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Abstract

:

The central North China Plain (NCP) is one of the rapidly developing regions in China which has a great potential for ground source heat pump (GSHP) system applications. However, the ground thermal property, which is a prerequisite for GSHP system design, has been insufficiently investigated. In this paper, the ground thermal conditions including ground temperature and thermal conductivity are characterized in three representative hydrogeological regions in the NCP area: the piedmont alluvial plain, the central alluvial plain, and the coastal plain. Results show that the geothermal gradient below 40 m in depth in this area ranges from 0.018 °C/m to 0.029 °C/m. Although the thermal conductivity measured by soil samples differs slightly among the three regions, parameters in the piedmont plain have a larger variability than in the central and coastal plain due to the significant heterogeneity of the lithology. Thermal conductivity measured by the thermal response test (TRT) ranges between 2.37 and 2.68 W/(m·K) in the piedmont plain and varies between 1.35 and 1.94 W/(m·K) in the central and coastal plain, indicating that the piedmont plain has a higher potential for shallow geothermal exploitation than other two sub-areas. Comparing the TRT with laboratory measurements, the thermal conductivity obtained by the TRT is greater than that of the lab measurements in the piedmont plain due to the TRT outputs including the effects of groundwater flow. Therefore, the TRT is highly recommended to estimate the effective thermal conductivity of the ground in the piedmont plain, while laboratory and field tests are both suitable methods for the determination of thermal conductivity in the central and coastal plains.
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1. Introduction


Due to the energy-saving, high efficiency, and environmental friendliness [1,2] advantages, ground source heat pump systems (GSHPs) have developed rapidly in recent years [3]. Up to the year 2019, the installed capacity of GHSPs accounted for 71.6% of the global total installed capacity of geothermal energy utilization [4]. The North China Plain (NCP), which is a major economic center of China, is one of the regions with abundant geothermal energy. Based on investigations of the geothermal resources in the shallow ground of the major cities of the NCP, it has been shown that shallow geothermal energy can satisfy the space heating and cooling for an area of 1600–3500 km2 [5]. Up to the year 2015, a total building area of 85 km2 for both heating and cooling has been installed in the main cities of the NCP. However, for rural areas of the NCP, inefficient bulk coal has been commonly utilized for space heating as a centralized heating system was not available, causing air pollution in the winter [6,7]. Therefore, clean energy such as geothermal energy is preferentially recommended for these areas. Although the hydrogeologic conditions of the NCP are well studied, the understanding of the main controls affecting the efficiency of GSHP systems in the NCP is limited.



In GSHPs, the depth of a borehole typically varies from 40 to 200 m [1], and the heat is transferred from the ground to a building by coupling a ground heat exchanger and heat pumps [8]. In a specific borehole, the efficiency of GSHP systems is influenced by the temperature and thermal conductivity of the ground [9,10]. By using temperature sensors along the borehole, ground temperature data can be obtained for different times and depths [11]. Meanwhile, these sensors can be used as monitoring points during the operation of GSHPs. The accuracy of the data depends on the precision of the temperature sensors. However, thermal conductivity representative of the subsurface medium during utilization is difficult to obtain. In recent years, the problem of performance declines after a long-term operation has occurred in the NCP [3], largely due to the limited availability of ground thermal properties. Therefore, the characterization of ground thermal properties is critical to the sustainability of GSHP systems.



Thermal conductivity measurements of the subsurface media can be undertaken by laboratory and field methods [12,13]. In the laboratory, steady-state and transient methods are commonly applied to measure the thermal conductivity of samples [14]. For unconsolidated sediments, a needle source probe is generally adopted in the laboratory. The thermal conductivity of sediments is closely related to factors such as water content, density, and mineralogical composition [15,16,17]. By measuring numerous samples from the borehole, the relations between thermal conductivity and these factors can be analyzed.



However, the initial conditions of borehole samples are not easy to maintain, and the laboratory method does not take into account the effect of groundwater flow, both of which have a significant impact on the determination of thermal conductivity [18]. Therefore, it is necessary to combine field methods with laboratory measurements to determine the thermal conductivity of subsurface media. A thermal response test (TRT) is a common method to determine the thermal-physical parameters of boreholes such as the effective ground conductivity and effective thermal resistance [19].



For a conventional TRT, a constant heat load of water is injected and circulated through the U-pipe of a borehole heat exchange (BHE) buried in the ground. Parameters such as the inlet and outlet fluid temperature of the U-pipe and flow rate should be measured continuously. In the preliminary phase of a TRT, when circulating the fluid inside the pipe loops without heat injection or extraction, the undisturbed ground temperature can be estimated by averaging the recording inlet and outlet fluid temperature when a thermal equilibrium has been reached between the fluid inside the pipes and the ground [20]. The accuracy of the measurement, thermal insulation of the equipment, and the heat added to the circulating fluid due to the pump work affect the accuracy of the test [21].



The effective ground conductivity and effective thermal resistance can then be estimated through analytical or numerical models with the measuring outputs of the TRT. Although the conventional TRT is widely used, this method cannot adequately consider the effects of the stratified ground and the groundwater flow [22]. Some improved methods have been proposed in recent years [23]. Franco and Conti (2020) have reviewed and discussed different TRT methods including the distributed thermal response test (DTRT) [24], enhanced thermal response test (ETRT) [25], and constant heating temperature method (CHTM) [26]. The DTRT and ETRT techniques can provide the ground conductivity of different geological layers and the groundwater influence can also be considered. The application of CHTMT is able to simulate the actual operating conditions under both injection and extraction modes, showing that it can accurately reflect the thermal properties of the ground and the thermal performance of BHEs [26,27].



In this study, the ground thermal properties of the central NCP are determined in three representative hydrogeological regions: the piedmont alluvial plain, the central alluvial plain, and the coastal plain. Temperature sensors were installed at different depths to obtain ground temperature profiles in the typical boreholes of nine cities located in these regions, and CHTM-based TRTs were performed to estimate the effective thermal conductivity and were then compared with laboratory measurements to better understand the effects of the groundwater flow.




2. Materials and Methods


2.1. Hydrogeological Settings


The NCP is one of the largest plains in east Asia, covering an area of 140,000 km2 [28]. Cities such as Baoding (BD), Shijiazhuang (SJZ), Hengshui (HS), Renqiu (RQ), Wuqiao (WQ), Hejian (HJ), Cangzhou (CZ), Qingxian (QX) and Huanghua (HH) are in the center of the NCP. The average annual temperature of this area ranges from 12 to 13 °C and the average annual precipitation ranges from 500 to 600 m [29]. The center of the NCP is bounded by Taihang Mountain to the west and Bohai Bay to the east [30]. The whole region can be divided into the piedmont alluvial plain (I), the central alluvial plain (II), and the coastal plain (III) from the west to the east [31,32,33] (Figure 1). The cross-section A-A’ (shown in Figure 1), which crosses through the three different hydrogeological units, has been widely used in studies on groundwater circulation and the evolution of the NCP [28,29,33,34,35,36]. Based on abundant borehole data, Figure 2 summarizes the distribution of Quaternary aquifer units and the pattern of groundwater flow along the cross-section.



General features of the representative regions are shown in Table 1. For the piedmont alluvial plain, the Quaternary sediments within 200 m are dominated by sand, gravel, and clay with great inhomogeneity [36]. The Quaternary aquifer is unconfined and is recharged by infiltration of atmospheric precipitation and lateral flow from mountains. With a relatively high hydraulic conductivity and high specific yield, groundwater flow velocity in this region ranges between 0.013 and 0.26 m/d [36] and the water table depth ranges between 20 and 45 m [37]. The cities of BD and SJZ are representative cities of this region.



HS, RQ, HJ, and WQ are situated in the central alluvial plain, and the Quaternary sediments within 200 m are dominated by silt and clay deposits [34]. With lithology changing to finer deposits, the Quaternary aquifers become semi-confined and confined [28]. Compared with the piedmont alluvial plain, both permeability and groundwater flow velocity decrease dramatically. The flow velocity varies between 0.002 and 0.10 m/d in this region [35,36] and the water table depth generally ranges between 3 and 5 m [37].



CZ, QX, and HH are situated on the coastal plain, and the marine and alluvial sediments are dominated by silt, sandy clay, and silty clay [35,36]. Along the eastward hydraulic gradient, the sediment particles become finer and the clay appears interbedded [33], which could lead to lower hydraulic conductivity and flow velocity. In this region, the water table depth is always shallower than 5 m [37,38].




2.2. Test Sits and Borehole Setting


In the current study, 15 boreholes were drilled within the three representative regions. Among them, 5 boreholes are in BD and SJZ cities, representing the piedmont alluvial plain (I), 5 boreholes are in RQ, HJ, WQ, and HS cities, representing the central alluvial plain (II), and 5 boreholes are in HH, QX and CZ cities, representing the coastal plain (III) (Figure 1). Because the boreholes are used for shallow geothermal energy, the depth of all boreholes is within 150 m.



Before conducting the relevant tests, hydrogeological investigations were carried out in the study area to obtain the groundwater level of the wells and then the water-level contour map of the area was plotted. Following this, the hydraulic gradient was obtained and, combined with the permeability of the aquifer, the groundwater flow velocity was estimated at each borehole location. Detailed information on the 15 boreholes is shown in Table 2.



Sediments of boreholes in BD and SJZ have coarse particle sizes, such as gravel, coarse sand, and medium sand, while sediments of boreholes in other cities have a relatively finer particle size of silt and silty clay. Soil samples were collected every 5 m at each borehole and then covered by a plastic membrane to prevent moisture loss before sending to the laboratory. Texture, bulk density, water content, and thermo-physical properties were analyzed by the Hebei University of Technology.



The thermal conductivity of soil samples was measured by a KD2 device (Decagon Devices, Pullman, WA, USA) in line with ASTM Standard D5334-00. This device follows the principle of an infinite line heat source, and the sample should have a certain thickness to avoid boundary effects during the test. When the temperature of the heat source ranges between 5 and 40 ℃, the device has 5% accuracy [39]. The samples were tested as soon as possible after being sent to the laboratory to maintain the original humidity and were tested under natural pressure.



After drilling was completed, a DN32 double-U-shaped BHE was installed into the borehole. In order to reduce the test measurement error, the length of the above-ground section of the BHE was retained for about 1 m and insulated to minimize heat loss. For long-term monitoring of the ground temperature, calibrated PT1000-type temperature sensors with 0.1 °C accuracies were installed at different depths of the outside of the U-pipes and buried in the borehole. In addition, a data acquisition recorder was used to collect temperature distributions at 10 min intervals. For financial considerations, only 2–4 boreholes were selected in each hydrogeological setting. The temperature sensors were equipped at 5 m intervals within 50 m of depth, and at 10 m intervals when deeper than 50 m.




2.3. Thermal Response Test and Parameters Estimation


For a CHTM-based TRT, a constant temperature is injected into or extracted from the ground. The CHTM-based TRT equipment is very similar to conventional test equipment except that the temperature of the inlet fluid is controlled by regulating the heating and cooling device [26]. Parameters such as inlet fluid temperature (Tin), outlet fluid temperature (Tout), and fluid flow rate were measured simultaneously. The temperature is measured by a Pt1000 type platinum resistance with a measurement accuracy of 0.1 ℃ and the flow rate is measured by an electromagnetic-type flow meter with 0.001 m3/h accuracy. Before the test, all sensors were calibrated in the thermal engineering laboratory of the Hebei University of Technology to ensure the validity of the data. The pipes connecting the test equipment to the BHE must be well insulated to prevent energy loss.



During tests, the mean fluid temperature (   T f   ) (i.e., the average temperature of the inlet and outlet fluid) can be formulated by the Fourier equation:


   T f  −  T b  = q    R b   



(1)




where Tf is the mean fluid temperature (°C), Tf = (Tin + Tout)/2, Tb is the temperature of the borehole wall (°C), q is the heat transfer rate of BHEs (W/m), and Rb is the borehole effective thermal resistance ((m·K)/W).



With


  q =   m    c p       T  i n   −  T  o u t      H   



(2)




where m is the flow rate (kg/s), cp is the heat capacity of the fluid (J/kg/K), and H is the length of the borehole (m).



The G-function is induced to solute the heat transfer outside the borehole and can be described as [40]:


   T b  −  T 0  =  q  2 π λ   G    t   



(3)




where T0 is the undisturbed ground temperature (°C), t is time (s), and  λ  is the ground effective thermal conductivity W/(m·K).



Lamarche and Beauchamp [41] proposed a simplified form of the integral transform which was applied to the G-function. During tests, the heat flux in the BHE varies until it reaches a steady state. However, the traditional analytical line-source model (LM) ignores the heat transfer process inside the borehole which does not correspond to the practical situation. Thus, the cylindrical-source model (CSM) was applied for the interpretation.



The relation between the mean fluid temperature Tf and the steady state heat transfer rate of BHEs q should be linear under different inlet temperatures of the BHE and makes it possible to obtain the slope K. Combining Equations (1)–(3), the ground effective thermal conductivity can be obtained by [26]:


  λ =   G   K   2 π   1 − K  R b       



(4)







The determination of G-functions is a major approach for CSM to analyze the heat-transfer behavior between the BHE and its surrounding soils. In order to solve the analytical model including G-functions, a computer program was developed by Wang [26] using Visual Basic 6.0 (Microsoft, Redmond, WA, USA).



The test procedure of every borehole usually contains two stages [26]. First, the undisturbed ground temperature is measured for 20–48 h under normal conditions without heating or cooling, until the inlet and outlet fluid temperature of the BHE reached a steady state. The second stage is the heat-extraction/injection modes with the constant inlet fluid temperature. The inlet temperature ranged from 5 to 8 °C for the heat-extraction mode and from 19 to 35 °C for the heat-injection mode. These stages of the CHTM-based TRTs of 15 boreholes including time duration (Δt) and inlet fluid temperature (Tin) in different boreholes are presented in Table 3.





3. Results and Discussions


3.1. Ground Temperature


The borehole temperatures of nine boreholes were first collected. Figure 3 presents the ground temperature profiles of these boreholes.



The temperature profiles of the nine boreholes show a similar tendency and three temperature sections can be distinguished: (1) a shallow section (including the surface part), where the ground temperature is mostly affected by climatic conditions, including air temperature, solar radiation, etc., (2) a constant-temperature section, where the ground temperature is relatively stable and is similar to the average surface ground temperature [42], and (3) a deep section, where the temperature increases with depth and the slope of the curve called geothermal gradient. This phenomenon is identical to other previous research areas [27,43,44].



In the four typical boreholes at the piedmont plain, the ground temperature within the 15 m depth is highly influenced by seasonal atmospheric conditions and the influence reduces as the depth increases (Figure 3a). The middle section between 15 m and 40 m has a relatively constant ground temperature which ranges from 13.59 °C in SJZ-2 and 14.27 °C in BD-2. The temperature gradient in North China normally ranges from 0.02–0.03 °C/m [7]. For boreholes BD-1 and SJZ-3, the deep section below 40 m in depth has normal temperature gradients of 2.45 and 2.87, while for boreholes SJZ-2 and BD-2, the temperature gradients are only 0.018 °C/m and 0.019 °C/m, respectively, which are lower than the normal range. Table 4 lists the main lithology of borehole SJZ-2. The gravel layer (fine sand, coarse sand, and gravel) covers 58% of the layer thickness. Especially for depths from 47 m to 93 m, the ground is dominated by coarse sand and gravel which has a relatively strong groundwater flow and high hydraulic conductivity. The ground temperature rises slowly compared to other boreholes due to the strong cooling effect of groundwater flow on the surrounding ground [27]. For the deep section, the ground temperature is dominated by convection instead of conduction which leads to a lower gradient [21,27,45]. The same phenomenon occurred in borehole BD-2.



RQ-1, HJ-2, and WQ-1 are three boreholes located in RQ, HJ, and WQ in the central alluvial plain (Figure 3b). The ground temperature within the 10 m depth is influenced by the external environment. Between 10 m and 35 m in depth, the ground temperature keeps almost constant at 13.83 °C in RQ-1, 15.05 in HJ-2, and 14.87 °C in WQ-1. The temperature rises with an increase in depth, and the geothermal gradient is 0.026–0.029 °C/m, which is within the regular range of 0.02–0.03 °C/m in the NCP. Compared with borehole temperature profiles in the piedmont region, the central plain shows little effect from groundwater flow, which agrees with the finding of [27] that there is low horizontal groundwater velocity under the central and coastal plains.



For boreholes QX-1 and HH-1 located in the coastal plain, the shallow temperature layer presents seasonal variations up to a depth of 10 m (Figure 3b), which is similar to the temperature tendency of boreholes in the central alluvial plain. Between 10 m and 35 m in depth, the ground temperature keeps almost constant at 13.88 °C and 13.56 °C. Under this depth, the temperature rises with depth and the geothermal gradient is 0.025 °C/m.




3.2. Thermos-Physical Properties of the Geological Materials


To obtain the ground thermal properties, soil samples were collected every 5 m along a borehole, which leads to a total of 352 samples from the 15 boreholes. These samples include silty clay, silt, fine sand, silty-fine sand, medium-coarse sand, and coarse sand. The thermal conductivity of soil samples was measured by a KD2 device (Decagon Devices, USA) with a transient line heat source. Figure 4 shows the thermal conductivity of the soil samples at different depths of the 15 boreholes.



The minimum, maximum, and the standard deviation of the thermal conductivity of the 15 boreholes were then calculated and listed in Table 5. The thermal conductivity of boreholes in the piedmont plain ranges from 1.28 to 2.11 W/(m·K), with a standard deviation varying between 0.62 and 0.89. For the central alluvial plain, this value ranges from 1.33 to 1.95 W/(m·K), with a standard deviation varying between 0.16 and 0.56. For the coastal plain, the thermal conductivity ranges from 1.14 to 1.95 W/(m·K), with a standard deviation varying between 0.21 and 0.69. Thermal conductivity in the piedmont plain exhibits a larger variability than that of the central and coastal plain due to the significant heterogeneity of the lithology. As mentioned in Section 2.1, the Quaternary sediments within 200 m depth in the piedmont plain are dominated by sand, gravel, and clay with great inhomogeneity, however, the Quaternary sediments within 200 m are dominated by fine-grained deposits of silt and clay materials.



The laboratory mean thermal conductivity of each borehole was obtained by the arithmetic mean method and listed in Table 5. It was found that the five boreholes in the piedmont plain have an average thermal conductivity varying between 1.53 and 1.79 W/(m·K). The six boreholes in the central alluvial plain have an average thermal conductivity varying between 1.54 and 1.64 W/(m·K), and the four boreholes in the coastal plain have an average thermal conductivity varying between 1.52 and 1.62 W/(m·K). The thermal conductivity measured by soil samples differs slightly among the three regions.




3.3. TRT by Typical Borehole Configurations


In this study, the BHE was first tested under conditions without heating and cooling for about 20–48 h. When a steady state was reached, the mean fluid temperature was considered the undisturbed ground temperature. Figure 5a shows the inlet and outlet fluid temperature series during the first stage in HS-1. Based on the measured data, both the inlet and outlet temperature decrease rapidly in the first 10 h and remain almost stable during the next 10 to 38 h. However, both inlet and outlet fluid temperatures fluctuated with the outside air temperature variations. This phenomenon also exists in the other 14 boreholes, indicating that insulating the pipes is not sufficient to accurately estimate the ground temperature, and this method produces a certain amount of measuring error. The average inlet and outlet fluid temperature (Tin-out-average) of the 15 boreholes in the first phase of the TRT are listed in Table 6.



At the same time, a depth-average temperature (Tdepth-average), which is also treated as the undisturbed ground temperature, can be obtained from the ground temperature logging of the nine boreholes listed in Section 3.1. These results were then compared with the average inlet and outlet temperature (Tin-out-average) produced by the first phase of the TRT shown in Table 6.



In an idealized system, the inlet and outlet fluid temperatures would remain constant over time and consistent with the depth-averaged ground temperature because no external heat is being added to the system. However, there are biases in the results obtained by these two methods with absolute deviation ranging from 0.26% to 15.09%. The difference between the TRT method and the temperature sensor method is not only related to the accuracy of the measurement equipment but is also influenced by the air temperature, highlighting the importance of both the pipe and test rig insulation during the TRT [21].



After the first phase, a total of 24 TRTs for the 15 boreholes with one or two heat-extraction/injection modes were performed using CHTM. The inlet fluid temperatures for these modes were set as 5–10 °C and 19–33 °C, respectively, and detailed information is listed in Table 3.



Figure 5 shows the experimental measurements under one heat-extraction and heat-injection operation condition in HS-1 with mean flow rates around 1.07 m3/h. Results show that the heat transfer rate of the BHE dropped rapidly as the heating or cooling time increased during the first 12 h. However, the heat transfer rate tended to be steady after 12 h.



The heat-transfer rate was evaluated according to the series data under different operation conditions. Taking HS-1 as an example, when the inlet/outlet fluid temperature of the BHE was 7.83/10.50 °C for the heat-extraction mode, the experimental heat transfer rate of the BHE was 32.81 W/m. When the inlet/outlet temperature of the BHE was 30.19/25.62 °C for the heat-injection mode, the experimental heat transfer rate of the BHE was 56.58 W/m. Figure 6 shows the linear relationship fitted by the regression between the mean fluid temperature Tf and the steady state heat transfer rate of BHEs q. In the present work, the line slope K was 4.8255. The ground thermal conductivity was then obtained based on the parameter estimation method introduced in Section 2.3. In the case of HS-1, this value was 1.50 ± 0.05 W/(m·K).




3.4. Comparison of Thermal Conductivity by CHTM-Based TRT and Laboratory Measurements


Following the same method, the effective thermal conductivity of the other 14 boreholes was calculated. The results are shown in Table 7. A higher effective thermal conductivity was determined in BD and SJZ of the piedmont plain with value ranges between 2.37 and 2.68 W/(m·K). The lower value was reported in boreholes of the central plain with values ranging between 1.35 and 1.63 W/(m·K). Results of other boreholes in the coastal plain range between 1.58 and 1.94 W/(m·K). As mentioned in Section 2.1 and Section 3.1, the groundwater flow velocity in the piedmont plain was from 0.013 to 0.26 m/d, while in the central and coastal plain it was from 0.002 to 0.10 m/d. The existence of groundwater flow has a significant effect on the temperature profile of the aquifer [46] and the thermal performance of the BHE will be enhanced as a result of groundwater convection. The large difference in groundwater flow velocity in these regions could be the main factor contributing to the difference in thermal conductivity.



The laboratory mean thermal conductivity of each borehole was obtained by the arithmetic mean method as indicated in Table 5. The results were then compared with those of the CHTM-based TRT of the effective thermal conductivity shown in Table 7.



A bigger difference in the TRT thermal conductivity and laboratory methods occurred in the piedmont plain and the difference ranges between 0.68 and 1.06 W/(m·K). However, boreholes in the central plain exhibit similar results by these two methods. The largest absolute difference is 0.22 W/(m·K) and the smallest is only 0.01 W/(m·K). Most boreholes in the coastal plain exhibit similar results too, and the absolute difference is less than 0.09 W/(m K), except borehole QX-1.



Although the thermal conductivity by laboratory method is affected by the characteristic of the sediment, there is little difference among these three hydrogeological zones. The results of the TRT are strongly affected by groundwater flow, which shows obvious zonation with hydrogeological conditions. Therefore, the difference between the laboratory and TRT is ultimately influenced by both sediment composition and groundwater flow, though mainly groundwater flow.



In the actual process of estimating thermal conductivity, it is not necessary to apply both methods considering the cost. Therefore, for the central and coastal plain with a relatively homogenous ground, shallow groundwater table, and low groundwater flow velocity, either method for estimating thermal conductivity is reasonable. For the piedmont plain with heterogeneous lithology and high flow velocity of the groundwater, the TRT is highly recommended, and the obtained effective ground thermal conductivity can be a reasonable representation of the geothermal properties.





4. Conclusions


In this paper, ground temperature profiles and ground thermal conductivity for a piedmont alluvial plain, a central alluvial plain, and a coastal plain in the central NCP are investigated. Fifteen boreholes with depths of 100–150 m depth were drilled according to the local hydrogeological settings. Ground temperature profiles were measured through borehole logging. The thermo-physical parameters of drilling cores were measured in a laboratory. Moreover, double U-pipe BHEs were installed and CHTM-based TRTs were implemented to estimate the thermal properties in these boreholes.



Based on the vertical distribution of ground temperature in the three regions in central NCP, the profiles of ground temperature within 150 m in depth can be divided into three sections. The upper one, 10–15 m below the ground surface, is highly influenced by seasonal atmospheric conditions. The middle section, between 15 m and 40 m in depth, has a relatively constant ground temperature, and the deep section, below 40 m in depth, shows an obvious significant geothermal gradient ranging from 0.018 °C/m to 0.029 °C/m.



Thermal conductivity depends not only on particle size but also on groundwater flow. The laboratory measurements show that the thermal conductivity in the central NCP has an average thermal conductivity varying between 1.52 and 1.79 W/(m·K), with a standard deviation varying between 0.16 and 0.89. Thermal conductivity in the piedmont plain exhibits a larger variability than that of the central and coastal plain due to the significant heterogeneity of lithology. Based on the CHTM-based TRT method, the ground thermal conductivity is found to range between 2.37 and 2.68 W/(m·K) in the piedmont plain and varies between 1.35 and 1.94 W/(m·K) in the central and coastal plains. This finding shows that the piedmont plain has a higher potential for geothermal energy exploitation compared to the central and coastal plains.



Considering effective thermal conductivity, the thermal conductivity estimated by the TRT was similar to the laboratory measurements in the central and coastal plains. A great deviation was detected between the TRT and lab measurements in the piedmont plain due to the presence of groundwater flow. This is because the groundwater flow affects the TRT outputs which in turn increase the effective thermal conductivity. Conclusively, both the TRT and laboratory approaches are proper methods for estimating thermal conductivity in the central and coastal plains due to their relatively homogeneous ground composition and low groundwater flow. In the piedmont, the TRT is highly recommended to estimate the effective thermal conductivity and hydraulic conditions needing to be determined for GSHP system designs in terms of long-term operation.
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Figure 1. Map of the central North China Plain. 
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Figure 2. Conceptual cross-section along the A-A’ line (modified after [28,33,36]). 






Figure 2. Conceptual cross-section along the A-A’ line (modified after [28,33,36]).



[image: Energies 15 07375 g002]







[image: Energies 15 07375 g003 550] 





Figure 3. Undisturbed ground temperature profile: (a) the piedmont pain; (b) the central and coastal plain. 
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Figure 4. Vertical distribution of the thermal conductivity of locations in different regions: (a) the piedmont plain; (b) the central plain; and (c) the coastal plain. 
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Figure 5. Experimental results under typical heat operation conditions with HS-1: (a) without heating or cooling; (b) heat extraction (Tin: 7.83 °C); and (c) heat injection (Tin: 30.20 °C). 
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Figure 6. Variation in the heattransfer rate of the BHE with the average fluid temperature. 
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Table 1. General features of the representative regions.
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	Hydrogeological Setting
	Representative Region
	Water Table Depth (m)
	Groundwater Flow Velocity (m/d)
	Lithology (<150 m)





	Piedmont Plain (I)
	BD and SJZ
	20–45
	0.013–0.26
	Gravel, sand, silt, and clay



	Central Plain (II)
	HS, RQ, HJ, and WQ
	3–5
	0.002–0.10
	Clay, silty clay, and silt



	Coastal plain (III)
	CZ, QX, and HH
	1–5
	0.002–0.10
	Silt and silty clay
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Table 2. Borehole and equipment installation details.
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Hydrogeological Setting

	
Borehole

	
Depth (m)

	
Water Table Depth (m)

	
Groundwater Flow Velocity (m/d)

	
Temperature Sensor






	
Piedmont plain (I)

	
BD-1

	
100

	
25

	
0.085

	
√




	
BD-2

	
100

	
15

	
0.04

	
√




	
SJZ-1

	
100

	
45

	
0.138

	




	
SJZ-2

	
120

	
42

	
0.1162

	
√




	
SJZ-3

	
120

	
38

	
0.2125

	
√




	
Central plain

(II)

	
RQ-1

	
120

	
5

	
0.005

	
√




	
HJ-1

	
150

	
5

	
<0.005

	




	
HJ-2

	
120

	
5

	
<0.005

	
√




	
WQ-1

	
120

	
5

	
0.005

	
√




	
HS-1

	
100

	
5

	
0.005

	




	
Coastal plain

(III)

	
CZ-1

	
100

	
4

	
0.005

	




	
CZ-2

	
120

	
4

	
<0.005

	




	
HH-1

	
150

	
3

	
<0.005

	
√




	
QX-1

	
120

	
3

	
<0.005

	




	
QX-2

	
120

	
3

	
<0.005

	
√
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Table 3. Data related to the conducted CHTM-based TRT of all boreholes.
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Hydrogeological Setting

	
Borehole

	
Steady Stage

	
Heat-Extraction Stage

	
Heat-Injection Stage




	
Δt (h)

	
Δt (h)

	
Tin (°C)

	
Δt (h)

	
Tin (°C)






	
Piedmont plain (I)

	
BD-1

	
24

	
48

	
7.41

	
48

	
31.61




	
BD-2

	
26

	
30

	
5.38

	
26

	
29.23




	
SJZ-1

	
23

	
/

	
/

	
48

	
32.19




	
SJZ-2

	
24

	
/

	
/

	
48

	
33.00




	
SJZ-3

	
26

	
/

	
/

	
24

	
19.08




	
Central plain

(II)

	
RQ-1

	
24

	
24

	
8.45

	
20

	
29.07




	
HJ-1

	
18

	
24

	
9.75

	
21

	
28.92




	
HJ-2

	
18

	
24

	
8.26

	
24

	
30.00




	
WQ-1

	
21

	
23

	
8.53

	
23

	
30.21




	
HS-1

	
48

	
48

	
7.83

	
48

	
30.20




	
Coastal plain

(III)

	
CZ-1

	
48

	
48

	
7.48

	
48

	
29.65




	
CZ-2

	
48

	
48

	
8.00

	
48

	
30.00




	
HH-1

	
24

	
/

	
/

	
48

	
25.47




	
QX-1

	
24

	
/

	
/

	
48

	
29.87




	
QX-2

	
24

	
/

	
/

	
48

	
25.90
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Table 4. The sedimentary sequence of rock formations of borehole SJZ-2.
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	Depth (m)
	Thickness (m)
	Lithology





	14
	14
	clay, silty clay, and silt



	18
	4
	coarse sand



	47
	29
	sandy clay



	50
	3
	coarse sand



	55
	5
	sandy clay



	65
	10
	coarse sand



	66
	1
	gravel



	71
	5
	fine sand



	77
	6
	gravel



	93
	16
	coarse sand



	120
	27
	fine sand and sandy clay interlayer



	14
	14
	clay, silty clay, and silt



	18
	4
	coarse sand



	47
	29
	sandy clay



	50
	3
	coarse sand



	55
	5
	sandy clay
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Table 5. Deviation of laboratory measurements of thermal conductivity in boreholes.
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Hydrogeological Setting

	
Borehole

	
Min

(W/(m·K))

	
Max

(W/(m·K))

	
Standard Deviation

	
Mean

(W/(m·K))






	
Piedmont plain (I)

	
BD-1

	
1.32

	
1.92

	
0.75

	
1.53




	
BD-2

	
1.34

	
2.03

	
0.89

	
1.57




	
SJZ-1

	
1.39

	
1.92

	
0.62

	
1.70




	
SJZ-2

	
1.28

	
1.97

	
0.79

	
1.77




	
SJZ-3

	
1.49

	
2.11

	
0.81

	
1.79




	
Central plain (II)

	
RQ-1

	
1.33

	
1.8

	
0.32

	
1.58




	
HJ-1

	
1.34

	
1.84

	
0.56

	
1.54




	
HJ-2

	
1.35

	
1.95

	
0.54

	
1.64




	
WQ-1

	
1.33

	
1.95

	
0.44

	
1.54




	
HS-1

	
1.42

	
1.75

	
0.16

	
1.57




	
Coastal plain (III)

	
CZ-1

	
1.37

	
1.77

	
0.21

	
1.57




	
CZ-2

	
1.26

	
1.79

	
0.32

	
1.59




	
HH-1

	
1.26

	
1.95

	
0.69

	
1.62




	
QX-1

	
1.26

	
1.88

	
0.50

	
1.52




	
QX-2

	
1.14

	
1.78

	
0.62

	
1.52
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Table 6. Comparison of undisturbed ground temperature based on TRT measurements and temperature logging.
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Hydrogeological Setting

	
Borehole

	
Tin-out-average

(°C)

	
Tdepth-average

(°C)

	
Absolute Deviation

(%)






	
Piedmont plain (I)

	
BD-1

	
16.07

	
14.85

	
8.22




	
BD-2

	
16.29

	
14.91

	
9.26




	
SJZ-1

	
16.84

	
/

	
/




	
SJZ-2

	
16.09

	
13.98

	
15.09




	
SJZ-3

	
16.33

	
14.93

	
9.38




	
Central plain (II)

	
RQ-1

	
15.24

	
14.96

	
1.87




	
HJ-1

	
15.82

	
/

	
/




	
HJ-2

	
15.17

	
15.88

	
0.71




	
WQ-1

	
15.45

	
15.71

	
0.26




	
HS-1

	
17.28

	
/

	
/




	
Coastal plain (III)

	
CZ-1

	
16.20

	
/

	
/




	
CZ-2

	
15.95

	
/

	
/




	
HH-1

	
15.31

	
14.31

	
1.00




	
QX-1

	
15.92

	
15.21

	
0.71




	
QX-2

	
15.71

	
/
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Table 7. The results of in situ thermal conductivity and laboratory methods of 15 boreholes.
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Hydrogeological Setting

	
Borehole

	
Effective Thermal Conductivity (W/(m·K))




	
TRT

	
Laboratory Method

	
Absolute Difference






	
Piedmont plain (I)

	
BD-1

	
2.63

	
1.57

	
1.06




	
BD-2

	
2.58

	
1.53

	
1.05




	
SJZ-1

	
2.37

	
1.69

	
0.68




	
SJZ-2

	
2.63

	
1.76

	
0.87




	
SJZ-3

	
2.68

	
1.79

	
0.89




	
Central plain (II)

	
RQ-1

	
1.35

	
1.57

	
0.22




	
HJ-1

	
1.47

	
1.54

	
0.07




	
HJ-2

	
1.63

	
1.64

	
0.01




	
WQ-1

	
1.35

	
1.54

	
0.19




	
HS-1

	
1.50

	
1.57

	
0.07




	
Coastal plain (III)

	
CZ-1

	
1.69

	
1.60

	
0.09




	
CZ-2

	
1.58

	
1.62

	
0.04




	
HH-1

	
1.70

	
1.62

	
0.08




	
QX-1

	
1.94

	
1.52

	
0.42




	
QX-2

	
1.61

	
1.52

	
0.09
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