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Abstract 
The cooling and heating of spaces are among the largest sources for house-
hold’s energy demand. Ground Source Heat Pump (GSHP) is a promising 
technology to reduce the energy for cooling and heating purposes. However, 
the major obstacle hindering the utilization of this technology is the high ini-
tial cost, especially for the installation of ground coupled heat exchanger. The 
horizontal closed-loop system offers lower installation cost, as it requires no 
vertical borehole construction. Instead, the heat exchangers can be installed 
in shallow trenches that may be excavated, by small excavator or even by hu-
man labor. This paper presents the comparison of two different heat exchang-
ers, namely, the capillary mat and the widely used slinky pipe. Both heat ex-
changers are connected to a heat pump, where continuous heating tests were 
carried out for 165 hours (~7 days) for each configuration. The purpose of 
this research is to show the performance of capillary mat in comparison to 
slinky pipe. Despite during the entire test for capillary mat required 6% high-
er electricity consumption, compared to slinky heat exchanger, the results still 
suggest the potential use of capillary mat as alternative to slinky heat ex-
changer. Additionally, the results also highlight the high hydraulic resistance 
of installed capillary mat heat exchangers may become the major disadvan-
tage of the capillary mat. 
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1. Introduction 

The Ground Source Heat Pump (GSHP) has been widely used as an alternative 
way to reduce the electricity consumption for space cooling and heating [1] [2]. 
Unlike the conventional Air Source Heat Pump (ASHP), which uses ambient air, 
GSHP utilizes stable ground temperature, as heat source or heat sink. Ground 
temperature has a relatively stable temperature due to its high heat capacity, in 
contrast to fluctuating air temperature. In area where ASHPs are extensively 
used, such as big cities, extensive use of ASHP for cooling in summer season 
could accelerate the heat island effect [3] [4] [5] [6]. This is a phenomenon where 
the air temperature is significantly higher than its surrounding area because of 
higher heat in-flux and lower heat dissipation. Kakegawa et al., in 2002, studied 
that the replacement of ASHP with GSHP in Wast-Shinjuku area, Tokyo, could 
reduce 54% of CO2 emission on the area [3]. Kardinal Yusuf et al. investigated 
the relationship between industrial urban and commercial land use with the in-
creasing urban heat island in Singapore [5]. Arifwidodo et al. investigated the 
household energy consumption and its impacts on the urban heat island in 
Bangkok area [6]. Further, they concluded that the combination of urban heat 
island mitigation, adaptation planning and energy-efficient housing design would 
contribute to better solutions.  

The GSHP system can be expected to be an alternative to solve this problem. 
However, the growth of GSHP utilization is relatively slow as a result of high ini-
tial cost. Most of the initial costs arise from the installation of ground heat ex-
changer [7] [8] [9] [10]. In the closed-loop GSHP system, there are mainly two 
classifications of ground heat exchanger configuration, namely, vertical and ho-
rizontal configurations. Vertical configuration allows higher heat rejection and/or 
extraction rate by the groundwater advection. However, the drilling of borehole 
is the highest cost for most cases. On the other hand, GSHP with horizontal 
ground exchanger is cheaper, as the heat exchanger can be installed in a shallow 
trench. The trench is typically 1 - 2 meters depth, which only requires small ex-
cavators, or even direct excavation by human labor [11]. However, soils in shal-
low depths are affected by the atmospheric temperature, soil thermal properties, 
depth and climatic conditions [12] [13] [14]. Thus, a careful assessment and plan-
ning must be carried out prior to the installation.  

The use of high-density polyethylene (HDPE) pipe-based horizontal heat ex-
changer, configured in both slinky and helical configurations has been investi-
gated in various researches. Wu et al. performed experimental and numerical 
study on slinky ground heat exchangers [15]. From the validated numerical re-
sults, they extended the study by performing sensitivity analysis on other para-
meters. Widiatmojo et al. investigated the use of GSHP coupled with horizontal 
ground heat exchangers in Thailand. The results revealed that in the hot-humid 
cooling dominated region, the use of GSHP can still provide a significant elec-
tricity reduction [11]. Xiong et al. developed validation model of Slinky ground 
heat exchanger by using analytical ring source method [16].  
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Unlike the slinky or helical ground heat exchangers which are very popular, 
the use of capillary mat as ground heat exchanger is still limited. Most of the re-
searches focus on the application of capillary mat for radiant heat exchanger in-
side buildings [17] [18] [19] [20]. Zhou and He evaluated the thermal perfor-
mance of radiant floor system with various heat storage materials and heat ex-
changer pipes [17]. They showed that the capillary mat provides more uniform 
temperature and achieves it in a significant shorter time, in comparison to po-
lyethylene coils. Further, their results suggested that the combination of capillary 
mat and phase change material (PCM) provides advantages over another system. 
Xia and Zhang showed potential cost reduction by proposing a new double-layer 
radiant floor system with organic phase change material for heat storage during 
summer and heat source in winter [18]. Capillary mat heat exchangers are pop-
ular among other heat exchangers, such as, copper pipe, for its easy installation, 
lower cost [19]. Carbonell et al., develop a numerical model for ice storage by 
using capillary mat heat exchangers. Their numerical model was validated with 
the experimental results for both cooling and heating stages. Further, they also 
pointed out the robustness and reliability of the capillary mats for the given low 
temperature test condition, although longer test periods need to be carried out to 
evaluate its long-term reliability [20]. Zhao et al. presented the comparison be-
tween capillary mat radiant and floor radiant heating system by ASHP system in 
residential building. The result showed that capillary mat radiant consumed 45% 
less electricity than floor radiant heating system [21]. The use of capillary mat 
incorporated into ceramic panel and passive cooling system in Mediterranean 
housing was studied by Echarri [22]. To the best of author’s knowledge, technic-
al applications of capillary mat as ground heat exchanger are very limited, for 
instance in China [23] and Europe [24].  

Compared to the HDPE pipe-based ground heat exchangers, capillary mat al-
lows simple installation and transportation as it requires no on-site loop prepa-
rations. In addition, small capillary tubes provide more heat transfer area availa-
ble per unit footprint of installation area, which is important for installation in 
space-limited area. 

This study presents the experimental results of continuous space heating by 
using GSHP, coupled with two different types of ground heat exchangers, namely 
slinky heat exchangers and capillary mat heat exchanger. The aim of this study is 
to evaluate the performance of capillary mat as shallow ground heat exchangers 
for a GSHP system, in comparison to a widely used HDPE-based slinky ground 
heat exchangers. 

2. Test Field and Heat Exchanger Configurations 

The experimental tests were conducted at the Renewable Research Center, Na-
tional Institute of Advanced Industrial Science and Technology, in Koriyama, 
Fukushima Prefecture. The research center is located approximately within a 60 
km radius from the crippled Fukushima Daiichi Nuclear Power Plant. The cli-
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mate at the research center is classified as humid continental (Koppen Cfa). In 
2018, the monthly average temperature was highest in July (26.3˚C) and lowest 
in January (0.2˚C). Meanwhile, the annual precipitation in 2018 was 837.5 
mm/year, with precipitation being highest in September (146 mm/month). The 
soil within the top layer of 2.5 m was mainly silty sand with the existence of gra-
vel (average diameter of ~1 cm) observed in some locations. Figure 1 shows the 
annual temperature variations, starting on April 1st, recorded in the test field at 
0.1 m, 0.5 m, 1 m, 1.5 m and 10 meter depths [25].  

The experimental field was designed to have several heat exchangers for com-
parative analysis, as illustrated in Figure 2. Vertical heat exchangers comprised 
of HDPE pipes, installed in two 40 m (double U-tube) boreholes and a 100 m 
(single U-tube) borehole. Horizontal (shallow) heat exchangers were slinky-coil 
HDPE pipes and capillary mat heat exchangers. Both types of horizontal heat 
exchangers were installed in two orientations, horizontal and vertical, at a depth 
of 1.4 m. However, only horizontally configured capillary mats and slinky heat 
exchangers are to be discussed in this paper.  

Two trenches, each of which occupies 67.6 m2 (13 m × 5.2 m) area, were ex-
cavated for both slinky and capillary heat exchanger configurations. The trenches 
are wider than the total area required for both types. These extra spaces are de-
signed to allow piping connection as well as proper spacing between heat ex-
changers. 

The installation of slinky heat exchanger involves pre-shaping HDPE pipe in-
to the slinky configuration with necessary diameter and pitch size. This step, 
however, can be omitted for the case of capillary mat. 

All heat exchangers are connected to header valves allowing different combi-
nation of heat exchangers to be selected. The distance from the main header 
valves to both heat exchangers are vary between 18 m to 45.5 m, depending on 
its position. The lateral distance between main header valves to the compressor 
unit inside the experimental room is 17 m. However, due to the compliant with 
building standard for earthquake measures, the pipe connection must be in-
stalled through the building supporting system, 3 m below the ground level, in 
series of bends and curves. The heat exchangers and the heat pump are con-
nected by the thermally-insulated HDPE pipes having 3.2 cm outer diameter and 
2.58 cm inner diameter. The heat pump having 4 kW and 5 kW of cooling and 
heating capacity, respectively, was installed in an 8.6 m × 6.4 m × 2.8 m expe-
rimental room. The 38% propylene glycol-water mixture is used as ground 
loop heat exchanger fluid. Several sensors were installed to record tempera-
tures, flow rate, and humidity for the thermal performance analysis of different 
heat exchangers. The sensors are listed in Table 1. All sensors are connected to 
the GL-820 data logger and the data are recorded in every 1-minute interval. The 
weather data are obtained from the weather station installed approximately 100 
m away from the test field. Figure 3 presents the experimental room and the in-
stallation area of Ground Heat Exchangers (GHE). 
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Figure 1. Annual soil temperature recorded at the test site, from April 1, 
2018 to March 31, 2019. 

 

 
Figure 2. Schematic showing the configuration of heat exchangers in the test field. 

 

 
(a)                                        (b) 

Figure 3. Experimental room with the main GSHP system (a) and installation area of 
GHE’s (b). 
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Table 1. List of sensors. 

Location/sensor Sensor Type Accuracy 

Fluid HP outlet 
Fluid HP inlet 

Flow meter 
Room temperature 

Room Rel. humidity 
Outside temperature 

Outside Rel. humidity 
FCU fan outlet tem 

PT100 class A 
PT100 class A 

Electromagnetic flowmeter 
PT100 class B 

Polymer resistance type 
PT100 class B 

Polymer resistance type 
PT100 class A 

±0.15˚C 
±0.15˚C 

±0.5 L/min 
±0.3˚C 

±3% 
±0.3˚C 

±3% 
±0.15˚C 

2.1. Capillary Mat Heat Exchangers 

The capillary mat heat exchanger was made from polyethylene material having 
dimension of 5.6 m (in the flow direction) × 0.9 m × 0.0064 m. The exchanger 
comprised 117 small capillary tubes arranged in parallel, with each tube having 
an outer diameter 0.0064 m and inner diameter 0.0048 m. A single heat ex-
changer is equivalent to a 655.2 m similar small capillary tube providing a heat 
exchange area of 13.178 m2 over an installation area of 5.04 m2. In total, the 
equivalent heat transfer area for six capillary mats is 79.07 m2. Figure 4 shows 
the capillary mats being prepared for installation as ground heat exchanger. 

Six horizontal capillary mat heat exchangers were installed at a depth of 1.4 m 
in three rows and two columns, as shown in Figure 5. All mats were configured 
in parallel to the main pipeline. The main reason for adopting this configura-
tion was that the pressure drop of a single mat is relatively high owing to the 
small-diameter capillary tubes. Considering the performance curve of the circula-
tion pump given by the manufacturer, any series connection can result in a high 
pressure drop, exceeding the capacity of the pump. 

2.2. Slinky Heat Exchangers 

The HDPE pipe having inner outer diameter, d0 = 0.032 m and inner diameter, 
di = 0.0254 m, were configured in 0.9 m diameter and 0.3 m pitch slinky loops 
configuration. With this configuration, a 120 m length HDPE pipe is converted 
into 11 m slinky. The slinky heat exchangers were installed in three parallels 
connections, each of which having an actual length of 120 m. The spacing be-
tween slinky was set 0.6 m. Figure 6 shows the schematic arrangement of slinky 
heat exchanger. The total available heat transfer area is equivalent to 36.173 m2, 
which is 54.25% less than those for capillary mat configuration. 

3. Continuous Heating Test 

The continuous heating test for each heat exchanger type was carried out conti-
nuously for 7 days for each type. The test for capillary mat configuration was 
accomplished on January 15-22, 2019 and February 1-8, 2019, for capillary mat 
and slinky configuration, respectively. Figure 7 shows the ambient (outdoor) tem-
perature and background soil temperatures at 1 m and 1.5 m depths. The soil 
temperatures during the slinky test were lower than during the test for capillary 
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mat, by 1˚C - 1.2˚C. The data shows that the soil temperatures during slinky test, 
at 1 m and 1.5 m depths were 6.6˚C and 8.5˚C, respectively, in contrast to 7.5˚C 
and 9.7˚C, respectively, for capillary mat configuration. Meanwhile, at the end of 
the test, the soil temperatures at 1 m and 1.5 m depths were 6.1˚C and 8.1˚C, for 
the case of slinky test and 7.2˚C and 9.1˚C for capillary mat. The temperature 
profile shown in Figure 1 also showed that the soil heat flux at the heat ex-
changers depth was moving upward to the surface during the tests periods, as 
indicated by positive temperature gradient in upwards direction. It must be 
noted that the background soil temperatures were not measured in the ground 
heat exchanger location. Thus, it may not accurately represent the actual ground 
temperature at heat exchanger location. Nevertheless, the temperature variations 
in ground heat exchanger locations are likely to have similar variation with the 
background data. For both cases, the heating temperature setting was set to 
21˚C, with 50% fan speed and fixed 45-degree nozzle position. Figure 8 shows 
the wind velocity, direct solar radiation, air pressure and relative humidity data 
during the tests. No rainfall was recorded throughout the test periods. To mi-
nimize the heat loss from the experimental room, the central AC system and ven-
tilation were turned off. Also, window’s blinds were closed as well as the activi-
ties inside the experimental room were kept as minimum as possible throughout 
the test periods. Thus, the thermal load inside the building was only affected 
mainly by the outdoor temperature fluctuations. 
 

 
(a)                                          (b) 

Figure 4. Capillary mat heat exchanger being prepared for installation (a) 
and its schematic description (b). 

 

 
Figure 5. Schematic arrangement of the capillary mat heat exchangers. 
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Figure 6. Schematic arrangement of the slinky heat exchangers. 

 

 
Figure 7. Outdoor temperature and ground temperatures at 1 m and 
1.5 m depths, during experimental periods. 

 

 
Figure 8. Outdoor temperature and ground temperatures at 
1 m and 1.5 m depths, during experimental periods. 
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4. Analysis and Discussion 
4.1. Quantitative Analysis 

The Coefficient of Performance (CoP), representing ratio of heat supplied into 
the room to the work required is calculated as: 

CoP H TQ W=                          (1) 

here, Qh (in W) is the rate of heat supplied to the building and WT (in W) is the 
total electrical power consumption (see Figure 9), calculated as 

T C F PW W W W= + +                        (2) 

where WC, WF, and WP are the electrical power for the compressor, fan, and cir-
culation pump, respectively. 

The data logger records the temperature and the both inlet and outlet GHE 
fluid temperatures as well as the flow-rate. Thus, Equation (1) is re-written as: 

( )CoP G C TQ W W= +                       (3) 

where, QG is the heat extraction rate from the ground, calculated as 

( )in outG mQ T T cVρ= −                       (5) 

Tout and Tin (in C) are, respectively, the GHE fluid temperatures at the 
heat-pump’s outlet and inlet, while ρ (kg/m3), c (J/kgC), and Vm (m3/s) are, re-
spectively, the density, specific heat capacity, and flowrate of the heat exchange 
fluid. 

In order to quantify the variation of data during operational tests, standard 
deviation analysis is used 

CoP H TQ W=                         (5) 

here, xi is the observed value, x  is the average value, and N is the number of 
data points. 

Assuming, the temperature difference between indoor and outdoor is the only 
source of thermal load, building thermal load can be calculated by: 

( )indoor outdoorLQ hA T T= −                    (6) 

here, QL (Watt) is the thermal load, h(Wm−2K−1) is the overall heat transfer coef-
ficient of building’s wall, A (m2) is the area of heat transfer. As the current expe-
rimental tests were carried out in a similar room, the unknown value h and A are 
the same. Thus, these values can be left unknown by introducing the normalized 
value, QL/hA (˚C), indicating that the thermal load for both slinky and capillary 
mat are only depend on the outside and indoor (room) temperature differences. 
In a precise analysis, the calculation of thermal load by conduction through the 
wall must also considers the total equivalent temperature different (TETD), in 
which heat conduction due to direct solar radiation is included. However, in this 
study, the experimental room is positioned in the North part of building (1st 
floor), receives almost no direct sunlight during winter. Furthermore, the win-
dow shades were closed throughout the experiments, so that the effects of solar 
radiation are negligible. 
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Figure 9. Schematic of energy flow during space heating using GSHP. 
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the heat extraction rates were also decrease during these periods.  

4.3. Electricity Consumption and Coefficient of Performances 

Figure 13 presents the electrical consumptions for both heat exchanger confi-
gurations. The average electrical consumptions and the standard deviations for 
slinky and capillary mat, are respectively, 0.90 kW (σ = 0.16) and 0.96 kW (σ = 
0.16). The total electricity consumptions are 149.67 kWh and 159.35 kWh, re-
spectively. Slinky configuration consumed lower electrical energy due to lower 
heating load at t = 40 - 80 hours and t = 140 - 160 hours, which is consistent 
with the temperature and heat extraction rate, discussed in previous chapter 
(sub-chapter 4.2). 

 

 
Figure 10. Heat-pump inlet and outlet temperatures and 
volumetric flow-rate of ground heat exchanger fluid. 

 

 
Figure 11. Outdoor temperatures, room temperatures and Fan Coil Unit 
(FCU) air temperatures for both slinky and capillary mats heat exchangers. 
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Figure 12. Heat extraction rates and coefficient of performances. 

 

 
Figure 13. Electricity consumption for both capillary mat and slinky 
heat exchanger. 
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Thus, higher hydraulic pressure is required to attain a given flow-rate. 
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4.5. Thermal Load 

The calculated values of normalized thermal load for both cases are presented in 
Figure 14. It can be clearly seen that the thermal load during test using capillary 
mats is higher compared to the slinky heat exchangers, mainly as a result of 
different outdoor temperature during both tests. We found the average value 
T(indoor)-T(outdoor) are 18.64˚C (σ = 2.15) and 17.07˚C (σ = 3.3) for capillary mat 
and slinky, respectively. The higher value of standard deviation for slinky indi-
cates more thermal load variations. For the duration of the entire tests, thermal 
load for capillary mat is 9.3% higher than those for slinky. 

5. Conclusions 

In this study, experimental tests have been carried out for a heat-pump coupled 
with two different ground heat exchangers, namely capillary mats and slinky 
type heat exchangers. Both tests were carried out continuously for 165 hours (~7 
days). Both tests have been carried out in the periods where outdoor and ground 
temperatures were moderately different. During the test with slinky configura-
tion, the average outdoor temperature was 3.04˚C, in contrast to 0.69˚C for the 
capillary mat. Similarly, the average thermal load during slinky test was lower 
than the capillary mat. Due to this condition, the thermal load during the test 
with capillary mat was found to be 9.3% higher than the test using slinky. 

The background soil temperatures, located nearby the ground heat exchang-
ers, also indicate temperature decrease during both tests. The ground tempera-
tures at heat exchanger location are presumably higher during the test with ca-
pillary mat, compared to slinky. This is primarily due to the test for capillary mat 
was carried out earlier than the slinky. 

Data analysis also indicated that for the given conditions, the slinky test con-
sumed 149.67 kWh electrical energy, which is 6% lower than those for capillary 
mat, which is strongly affected by the thermal load. The flow-rate of heat ex-
change fluid also suggests that the circulation pump works at high pressure, es-
pecially during the test for capillary mat. In addition, the far distance between 
heat pump and ground heat exchangers as well as bends and curves along pipe-
lines increase the effective hydraulic resistance. 

 

 
Figure 14. Calculated heat load for the both experiments using 
capillary mats and slinky heat exchangers. 
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The overall results point toward the technical applicability of capillary mat as 
alternative to HDPE-based shallow heat exchanger. 

6. Future Study 

Despite present study provides insight on the possibility of using capillary mat as 
ground heat exchangers, as an alternative to the well-known slinky heat exchanger, 
there are some points that must be considered for further analysis. First, even 
though the tests were carried out in the same winter season, the time gap between 
two tests resulting in different ground temperatures. Second, the heat-pump 
thermal outputs, which correspond to the thermal loads, are only about 32% of 
heat-pump total heating capacity. Consequently, the heat extractions are also 
relatively low, which may not reflect the ideal capacity of ground heat exchang-
ers. Third, the thermal loads were not equal throughout the entire tests due to 
the different outdoor temperatures. These considerations making an ideal com-
parison for both heat exchanger configurations are impractical. 

The future studies will consider Thermal Response Test (TRT), which enable 
the control of main test parameters, such as the heating rate and the flow-rate. 
This is expected to eliminate the second and third considerations mentioned 
above. On the other hand, numerical simulation plays an important role in analy-
sis and design of shallow ground heat exchangers [26] [27] [28] [29]. The expe-
rimental results can be used to validate the numerical model, from which, other 
parametric analyses can be done. This is expected for eliminating the first men-
tioned consideration. 

In addition, pressure-drop tests are also required to quantify the hydraulic re-
sistance of the capillary mat heat exchanger. 
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