ℃ or lower (Liu et al., 2016). Thus, thermal energy quality is wasted.  64 

Previously investigated SAGSHP systems normally use one of three strategies: 65 

In the first strategy, the ground soil is used as heat source for the heat pump but not for solar 66 

heat storage. The heat produced by solar collectors can be used for space heating directly or as 67 

low temperature heat source for the heat pump together with the heat from BHEs. However, 68 

the heat is not injected into the ground even if heating demand is satisfied. This means, some 69 
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heat is wasted, especially during non-heating seasons. Razavi et al. (2018) simulated a 70 

SAGSHP system that uses this strategy with TRNSYS. The group showed that power 71 

consumption could be reduced by 8.7% compared to a standalone ground-source heat pump. 72 

Bi et al. (2004) conducted an experiment on a SAGSHP system using this strategy, and a SCOP 73 

of 2.78 was reported.  74 

In the second strategy, ground soil is not only used as heat source for the heat pump but also 75 

for short-term heat storage. This means the solar collectors can be used during the heating 76 

season. However, they are still idle during the non-heating seasons. Solar collectors and BHEs 77 

can work alternatingly, simultaneously, or independently. In the alternating operating mode, 78 

solar collectors operate during daytime, and the produced heat is injected into the ground soil, 79 

and the ground-source heat-pump operates in the evening to extract heat from the ground (Yang 80 

et al., 2015). According to the experimental study by Verma et al. (2017), the SCOP increased 81 

by 23 % in this mode compared with a standalone ground-source heat-pump. In the 82 

simultaneous operating mode, solar collectors and BHEs can be connected in series or parallel 83 

with each other. Dai et al. (2015) reported that the SCOP reached 3.05 for series connection 84 

and 2.83 for parallel connection in their experimental study. Si et al. (2014) conducted a 85 

TRNSYS simulation in simultaneous mode and found that the soil temperature decreased by 86 

0.8 ℃ after 10 years of operation, compared to 3.1 ℃ for a standalone ground-source heat-87 

pump. The independent working mode uses double U-tube BHEs (Cimmino and Eslami-Nejad, 88 

2017; Shah et al., 2018). BHEs act as heat exchangers between the solar-collector loop and the 89 

ground-source heat-pump loop as well as a short-term heat storage. Weeratunge et al. (2018) 90 

optimized the system using CPLEX and reported a SCOP of 3.31 for the independent 91 

connection.  92 

In the third strategy, ground soil is used as heat source for both the heat pump and seasonal 93 

heat-storage. A special characteristic of this operating strategy is that the solar collectors 94 
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continue to operate during the non-heating seasons, and the heat is injected into the ground to 95 

increase the soil temperature (Stojanović and Akander, 2010). In other words, the solar 96 

collectors contribute to the thermal balance not only because less heat is extracted from the 97 

ground but also because more heat is injected into it throughout the year. Chen and Yang. 98 

(2012) conducted a TRNSYS simulation using this strategy and found that the SCOP could be 99 

improved by as much as 26.3 % compared to a standalone ground-source heat-pump. In 100 

addition, the average ground-soil temperature increased by 0.21 ℃ each year instead of the 101 

expected decrease, according the experimental study by Zhu et al. (2015). 102 

The SAGSHP with the seasonal heat storage is commonly considered a reasonable and efficient 103 

system. However, previous studies did not consider that the high-temperature heat produced 104 

by solar collectors was stored and used at a much lower temperature, which wastes thermal 105 

energy. In most studies, the heat that was produced by solar collectors was injected evenly into 106 

the GHS, and the soil temperature was generally quite low, e.g. 18 ℃ or lower (Liu et al., 2016). 107 

Therefore, the heat medium, which is used to extract heat from the GHS, must be delivered to 108 

the evaporator of the heat pump to increase the temperature. This, however, means, the system 109 

performance remains low. Previous studies show that the soil temperature cannot reach more 110 

than 12 ℃ if only one or two BHEs are used in a SAGSHP system (Kjellsson et al., 2010; 111 

Reda, 2015; Georgiev et al., 2018; Trillat-Berdal et al., 2006; Niemann and Schmitz, 2019). 112 

Even if more BHEs were used, the soil temperature could barely exceed 20 ℃ when the BHEs 113 

were connected in parallel (Emmi et al., 2015; Wang et al., 2010; Rad et al., 2013). Hesaraki 114 

et al. (2015) recommended a system, where many groups of BHEs were connected in series 115 

and the heat produced by solar collectors was injected into the GHS from the core to the 116 

periphery. However, the heat that was extracted from the GHS was generally used as a heat 117 

source for the heat pump, and heat cascade utilization was not discussed. Another similar 118 

configuration of a GHS was used in Okotoks, Canada (Pinel et al., 2011; Xu et al., 2014; 119 
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Kandiah and Lightstone, 2016). The system had no heat pump, which means the heat could not 120 

be fully used when the soil temperature fell to below a certain level. Wang et al. (2012) 121 

performed a TRNSYS simulation, connecting 8/9 BHEs in series. The results showed that the 122 

peak soil temperature can reach 29 ℃, 25 years later. However, the position-relation between 123 

BHEs and heat cascade utilization was not discussed. Furthermore, the extracted heat was also 124 

used only as a low-temperature heat-source for the heat pump. 125 

To maintain the energy quality with higher temperature, heat-cascading is considered in this 126 

study of a promising novel SAGSHP system. The BHEs were divided into two regions: the 127 

core region and the peripheral region. Solar heat is injected into the core region, and a soil 128 

temperature gradient, which is higher in the core and lower at the periphery, is created (see 129 

details in Section 2.2). This is very different from the conventional uniform temperature-profile. 130 

The biggest benefit is that heat cascade storage and utilization can be implemented. More 131 

specifically, the heat, which was extracted from the peripheral region at a lower temperature 132 

(e.g. 20 ℃), was used as a low-temperature heat source for the heat pump. In addition, the heat, 133 

which was extracted from the core region at a higher temperature (e.g. 45 ℃), was used for 134 

space heating, directly. The system construction and operating principle are described in this 135 

paper in detail, and a real-world project of this novel hybrid system for space heating is tested. 136 

Finally, the system performance is evaluated in the subsequent sections.  137 

2 Description of the project background and the hybrid system 138 

2.1 Real-world project background 139 

The targeted community, Datangfuyuan, is located in the City Gaomi (long.119°26'E-140 

120°01'E, lat. 36°09'N~36°41'N, alt. +7.5~+109.4m, Fig. 1) in the province Shandong, China. 141 

A detailed description of the local climate is shown in Tab. 1 (Xu et al, 2012a). The community 142 

consists of 9 dwellings – each has 6 floors. The total floor area is 22342 m2 with a total designed 143 
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heating load of 554 kW. The hybrid system was used for space heating only. The terminal was 144 

a low-temperature hot-water radiant floor-heating system.  145 

Severe Cold

Severe Cold

Severe Cold

Cold

Cold

Cold Hot Summer & Cold Winter

Hot Summer & Warm Winter

Temperature

Beijing

Gaomi

 146 

Fig. 1. Geographic location of Gaomi City, which is located in a cold climate zone in China 147 

Table 1 Detailed description of the climatic conditions 148 

Item Value/Description 

Weather station (nearest to Gaomi) Weifang (long.119°11'E, lat. 36°45′, 

alt. +22.2m) 

Outdoor heating design temperature in wintera -7.0 ℃ 

Average temperature during the heating season -0.3 ℃ 

Original soil-temperature (deep) 14.8 ℃ 

Total horizontal solar radiation 4613.6 MJ/(m2ˑy) 

Sunshine percentage in winter 58 % 

Heating degree days at 18 ℃ indoor 2799 ℃ˑd 

a: This concept is defined by Chinese Design code for heating ventilation and air 149 

conditioning of civil buildings. It is used to decide the scale of pace heating system 150 

 151 

2.2 System description 152 

The hybrid system (Fig. 2) consists of the following key-components – heat-pump unit, solar 153 

collectors, BHEs, water tanks, circulation pumps, heat exchanger, and a low-temperature hot-154 

water radiant floor-heating system. One heat-pump set, with a nominal heating capacity of 155 

352.3 kW and a heating rated power input of 75.7 kW, was employed. Evacuated-tube solar-156 
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collectors were used because of their excellent anti-freeze capabilities. 212 sets of solar 157 

collectors (diameter: 58 mm, length: 1800 mm, tubes: 50), filled with ethylene glycol, were 158 

mounted on the roofs of the dwellings. They faced south and were tilted at an angle of 36 °. 159 

Two water tanks, with the same volume (125 m3), were used as a thermal buffer as well as 160 

short-term heat-storage. By connecting the bottom of the water tank A with the top of water 161 

tank B, a thermal stratification was created. 162 

 163 

Fig. 2. Schematic of the novel hybrid-system (HP: heat pump, CP: circulation pump, SCs: 164 

solar collectors, BHEs: borehole heat-exchangers) 165 

In total, 150 single U-pipe BHEs were installed. The borehole depth was 75 m, and the diameter 166 

is 150 mm. Thus, the total pipe-length in the BHEs was 22,500 m. The borehole pitches 167 

between the BHEs are shown in Fig. 3. These BHEs were divided into 2 groups, the core region 168 

and the peripheral region. Solar heat was injected into the BHEs of the core region but not into 169 

the peripheral region. In the core region, 76 BHEs were organized into 19 loops. There were 4 170 

BHEs in each loop, which were connected in series. The heat medium flew through the BHE 171 

near the core first, then, sequentially, to the other three BHEs that were located further from 172 

the core, during the injection of heat into the ground - see Fig. 3. When heat was extracted from 173 

the ground, the heat-medium flow-direction could be reversed using the on/off remote-174 
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controlled valves Va1-Va6 - see Fig. 4. This design creates a temperature gradient, with a higher 175 

temperature in the core and a lower one at the periphery. This also enables heat cascade storage 176 

and utilization. During the heating season, the heat, which was extracted from BHEs in the core 177 

region, could be used directly for space heating without the heat pump if the temperature was 178 

high enough. Even when the temperature was not high enough for direct heating, the BHEs in 179 

the core region were connected to the condenser of the heat pump via water tanks (instead of 180 

the evaporator) - see Fig. 4. This makes better use of the heat at higher temperature, e.g. at 181 

45 ℃, compared to the heat from peripheral region that could be at only 20 ℃. There were 74 182 

BHEs in the peripheral region. These were connected in parallel with each other and with the 183 

evaporator of the heat pump, which was used as a low-temperature heat-source. Furthermore, 184 

the BHEs in the core region were not used as low-temperature heat-sources for the heat pump. 185 

This way it was possible to maintain a higher temperature in the core and contribute to a 186 

temperature gradient that points from the periphery to the core.  187 

BHEs of the core region

BHEs of the peripheral region

 188 

Fig. 3. Arrangement and division of BHEs for GHS. The transition of colour from red to blue 189 

represents a temperature gradient from high to low. Pink wells (W1~W5) mark the 190 

measurement points for the borehole-wall temperature. 191 
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 192 

Fig. 4. Schematic of the hybrid system 193 

(SC: solar collector, GHS: ground heat storage) 194 

On the top of the GHS sits an insulation board, which is made of extruded poly styrene (XPS) 195 

and a moisture barrier made of high-density polyethylene (HDPE). Prior to the project design, 196 

thermal-response tests were performed. The tests were carried out from 31 Jul to 2 Aug 2014, 197 

with inlet and outlet temperatures of 27.4 ℃ and 24 ℃, respectively. The results were: the 198 

initial temperature in deep ground, without disturbance, was ti=14.8 ℃, thermal conductivity 199 

was λ=2.176 W/m·K, the specific heat capacity was Cp=1.39 MJ/m3, and heat flux was q=40.7 200 

W/m.  201 

2.3 Operating modes 202 

The system operates in different modes, depending on climate and heating demand (see Tab. 203 

2). These can be described as follows: 204 

Non-heating mode: During non-heating season, the solar-collector side (see Fig. 4) operates, 205 

when solar radiation is high. The antifreeze-liquid in the solar collectors captures heat and 206 

delivers it to water tanks via a heat exchanger and the circulation pumps, P1 and P2. Heat, 207 

which was conserved in the water tanks was injected into the core region of the GHS, driven 208 
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by P3. The heat pump and the user side were switched-off in this mode because there is no 209 

heating demand.  210 

Heating mode: During heating season, heat produced by solar collectors could be used directly 211 

for space heating. Heat, which was extracted from the BHEs in the core region, were a second 212 

support option if the solar collectors alone were not sufficient to meet the heating demand. The 213 

heat pump was turned on when both, solar collectors and the heat extracted from the core 214 

region, were not sufficient.  215 

2.4 Control strategy 216 

The control strategy is summarized in Tab. 2. 217 

Solar-collector side: The on/off control of the solar-collector side was based on the monitors 218 

for the water temperature at the top of the water tank A (ta1) and the upper header of the solar 219 

collectors mounted on the Dwelling 3 roof (tsc1). As shown in Tab. 2, circulation pumps (P1 220 

and P2) begin to operate when tsc1>90 ℃. The operation continues until tsc1< ta1+10 ℃. The 221 

control parameters were identical for the heating and non-heating seasons. 222 

User side: The user side operates intermittently during heating-season and was controlled by 223 

skilled engineers. The first two heating seasons for this project were from 2 Nov 2015 to 22 224 

Mar 2016, and from 11 Nov 2016 to 18 Mar 2017.  225 

Core GHS side: There are two operating conditions for the core GHS side: injecting heat into 226 

the GHS during the non-heating season and extracting heat from it during heating season (see 227 

Tab. 2). Heat injection starts for ta1>tw1 +15 ℃, where tw1 is the temperature measured at the 228 

borehole wall of W1 - see Fig. 3. Heat injection lasts until ta1< tw1+10 ℃, while heat extraction 229 

only takes place during the heating season. It starts if the two conditions are satisfied at the 230 

same time: tw1>tb2+10 ℃ and ta1<50 ℃, where tb2 is the water temperature at the bottom of 231 

water tank B. When the core GHS side operates in injection mode, the valves Va2, Va3, and Va4 232 

are closed, while the valves Va1, Va5, and Va6 are open - see Fig. 4. Water is pumped from the 233 
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top of the water tank A to the BHEs in the core GHS, which is shown in red in Fig 3, via the 234 

water manifold A. After the heat exchange, water was collected by the water manifold B and 235 

returned to the bottom of water tank B. On the other hand, when operating in extraction mode, 236 

the valves Va2, Va3, and Va4 were open, while the valves Va1, Va5, and Va6 were closed. Then, 237 

the direction of the water flow reversed.  238 

Heat pump and peripheral GHS side: The heat-pump operates only when the two conditions 239 

were satisfied simultaneously, i.e., the user side was operating and ta1<50 ℃. If the heat pump 240 

works, valve Vb1 was closed, and valves Vb2 and Vb3 were opened. Otherwise the opposite 241 

occurred. 242 

Table 2 Operating modes and control strategies 243 

Season User 
side 

Solar  
collector  

side 

Core  
GHS  
side 

Heat pump  
& peripheral GHS side 

Non-

heating  

OFF 

 

Solar heat is 

used for heat 

injection to the 

ground. 

 

Heat is injected into 

the ground. Open 

valves: Va1, Va5, Va6;  

Close valves: Va2, 

Va3, Va4. 

OFF 

Control 

strategy 

 

 If tsc1>90 ℃, 

turn on pumps 

P1, P2.  

If tsc1< ta1+10, 

turn off pumps 

P1, P2.  

If ta1>tw1 +15 ℃,  

turn on pump P3.  

If ta1<tw1+10 ℃,  

turn off pump P3. 

 

Heating 

 

Operates 

intermittently 

Valid heat gain 

is used for space 

heating. 

Heat is extracted 

from the ground. 

Close valves: Va1, 

Va5, Va6; 

Open valves: Va2, 

Va3, Va4.  

Only operates when the heat 

from SCs and core GHS 

cannot meet the heating 

demand. 

Control 

strategy 

Controlled by 

skilled 

engineers. 

The same as 

non-heating 

season. 

If tw1>tb2+10 ℃ and 

ta1<50 ℃, turn on 

pump P3. Otherwise, 

turn off pump P3. 

If the user side operates and 

ta1<50 ℃, turn on the heat 

pump; turn on pump P5; 

open valves Vb2, Vb3; close 

valve Vb1. Otherwise the 

opposite is true. 

 244 



14 
 

3 Methods 245 

3.1 Data collection 246 

The data-collection system includes the temperature-measurement system, heat-measuring 247 

system, and electricity-measurement system. The indoor temperature of four sample flats, 248 

outdoor temperature, soil temperature at the borehole wall, water temperature at the top of 249 

water tank A and the bottom of water tank B, and the water temperature at the top header of 250 

the solar collectors were measured. To measure the borehole wall temperatures, sensors were 251 

buried in suitable boreholes (W1 ~ W5), which are highlighted in pink in Fig. 3. As reported 252 

in the literature (Niemann and Schmitz, 2019; Xi et al., 2017), the borehole-wall temperature-253 

change in the vertical direction was small and could be ignored. Thus, only one measurement 254 

point was set for each borehole, at a depth of 30m. In addition, the heat meter Hsc was used to 255 

measure the heat flux produced by the solar collectors. The heat meters Hr and He, were used 256 

to measure the heat injected into and extracted from the BHEs in the core region. The heat 257 

meters Hwt and Hhp, were used to measure the heat supplied by the water tanks and the heat 258 

produced by the heat-pump condenser. And the heat meter Hu was used to measure the heat 259 

supplied to the user side - see Fig. 4. Two electricity meters were used to measure the electric 260 

input. One was used to measure electric input for the whole system, including all pumps and 261 

the heat pump. The other one was used to measure the electric input for the heat pump 262 

separately. Detailed information of the used devices is provided in Tab. 3. All data were logged 263 

within an interval of 30 min.  264 

3.2 Uncertainty analysis 265 

The uncertainty analysis in the field test includes the error estimation for both measured and 266 

calculated parameters. The relative errors of the measured and calculated parameters can be 267 

obtained using the following equations (Dai et al., 2015): 268 

ΔXi/Xi = λx·Lx/ Xi                                           (1) 269 
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𝛥𝑌𝑖/𝑌𝑖 = √∑ (
𝜕𝑌𝑖

𝜕𝑋𝑖
𝜆𝑥 · 𝐿𝑥  )

2
𝑛
1 𝑌𝑖⁄               (2) 270 

where Lx is the upper limit of the measuring range, λx is the accuracy according to the 271 

manufacturer, Xi is the value of a measured parameter, Yi is a function of a series of measured 272 

independent variables. The relative errors of the main parameters in the field test are shown 273 

in Tab. 4. 274 

Table 3 Specifications of the used measurement devices 275 

Device Type Measurement 

range 

Accuracy 

Temperature sensor WZP-230PT100 0-100 ℃ ±(0.15+0.002∣t∣) ℃ 

Heat meter CRL-G(DN80,65) / 3+4Δtmin/Δt+0.02qp/q 

Electricity meter 400/5 / ±1 % 

 276 

Table 4 Uncertainty of the main parameters 277 

Parameters Unit Relative 

uncertainty 

(%) 

Parameters Relative 

uncertainty 

(%) 

Outdoor temperature ℃ 0.85 Fmec 6.55 

Indoor temperature ℃ 0.80 Fmhp 7.15 

borehole wall temperature ℃ 0.47 Fmsc 8.12 

Heat at solar side kWˑh 4.25 Rec/r 6.22 

Heat at core GHS side (injected) kWˑh 3.64 Rmr/v 6.21 

Heat at core GHS side (extracted) kWˑh 5.05 Ret/r 6.57 

Heat supplied to user side kWˑh 5.42 CCOP 5.78 

Heat produced by heat pump kWˑh 5.42 SCOP 4.61 

Heat from water tank to user side kWˑh 5.42   

power consumption of heat pump 

& circulation pumps 

kWˑh 1   

power consumption of heat pump  kWˑh 2   

 278 

4 Test results and performance analysis 279 

4.1 Indoor- and outdoor- temperature during the heating season 280 

The heating season started from 11 Nov 2016, but the indoor temperature records were from 281 

10th of Dec 2016. As shown in Fig. 5, most of the day-averaged indoor temperatures met the 282 
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Chinese standard (not lower than 16 ℃) (Xu, et al., 2012b). The few exceptions were 283 

infrequent, and they may have been caused by opened windows for example since the 284 

occupants were not instructed to follow any special procedures. This means the space-heating 285 

requirements were adequately met using this hybrid system.  286 

 287 

Fig. 5. Day-averaged indoor and outdoor temperature during the heating season 288 

4.2 Monthly supplied heat to the user during the heating season 289 

As illustrated in Fig. 6 (a), the monthly heat supplied to the user, Qmu, during the first heating 290 

season (Nov 2015 ~ Mar 2016), varied parabolically. The peak value of 65.08 MWˑh occurred 291 

on Jan 2016 with the lowest value (29.97 MWˑh) on Nov 2015. While the trend of Qmu during 292 

the second heating-season (Nov 2016 ~ Mar 2017) was similar to the first one, the absolute 293 

values were much higher due to a higher occupancy rate. The highest Qmu occurred on Jan 2017 294 

when 158.87 MWˑh were reached, while the lowest value was recorded on Nov 2016 (53.68 295 

MWˑh). The total heat supplied to the user side for the two heating seasons were, respectively, 296 

229.97 MWˑh and 580.63 MWˑh. According to Fig. 6, the monthly heat, which was supplied 297 

to the user by solar collectors (Qmusc), showed little difference for the two heating seasons in 298 

the respective months. Yet, according to Fig. 7, their fractions (Fmsc) for the first heating season 299 

were vastly higher than for the second. This is because the capacity of the solar collectors did 300 

not increase with increased heating demand, i.e., a lower Qmu caused a higher Fmsc. On the other 301 

hand, a higher heating demand means a larger contribution by the heat pump, independent of 302 
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Qmuhp or Fmhp - see Figs 6 and 7. Furthermore, the system was able to work with a higher SCOP 303 

( = the heat supplied to the user side by the hybrid system divided by the total electricity 304 

consumed by the system including circulation pumps and heat pump) when the community had 305 

a lower occupancy rate. The contribution of the heat extracted from the core GHS also 306 

increased both in value (Qmuec) and fraction (Fmhp) for the second heating season compared to 307 

the first one. As much as 2.87 MWˑh and 0.36 MWˑh of heat were extracted from the core GHS 308 

on Nov and Dec during the first heating season. The values for the second heating season were 309 

15.20 MWˑh and 40.80 MWˑh. In addition, 7.00 MWˑh and 0.25 MWˑh heat were extracted 310 

from the core GHS on Jan and Feb during the second heating season. This occurred because 311 

heat accumulation had not been so large for the first heating season. According to Fig. 7, due 312 

to the higher soil temperature at the beginning of the second heating season, the contribution 313 

fractions for heat extraction from core GHS (Fmec) on Nov and Dec 2016 were much higher 314 

than for later months. Heat extraction from core GHS mainly occurred on Nov and Dec 2016, 315 

which accounted for 88.5 % of the total of the whole heating season.  316 

 317 

                                           a                                                                                  b 318 

Fig. 6. Monthly heat-consumption on user side and its composition 319 
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 320 

                                                 a                                                                            b 321 

Fig. 7. Fractions of contributions for heat from the heat pump, solar collectors, and extracted 322 

from core GHS  323 

4.3 CCOP during the heating season 324 

Average CCOP (=the heat produced by heat pump divided by the electricity consumed by the 325 

heat-pump compressor) during different periods of the second heating season are depicted in 326 

Fig. 8. The highest average CCOP of 6.05 occurred in the earliest period in the heating season. 327 

A downward trend can also be identified using this chart. The lowest value of 4.72 occurred in 328 

the last period of the heating season. This is because the soil temperature reached the peak 329 

value at the start of the heating season after as many as 8 months of heat injection. The soil 330 

temperature gradually decreased as heat was continually extracted from the ground and 331 

diffused to the surrounding soil. Interestingly, an increase of CCOP was observed for the period 332 

from 16 Feb to 26 Feb - see Fig. 8. This is because the heat production by the heat pump (Qhp) 333 

during this period was at a low level. Because a lower Qhp caused less heat-exchange demand 334 

between the heat medium in the BHEs and the surrounding soil, a lower temperature difference 335 

was needed. Hence, the inlet water temperature for the heat-pump evaporator increases. 336 

Furthermore, thanks to reduced heat extraction from the BHEs, the soil temperature near the 337 

BHEs could recover faster. The temperature recovery also increases the temperature of the 338 

water supplied to the evaporator. For these two reasons, a higher CCOP was achieved. A 339 
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similar trend can be found for the period 7 Jan to 17 Jan. In other words, CCOP decreased 340 

faster, when Qhp was higher. Moreover, when Qhp was lower, CCOP reduced slower or even 341 

increased slightly.  342 

 343 

Fig. 8. The average values of CCOP and Qhp during different periods 344 

4.4 Valid heat gain of solar collectors and its destination 345 

Fig. 9 (a) shows the monthly valid heat gain of solar collectors (Qmsc) during a calendar year in 346 

2016. Qmsc on June was the highest for the whole year, with 99.17 MWˑh. The values for May 347 

and July were second and third, with about 95 MWˑh. Unfortunately, Qmsc was generally low 348 

in the months during heating season. January and December had the lowest Qmsc of the year, 349 

with 36.34 MWˑh and 37.14 MWˑh, respectively. There are two reasons for this phenomenon. 350 

The first one is that the outdoor temperature was low during these months, which reduced the 351 

efficiency of the solar collectors. The second reason is that, the subsolar point was far from the 352 

targeted city during heating season. As a result, less solar radiation reached the solar collectors. 353 

These two reasons are applicable to all cities in north China. Thus, the variations of the valid 354 

heat gain of solar collectors for different cities are similar. Considering this, a seasonal heat-355 

storage is indispensable to make full use of solar collectors for the entire year. The monthly 356 

heat injected into the core GHS (Qmr) is shown in yellow in Fig. 9 (a). The month-averaged 357 

ratio of the heat injected into the ground to the valid heat gain of solar collectors (Rmr/v) is 358 
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shown in purple. For most of the non-heating months, Rmr/v exceeded 90 %. An exception was 359 

on October with 88 %. Heat was rarely injected into the ground during the heating season, so 360 

that it could be efficiently utilized for space heating directly.  361 

As shown in Fig. 9 (b), the total valid heat gain of the solar collectors for the year was 838.99 362 

MWˑh. A fraction of 70 % (528.63 MWˑh) was injected into the core GHS, and a fraction of 363 

25 % (211.28 MW∙h) was used directly for space heating. The remaining 5 % (45.08 MWˑh) 364 

were lost to ambient air. 365 

 366 

a Monthly valid heat-gain of solar collectors and its injection in the ground 367 

  368 

  369 

b Percentages of different destinations for valid heat gain of solar collectors 370 

Fig. 9. Valid heat gain of solar collectors and its destination 371 

4.5 Heat injected into (and extracted from) core GHS 372 

The ratio of heat extracted from core GHS to the heat injected into it (Rec/r) is a primary 373 

parameter to evaluate the performance of both heat cascade utilization and seasonal heat 374 

storage. A higher Rec/r means that the heat cascade utilization and seasonal heat storage are 375 

more efficient. The monthly heat injected and extracted during the period of July 2015 to May 376 
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2017 is shown in Fig.10. The period before Feb 2016 is defined as the first recharge/extraction 377 

cycle, while the period from Mar 2016 to Feb 2017 is defined as the second recharge/extraction 378 

cycle. During the first recharge/extraction cycle, little heat was extracted from core GHS, and 379 

Rec/r was very low, less than 1 %. The maximum monthly heat, which was extracted from core 380 

GHS was only 2.87 MWˑh. The reasons for this were given in Section 4.2. For the second 381 

recharge/extraction cycle, the monthly heat, which was extracted from core GHS, increased 382 

significantly (to 15.20 MWˑh, 40.80 MWˑh and 7.00 MWˑh in Nov, Dec 2016, and Jan 2017). 383 

Rec/r increased to 10.86 % as a result of substantial heat accumulation in the GHS. This is 384 

considered to be a sufficiently good number. As the heat accumulation in the core GHS 385 

continued, a higher Rec/r could be expected because an upward trend for the borehole wall 386 

temperature was observed in the core region, when the first and the second recharge/extraction 387 

cycle (see Section 4.6) were compared.  388 

 389 

Fig. 10. Monthly heat extracted (MW∙h) from core GHS 390 

4.6 Variation of borehole wall temperatures 391 

The variation of the month-averaged borehole wall temperatures in the respective BHEs (Fig. 392 

3) is shown in Fig. 11. A significant temperature-gradient, which was higher in the core and 393 

lower at the periphery, can be seen. The temperature difference between W1(at the core) and 394 
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W5 (at the periphery) increased during the second recharge/extraction cycle compared with the 395 

first one, which increased from 19.4 ℃ in Jun 2015 to 30.1 ℃ in Nov 2017. These results are 396 

very promising for heat cascade storage and utilization. According to Fig. 11, the peak value 397 

of W1 reached 56.6 ℃ in Oct 2016. As measured, the outlet medium temperature of the 398 

extracted heat from the core GHS, can reach 43.4 ℃ at the start of the second heating season. 399 

This temperature was much higher than the one reported in other studies, for example, 15.2 ℃ 400 

in Li et al. (2018). It exceeded the maximum recommended inlet water temperature (20 ℃) for 401 

the heat pump evaporator in heating mode according to the product specifications (Menergy, 402 

2019). Thus, the water, which extracted heat from the core ground heat-storage, was pumped 403 

to the user directly or to the condenser of the heat pump. Heat could be utilized at higher 404 

temperature using this approach. On the other hand, the water that extracts heat from peripheral 405 

BHEs can reach the evaporator of the heat pump and be used as heat source. In other words, 406 

cascaded heat utilization was realized successfully.  407 

In addition, as seen in Fig. 11, the highest month-averaged temperature of W1~W4, for the core 408 

region, sharply increased compared to the first and the second recharge/extraction cycle. The 409 

average growth was 9.9 ℃, while the highest monthly-averaged temperature in W5 at the 410 

periphery increased by 5.9 ℃. The temperature increase in the core region suggests a larger 411 

potential of energy usage at the higher temperature.  412 
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Fig. 11. Variation of the borehole-wall temperatures in the borehole heat exchangers W1~W5 414 

4.7 Energy balance of the hybrid system 415 

To learn more about the performance of the hybrid system, the energy-flow between the 416 

different components in the second recharge/extraction cycle are shown in Fig. 12. The total 417 

valid heat gain of the solar collectors was measured to be 838.99 MW∙h, of which 582.63 MWˑh 418 

was injected into the core GHS. Simultaneously, 63.25 MW∙h was extracted from core GHS, 419 

and 266.00 MW∙h was supplied to the user side from the water tanks. All the above values 420 

were measured using heat meters. According to the energy-conservation principle, a total heat-421 

loss of 53.61 MW∙h took place. For the heat pump, the heat meter measured a heat flow of 422 

306.10 MW∙h at the condenser side, and the power meter showed 59.39 MWˑh of electric input, 423 

which means that the average CCOP was 5.15 (306.10/59.39=5.15). Furthermore, as much as 424 

246.71 MWˑh of heat was extracted from the BHEs in the peripheral region. The ratio of total 425 

heat-extraction from the ground to heat injected into it, Ret/r, was 53.2 % 426 

((63.25+246.71)/582.63=53.2 %). On the other hand, the ratio of heat extracted from core GHS 427 

to the heat injected into the ground, Rec/r, was 10.86 % - see Section 4.5. Thus, the heat, which 428 

was extracted from ground and used at higher temperature, divided by heat extracted from 429 

ground and used at lower temperature, was about 1/4 (63.25/246.71). The total heat supplied 430 
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to the user side was 580.63 MWˑh. Of this, 306.10 MWˑh was produced by the heat-pump 431 

condenser, which accounted for 52.7 % (306.10/580.63). 63.25MWˑh, which accounted for 432 

10.9 % (63.25/580.63), was due to the heat extraction from the core GHS. The remainder of 433 

the heat, about 36.4 % (1-52.7 %-10.9 %), came from the solar collectors directly. Three 434 

measured heat flows were then compared: the heat flow of the user side, the heat flow produced 435 

by the heat pump, and the heat flow supplied by the water tanks to the user side. An error of 436 

1.5 % ((580.63-266.00-306.10)/580.63=1.5 %) was found. It falls within the error described in 437 

Section 3.2.  438 

The total electricity consumption of the system in the second recharge/extraction cycle was 439 

124.57 MWˑh (65.18 MWˑh+59.39 MWˑh ). Considering that the total heat supplied to the user 440 

side was 580.63 MWˑh, the SCOP during the second recharge/extraction cycle was 4.66 441 

(580.63/124.57). The circulation pumps consumed 65.18 MWˑh electricity, which was more 442 

than half of the total. Fig. 13 shows the percentage of the monthly electricity consumption by 443 

the heat pump and circulation pumps. 52.3 % (65.18/124.57) of the total electricity was 444 

consumed by circulation pumps. 23.8 % (29.68/124.57) was consumed during non-heating 445 

seasons, while 28.5 % (52.3 % - 23.8 %) was consumed during the heating season. The heat 446 

pump alone consumed 47.7 % (59.39/124.57). Fig. 6 and Fig. 13 show the months, when the 447 

heat pump contributed more thermal energy, and it likely consumed more electricity. In Dec 448 

2016 and Feb. 2017, however, the heat produced by the heat pump was almost the same, while 449 

the electricity consumption by the heat pump was much higher in Feb. 2017. This is because 450 

the CCOP decreased as the heating season continued. The results for the circulation pumps and 451 

the heat pump confirm that decreasing the power consumption of the circulation pumps is as 452 

important as finding ways to reduce the power consumed by the heat pump.  453 
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 454 

Fig. 12. Energy diagram for the system during the second recharge/extraction cycle 455 
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Fig. 13. Electricity input distribution of the system during the second recharge/extraction 457 

cycle (CP: circulation pump, HP: heat pump) 458 

5 Discussion 459 

5.1 SCOP, CCOP, Rec/r, and Ret/r 460 

SCOP represents the overall energy efficiency of the whole hybrid system. A higher SCOP 461 

number means that less power is consumed by the system. CCOP, on the other hand, is used 462 

to characterize the energy efficiency of the heat pump alone. It is not necessarily true that the 463 

hybrid system is capable of reaching a high SCOP when the CCOP is high. Rec/r, the ratio of 464 

heat extracted from core GHS to the heat injected into the ground, is used to characterize heat 465 
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cascade utilization. A higher Rec/r indicates that a larger proportion of the injected heat is 466 

extracted and used at a high temperature. The last parameter Ret/r, which is the ratio of the total 467 

heat extraction from the ground to the heat injected into it, reflects the energy balance of input 468 

and output with respect to the GHS. More heat is injected into the GHS than extracted if Ret/r 469 

< 1, which means the trend of the soil temperature in the GHS is upward. Otherwise, the trend 470 

is downward. For this project, a Ret/r of 53.2 % was obtained. The upward trend of the soil 471 

temperature in the GHS is shown in Fig. 11.  472 

5.2 Comparison with previous studies 473 

The greatest improvement for this hybrid system, compared to previous systems, is the 474 

realization of both heat cascade storage and utilization. In most previous studies, the heat 475 

produced by solar collectors was evenly injected into the ground, which caused only a small 476 

temperature difference between the core and the periphery of the GHS. In the few studies, 477 

where a soil temperature gradient was created, the extracted heat from the ground was generally 478 

used as heat source for the heat pump, which led to lower system performance (Hesaraki et al., 479 

2015; Wang et al., 2012). In the present study, the test results indicate that the sufficient soil 480 

temperature gradient, which is high at the core and low at the periphery, can be created and 481 

maintained. About 20 % of the extracted heat from the GHS was used at high temperature and 482 

not as heat source for the heat pump. As a result, a higher SCOP of 4.66 was reached, compared 483 

with 3.42 in Wang et al. (2012). Even the CCOP for the heat pump is lower than for previous 484 

research: 5.15 VS 5.4 (Wang et al., 2012). Despite the lower CCOP for the heat pump, a higher 485 

SCOP was attained, thanks to heat cascade storage and utilization. 486 

5.3 Limitations and suggestions for future studies 487 

While this new system has been described in detail and was field-tested, which confirmed that 488 

it is energy efficient, it should be noted that it is subject to certain limitations and uncertainties: 489 

1) The initial investment costs are high because of the solar-collector purchase and borehole 490 
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drilling. The investigated project was possible and successful due to a subsidy from the 491 

government, which supports renewable energy for space heating. This subsidy, however, is 492 

only available in selected regions. Therefore, it is generally important to reduce system costs. 493 

2) It is a complex system that consists of many components. Optimally designed components 494 

are essential to ensure safe operation, high efficiency, and affordability. The hybrid system 495 

may be used in different building types and various climates. However, it is difficult to create 496 

a design criterium that would suit every building and all climatic zones. 3) Just as the system 497 

design, both control strategy and operating conditions need to be optimized further to improve 498 

energy efficiency and reduce cost. 499 

6 Conclusions 500 

To maintain the energy quality with high temperature and reduce the energy loss of seasonal 501 

heat-storage, a novel SAGSHP system considering heat cascade utilization was introduced and 502 

investigated in this study. The installation and field test of the system were conducted in the 503 

community Datangfuyuan, China. The system performance was analysed, and the main 504 

conclusions can be summarized as follows: 505 

i) The field test shows that the day-averaged indoor temperature can meet the Chinese standard 506 

(not fall below 16 ℃), which shows that the system could satisfy the heating demand 507 

successfully.  508 

ii) A high core-temperature and low temperature at the periphery could be implemented and 509 

maintained. The month-averaged borehole wall temperature difference between the BHEs, at 510 

the core and the periphery, was as high as 30.1 ℃. This indicates that heat cascade storage and 511 

utilization is practically possible. In addition, the highest month-averaged temperature of the 512 

borehole wall in the core increased by 9.9 ℃ during the second recharge/extraction cycle, 513 

compared to the first recharge/extraction cycle. The upward trend of the soil temperature in the 514 
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core region suggests that higher heat-extraction from the core region may be possible in the 515 

future.  516 

iii) The energy (heat and electricity) balance for the system throughout the second 517 

recharge/extraction cycle yields the following performance parameters: SCOP=4.66, 518 

CCOP=5.15. It also shows that 10.9 % of the total heat supplied to the user side comes from 519 

the heat extraction from the core region of the GHS. 36.4 % was supplied directly from solar 520 

collectors and 52.7 % from the heat pump. In addition, Ret/r=53.2 % and Rec/r=10.9 % were 521 

obtained for the second recharge/extraction cycle, which shows that more heat was injected 522 

into the GHS than extracted. Moreover, the heat, which was extracted from the ground and 523 

used at high temperature, divided by the heat extracted from the ground and used at low 524 

temperature, was about 1/4.  525 
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