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Abstract

:

This study determined the required lengths of borehole heat exchangers (BHEs) in ground-source heat pump systems for heating/cooling a building (with 300 m2 of floor area) across Japan’s four main islands through a simulation approach. Hourly thermal loads were estimated in 10 km gridded cells based on the outside temperature and humidity. Three-dimensional estimates of ground thermal conductivity from our previous study at the depths of the BHEs were used. A 5-year system operation was simulated in a total of 4059 cells with 81 combinations of individual lengths and total numbers of BHEs to determine the shortest total length required to achieve sustainable use and targeted performance. The optimal combination of individual length and total number varied regionally due to climate conditions and locally among adjacent cells due to geological conditions. The total required lengths ranged widely from 78 to 1782 m. However, the lengths were less than 400 m in 85% of the cells. Additionally, cost-effectiveness in 69% of the cells was shown by reducing the total lengths to half or less of those in the practical method. The reduction could potentially increase the feasibility of heat pump system use in Japan. The total lengths were dependent on the heating/cooling loads approximately as secondary-polynomial functions, but the relations with the ground thermal conductivity were not clear.
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1. Introduction


The International Energy Agency (IEA) has recently reported that heat pump technology and renewable energy equipment for heating/cooling in a building are expected to further increase in order to achieve Sustainable Development Goals (SDGs) [1]. Ground-source heat pump (GSHP) systems have been applied for various thermal uses including heating/cooling in buildings by using the underground heat source as a kind of renewable energy [2,3,4]. The performance efficiency based on the stability of underground temperatures can contribute to energy savings in buildings compared with the energy consumed by conventional systems [5]. Typically, in this decade, the efficiency of GSHP systems has been the focus of environmental studies with the aim of reducing gas emissions associated with global warming [6]. Another worldwide review [7] showed that the market has been growing across the world but that the speed of this growth has varied among countries. Growth was typically observed in economically advanced countries, such as the USA and China, and in traditionally GSHP promoting European countries, including Germany, Switzerland, and Sweden. However, the growth was limited in many other countries, such as Japan, where the total number of GSHP systems in 2017 was still 2700, and the annual increase in GSHP systems was less than 200 [8].



One main disadvantage of GSHP systems compared with competitive systems such as air-source heat pump systems is the capital cost related to installing ground heat exchangers. Currently, among a variety of ground heat exchangers, borehole heat exchangers (BHEs) have become the most popular [9], and they consist of single or double U-shaped tubes installed in a borehole approximately several tens to 100 m or more in depth; such systems are classified as closed-loop systems. BHEs are flexible in that they can be installed in limited space in urbanized areas and can be modified to supply arbitrary thermal demands by adjusting the total length (TL). The disadvantage of deep BHEs is their high capital costs relative to those of other shallower ground heat exchangers. However, practical methods in each country, such as the USA [10], UK [11], Germany [12] and Japan [13], similarly apply only the maximum pulse in variable thermal demands, often resulting in overestimates of TL because the maximum pulse is usually much larger and less frequent than other ordinary pulses. Thus, the practical methods are recommended for relatively small buildings, such as those with a thermal pulse of less than 30 kW.



Another limitation of the practical methods for determining the TL of BHEs is that the specific heat extraction is assumed—for example, 30–70 Wm−1 [13]—to be constant at any depth. The heat extraction rates are dependent on the thermal properties of BHEs and surrounding soils. For the former, borehole thermal resistance is also of importance in the design of BHEs. This property is dependent on the borehole (diameter), U-tube (materials and arrangement), grout materials, and circulating fluids [14]. The capital costs increase as the resistance becomes higher [15], but the resistance estimation is available for the designs with the assigned configurations above. On the other hand, ground thermal conductivity, the most significant factor of geothermal properties, is often uncertain because of limited information in the deep zones for installing BHEs. In general, the geological materials change from soft soils in the shallow zones to solid rocks in the deep zones. Hence, the ground thermal conductivity, representing the overall average of effective thermal conductivity in the underground formation, also increases with depth. Additionally, ground temperatures escalate as the depth increases due to upward heat fluxes from the Earth’s core. Considering the vertical changes in geological conditions, it is desired to determine the individual length L and total installation number N of BHEs separately instead of TL directly. For example, assuming that TL(=L × N) remains the same, the L of each BHE should be longer, but N should be smaller for heating because ground thermal conductivity and ground temperature increase with increasing depth. However, N might be larger, and L might be shorter if cooling is desired and the ground thermal conductivity is almost constant at the site. Therefore, it is necessary to design an optimal combination of L* and N* as the lowest TL* (=T* × N*) capable of meeting the required thermal demands under the given climate and vertical variations in ground thermal conductivity.



A simulation approach has been developed as an alternative to the conventional method to evaluate the performance of GSHP systems with more realistic estimates of the climatic and geological conditions at each site. The approach is commonly based on a cyclic calculation of ground temperature around BHEs, fluid temperature in the U-tube, and heat pump efficiency (electricity consumption) in each time step according to scheduled heating/cooling loads. The changes in underground temperatures are calculated through analytic-solution-based tools [16,17] or by using numerical simulation software [18,19]. The analytical calculation is effective in saving computational time, especially for multiple BHEs [20]. Previous studies have shown the effectiveness of the simulation approach for the evaluation of parameter sensitivity and for optimization of system performance in targeted buildings [21,22]. The simulation approach was useful in terms of not only energy efficiency but also economic advantage [23]. In previous studies applying the simulation, the L and N values of multiple BHEs were assumed in advance. To our knowledge, an optimal combination of L and N has rarely been discussed, probably because geological information such as borehole data is limited, especially in deep zones, making comparison of the simulation results of BHEs with different L values difficult. In addition to local studies for each system, regional studies have applied the simulation approach to evaluate the heat extraction potentials and the system performance on all cells covering each city and basin on a 10 to 100 km scale [24,25,26,27,28]. The results commonly show feasibility maps based on geographic information system (GIS) procedures, thus contributing to installing GSHP systems in the targeted region, including areas where the utilization of shallow geothermal energy remains unfamiliar. However, these regional studies commonly considered only horizontal changes in climate and geological conditions but not vertical changes underground. The design of GSHP systems to obtain deep information, including vertical changes in the ground thermal conductivity, has long been discussed [29].



The purpose of this study is to apply the simulation approach for determination of the lowest TL for a GSHP system involving multiple BHEs to heat/cool a building (300 m2 in floor area), when considering variability in the climate and geological conditions among the four main islands of Japan. The four islands are distributed as an extensive archipelago along a north–south direction over a distance of more than 1500 km in the four islands, there are a variety of climates between subarctic and subtropical climates along a north–south direction over 1500 km in length. Another geological condition is also variable not only horizontally but also vertically between unconsolidated Quaternary soils and solid Tertiary or older rocks in the mountains, resulting from the tectonic activities through the plate tectonics in the eastern side of Asia. In addition, the sedimentary and geomorphological processes promoted a multi-layered structure in the underground formation. The effectiveness of the simulation approach for the design of multiple BHEs is discussed through the nation-scale analysis based on a variety of both climates and geologies as representative of regional feasibility studies for enhancing the utilization of shallow geothermal energy.



This study demonstrated the simulation approach for a total of 4059 10-km-gridded cells over the land on a larger scale than previous regional studies discussed above. In addition, various simulation cases of L and N are assigned on each mesh to determine the required total lengths of multiple BHEs, not of a single BHE. The simulation algorithm has been developed for fast calculation of ground temperatures around multiple BHEs according to hourly loads [30,31]. Hourly heating/cooling loads are assigned considering changes in outdoor temperature and humidity. As another potential source of uncertainty for analysis, 3D estimates of ground thermal conductivity are provided from a previous study [32] to assign ground thermal conductivity at all depths for the installation of BHEs. In this study, the performance of a 5-year operation of a GSHP system in the building was evaluated in each cell under 81 different combinations of L and N. The results are interpolated to determine the lowest TL* (L* × N*) capable of satisfying one necessary condition of temperature for sustainable use and another condition related to the performance of the GSHP system. The nationwide distributions of L*, N* and TL* are visualized in a GIS software application, and their spatial variability is discussed statistically. The simulated TL* values are compared with the TL values estimated by the practical method in Japan to show the cost-effectiveness of the simulation approach. The maps of the more economically reasonable TL results show the feasibility of GSHP systems on the national scale. Finally, this study discusses the sensitivity of TL* to heating/cooling loads and ground thermal conductivity.




2. Materials and Methods


2.1. Simulation Approach for Determination of Total Lengths of Multiple Borehole Heat Exchangers (BHEs)


The simulation methodology used to evaluate the performance efficiency of GSHP systems has been developed in the literature [30,31]. It consists of cyclic calculations of the temperatures of (1) the soil surrounding the BHEs; (2) the heat transfer fluids in the U-tubes; and (3) the fluids entering and exiting the heat pump. The calculation was performed according to hourly thermal loads, resulting in the most realistic solutions as the highest level in the text [14]. First, all configurations of the thermal demands, geology, and system facility were assigned to each cell in various locations. In particular, ground thermal conductivity was input at the same depth with the length L of BHEs as in the previous estimates [32], as shown below. At each time step, the changes in soil temperature around each BHE were estimated as the superposition of temperature changes according to all hourly thermal pulses not only at the targeted BHE itself but also from all other BHEs. The algorithm applied the heat transfer theory of an infinite cylindrical source for the targeted BHE itself and the theory of an infinite line source for other BHEs for fast calculation with sufficient accuracy. The calculations based on the infinite source theory were modified by correction factors for finite heat sources such as BHEs in actuality. The targeted BHE changed in order, resulting in the calculation of soil temperature changes around all BHEs.



Next, the heat transfer rate between the fluids and the soils was calculated from differences in their temperatures with respect to the borehole thermal resistance. The calculation of the borehole thermal resistance is divided into analytic solutions and 2D/3D numerical simulation [33,34,35]. In this study, the borehole thermal resistance was calculated by using the 2D boundary element method for the steady temperature differences between fluids and borehole surfaces, considering circulating fluid properties, U-tube materials and its geometry, and as well as grout materials [30]. The temperatures of the fluids at the shank of the outlet U-tube were calculated from the temperatures of the fluids at the shank of the inlet U-tube considering the heat transfer rates between the fluids and the surrounding soils and the thermal capacity within the BHE. The electricity consumption of the GSHP was calculated at each time step by using a relation between the coefficient of performance COP of the heat pump and the temperature of the fluid flowing into the heat pump. The temperatures of fluids flowing out of the heat pump changed after heat extraction for heating or injection for cooling.



The cycle calculation was carried out in each time step. Then, the electricity consumptions of heat pumps and fluid-circulation pumps were summed based on the seasonal performance of GSHP systems for heating and cooling, i.e., SPFh and SPFc, respectively. The simulation was performed under the assumption of long-term operation for convergence in the soil temperature among different conditions of L and N. The interpolation of the results in the final simulation year followed the optimal combination of L* and N*, yielding the lowest TL*(=L* × N*) to satisfy the criteria assigned. The determination of TL* was performed for all cells in the study region. Figure 1 shows a schematic flow of determination of required total lengths of multiple BHEs in this study.




2.2. Geo-Information for Analysis


2.2.1. Climate and Thermal Loads


This study was performed to determine TL* on the four main islands of Japan—i.e., Hokkaido, Honshu, Kyushu, and Shikoku—through the simulation approach, as shown in Figure 2a. The mapping was conducted by ArcGIS 10.7.1. The four islands are located along a north-south axis with a length of over 1500 km from 27.0–45.3°N latitude and 128.1–E146.3°E longitude. Thus, the climate conditions are variable. The climate ranges from subarctic on Hokkaido Island to extratropical on Kyushu Island. The climate varies even at the same latitude due to differences in topography, ranging from flat areas near the coast to mountainous areas in the interior. Approximately 70% of the islands feature steep relief due to tectonic and volcanic activities in the Quaternary era, related to Japan’s position as part of the Ring of Fire.



Figure 2a shows the ground elevations in a total of 4156 10-km-gridded cells determined by averaging the digital elevation map [36]. The ground elevations increase toward the middle of each island, with the highest elevation of 2353 m at the center of Honshu Island. Figure 2b,c show the average outside temperatures during heating and cooling,      T h   ¯    and      T c   ¯   . GSHP systems were operated for heating at daily outside temperatures lower than 16 °C, and for cooling at temperatures higher than 26 °C. The original temperatures for averaging were obtained from the published weather database [37] for the period during 2000 and 2010, at the nearest meteorological weather station for each cell. This study corrected the outside temperatures for each cell, considering a temperature gradient of –0.006 Km−1. Figure 2b indicates that      T h   ¯    ranged between <0 °C in most of Hokkaido Island, and >8 °C in the warm and low-elevation areas in the western areas of Honshu, Shikoku, and Kyushu Islands. Figure 2c shows the small range of      T c   ¯    between 26 and 30 °C, relative to      T h   ¯   . Figure 2d also indicates the averaged humidity during cooling,       R H  c   ¯   , from the same weather database.       R H  c   ¯    becomes higher in the southern regions than the northern regions. In addition, the climates were more humid near the coasts. Thus, the climate conditions of Japan are variable not only regionally along the north–south direction but also locally according to elevations as well as in the west–east direction.



Figure 2e and f show the annual heating and cooling loads, Qh and Qc, of a two-floor office building with the same total floor area of 300 m2 in each mesh. This floor area is the legal minimum criterion for submitting a construction permit to the government in Japan. These loads in Tokyo were calculated from the practical guide of Japan [38] for room temperatures of 22 °C for heating and 27 °C for cooling with humidity of 50%. The modification factors of Qh and Qc were also summarized for 27 other cities to cover the land in Japan. This study derived relationships for the modification factors with annually averaged temperatures and relative humidity, resulting in Qh and Qc for each cell, as shown in Figure 2e and f. Qh increased from 12 GJy−1 in southern Kyushu Island to 127 GJy−1 in northern Hokkaido Island. The increase is also shown from low coastal elevations to higher interior elevations on each island. The trend in Qc was almost opposite that of Qh, ranging between 1 GJy−1 on Hokkaido Island and 82 GJy−1 on Kyushu Island., Qc was also high along the western areas with low elevations due to the westward anticyclone winds in summer. This study translated Qh and Qc to hourly thermal steps as standard schedules for thermal use, as in the previous study [39]. Figure 3 shows two examples of hourly thermal steps on meshes for northern Sapporo (43.062° N, 141.354° E) and central Tokyo (35.683° N, 139.753° E). Heating demands were dominant in Sapporo while cooling demands were dominant in Tokyo. Figure 2 and Figure 3 indicate that the balance of heating/cooling loads in the building varied among the islands of Japan.




2.2.2. Thermal Properties Underground


The simulation requires assigning three geological properties: ground thermal conductivity, volumetric heat capacity, and initial soil temperature. Ground thermal conductivity      λ s   ¯    is an overall average of effective thermal conductivity existing in soils in the formation along the BHEs. A previous study [32] provided estimates of      λ s   ¯   , with a 5-m vertical interval on regular 0.5-km grids over the four main islands by applying the indicator kriging method with 46,515 borehole data points. The estimates were validated at the same locations within situ tests, indicating an average estimation error of less than 0.25 Wm−1K−1. This study converted the estimates for each 10 km gridded cell obtained by the simulation by averaging 0.5 m gridded estimates within each cell, and the averages were interpolated through an inverse distance weighted (IDW) method by using the algorithm in ArcGIS 10.7.1 to cover all cells, including cases in which no borehole data were available.



Figure 4a,b show two example maps of      λ s   ¯    on the 10-km-gridded meshes at depths of 50 m and 150 m, respectively. We could show the map of      λ s   ¯    at any depth from 5 to 200 m.      λ s   ¯    exceeded 2.5 Wm−1K−1 at these two depths in most cells. This was because the soft deposits were <5 m thick on the high relief covering most parts of the islands. However, in cells on the flat plains near the coasts and on the basins among mountains,      λ s   ¯    was relatively low (<2.0 Wm−1K−1) because the formations consist mainly of unconsolidated soils. Comparison of      λ s   ¯    at depths of 50 and 150 m reveals that      λ s   ¯    increased with increasing depth because the main medium changes from soil to rock. The increase was obvious in the high-elevation areas where bedrock becomes more common with increasing depth. On the other hand,      λ s   ¯    was not clearly different on the flat plains where cities have developed because the unconsolidated deposits are several hundred meters thick in the basin and plains due to the Quaternary deposition in Japan [40].



Volumetric heat capacity was assumed to be constant at 2.5 MJm−3K−1, as an intermediate value for soils and rocks, because of reduced sensitivity of simulation results to this property [41]. The temperature changes in unconsolidated deposits were much less affected by this property than by      λ s   ¯   . Additionally, the initial soil temperature is as important as      λ s   ¯   , especially in terms of affecting whether L or N should increase. The profiles were assumed to be first-order linear relations of initial temperature with depth [42]. The thermal performances of BHEs might be affected by groundwater flows, as shown in previous studies [25,43]. In this study, however, the effect of groundwater was assumed to be negligible because the previous simulation study indicated that the averaged Darcy velocity of groundwater was less than 101 m/y on a scale of 10 km [44]. The velocity was evaluated as a threshold for actual effects of groundwater in a residence or in small buildings with limited thermal loads [45]. The intercept of the linear relation of temperature with depth was assigned to be 1 K larger than the annual average outside temperature for each cell. The gradients toward the depth were also locally variable for each cell, depending on the heat fluxes from the interior. However, this regional study assumed a constant value of 0.03 Km−1 in all cells as an average across Japan [46].





2.3. System Configurations and Performance Target


This study assumed that the GSHP system was equipped with a water-to-water heat pump with an output power of 64 kW for heating and 75 kW for cooling. This study focused on heat extraction by a heat pump and neglected the energy performance for heating/cooling in each office room. In meshes where the maximum heating or cooling pulse exceeded the output power, another heat pump was also installed. The relation of the COP of the heat pump was simply assumed to be a linear function of the hourly temperatures of fluids entering the heat pump. The parameters of the relations, i.e., the slopes and intercepts, varied with respect to heating and cooling; the intercepts for cooling and heating were 3.7 and 9.0, respectively. The gradients for cooling and heating were 0.10 °C−1 and −0.16 °C−1, respectively. These values were obtained from laboratory test data of a commercial GSHP product in the product company catalog. For example, when the entering temperature was −5 °C in a heating time step and 38 °C in a cooling time step, the COPs of the heat pump were calculated simply at 3.2 and 2.9, respectively. The electricity consumption of the heat pump was calculated by dividing the thermal loads by the COP in each time step. The total electricity consumption by pumps for circulating fluids at a flow rate of 15 L/min in each BHE was assumed to be constant at 1 kW. The seasonal performance factors, i.e., SPFh for heating and SPFc for cooling, were calculated by dividing the total load by the total electricity consumption during heating and cooling, respectively.



The configurations of BHE (except for L and N of the BHEs) were assumed to be the same, as is usual in the practice of Japan. Each BHE was assumed to consist of a double 32A high-density polyethylene U-tube buried in a borehole with a diameter of 147 mm. The grout materials were also assumed to be silica sands as usual in Japan. The effective thermal conductivity was assigned at 1.5 Wm−1K−1 as the value for the ratio of silica sand over cement weight of 50% [47]. The multiple BHEs were arranged in regular 3-m grids under the assumption of a square building site with dimensions of 15 × 15 m2. The pipes for circulating fluids were connected in parallel among multiple BHEs, so the thermal pulse in each BHE was the same, with a ratio of the total thermal pulse over the BHE number N. This study assumed that L ranged from 40 to 200 m with an interval of 20 m (nine cases) and that N ranged from one to nine (nine cases), resulting in a total of 81 combinations of L and N. The 5-year system operation simulation was conducted for each combination by repeating the heating/cooling thermal loads to achieve sufficient convergence of the maximum and minimum soil temperatures. Although after the 5-year calculation, the temperatures continued to change, as shown in the previous study [48], this study assumed sufficient convergence to be within 1K, corresponding to the situation that the change of COP was limited to within 0.2 (5% for target SPF0 = 4.0). This study calculated SPFh and SPFc from the electricity consumption values of heat pumps and circulating pumps in the final year.



The lowest TL* in each cell required one necessary condition to be satisfied, and another performance condition was determined. The necessary condition was that the temperatures of the fluids must be higher than the freezing point Tb,f of tap water at 0 °C in the warm areas (     T h   ¯    > 8 °C in Figure 2b) and higher than the freezing point of antifreeze consisting of 20% ethylene glycol in the cold areas (     T h   ¯    ≤ 8 °C). The targeted performance condition stipulated that both SPFh and SPFc must be higher than the target SPF0 value of 4.0, considering that SPFh was recommended to be at least 4.0 for new buildings in the European Norm EN15450. The results of minimum fluid temperatures Tb,min, SPFh and SPFc were interpolated to determine the optimal combination of L* and N* as the lowest total length TL* for sustainable use and target performance.




2.4. Comparison between Simulated and Conventional Methods


This study compared simulated TL* with the TL determined via the conventional method of Japan [13]. The conventional TL0 was determined by dividing the maximum thermal pulse qmax by the specific heat extraction and modified COP. The specific heat extraction rate was assigned a value ranging from 50 to 80 Wm−1 according to      λ s   ¯    and the total operation time of the system [12,13]. The modified COP was calculated at COPh/(COPh − COPc) for COPh = 3.5 in heating or at COPc/(COPc + 1) for COPc = 4.0 in cooling. In this study, the ratio TL*/TL0 was calculated for each cell, and the results indicate the cost-effectiveness of determining TL* by the simulation approach when TL*/TL0 < 1.



Figure 5 shows two examples of interpolated contours for simulated Tb,min, SPFh, and SPFc for all 81 cases of L and N for the thermal loads of the cities of Sapporo and Tokyo in Figure 3. Table 1 summarizes the climate conditions and the optimization results. All contours were smoothly distributed according to L and N. Tb,min should be higher than Tb,f of –15 °C in Sapporo and 0 °C in Tokyo. The necessary condition was less critical for the determination of L* and N* than for SPFh and SPFc. In Sapporo, L* and N* were 134 m and 2, respectively, for the lowest TL* of 268 m in order to satisfy SPFh with the target performance (4.0). However, in Tokyo, L* and N* were 90 m and 3, respectively, resulting in TL* = 270 m for an SPFc value greater than 4.0. Comparing the results for the two cities shows that the TL* was almost the same, but that the optimal combination of L* and N* was different. Both cities are on flat plains, and the ground thermal conductivity of unconsolidated sediments was less than 2 W−1mK−1. In Sapporo city, where the heating demand was dominant, the L* of each BHE was longer in order to enhance the heat extraction in the deep zones with higher ground temperatures. On the other hand, in Tokyo, where the cooling demand was dominant, multiple BHEs were required; thus, the L of each BHE was shorter, but the N was larger than that in Sapporo city. The conventional TL0 was calculated at 634 and 559 m, respectively. The ratio TL*/TL0 in both cities was less than 0.5, indicating the potential reduction of the capital costs versus those of conventional design.





3. Results and Discussion


Figure 6 shows simulation results for a total of 4059 10-km-gridded cells across the four islands of Japan: (a) L*, (b) N*, (c) TL*, and (d) TL*/TL0. There are 97 uncolored meshes in northern and eastern Hokkaido Island for which the heating demands were too high for the systems to satisfy the target performance with a maximum TL of 1800 m (L = 200 m and N = 9) in this study. Figure 7 shows histograms of (a) L*, (b) N*, and (c) TL*, along with their statistical values (maximum, minimum, and average).



In Figure 6a, L* primarily ranges between 60 and 190 m and exhibits an average of 128 m. The simulated L* increases toward the north and the interior of islands, similar to Qh, as shown in Figure 2e. Considering the increase in temperature with increasing depth, L* should increase for efficiency of the systems in cold areas where heating demands are dominant. However, in most cells, L* was not equal to the maximum (200 m in this study), as N was restricted to integer values. Figure 7a shows that L* was distributed almost uniformly, especially between 60 and 190 m, indicating the wide range of L* across the land of Japan.



In Figure 6b and Figure 7b, N* ranged between one and nine, but most systems required a value no greater than three. This indicated that the cooling demands were insufficient to determine variable N for the relatively small buildings for this study. In particular, a single BHE (N* = 1) was sufficient in the northern area of Honshu Island from 35° N to 40° N in latitude. Multiple BHEs were needed in other areas, and N* increased in the southern areas to address increasing cooling demands. N* also increased in the northern area of Hokkaido Island in order to address the large heating demands. These results indicate that the regional trend of a combination of L* and N* was dependent on the climate conditions in Japan. The cells with N*greater than four were observed not only in northern Hokkaido and southern Kyushu Islands but also locally in flat plains near the eastern coasts of Honshu Island—for example, around Tokyo City—due to climate and geological conditions, relatively large cooling demands on the eastern coasts, and a gentle increase in ground thermal conductivity in the soft formation. On the local scale (for example, among adjacent cells), L* and N* were also variable because of differences in ground thermal conductivity. In typical cells where the main materials of the formations changed from soft soils on the flat plains to solid rocks in the mountains, L* and N* suddenly changed. Therefore, the optimal combinations of L* and N* were dependent not only on the regional climate but also on the local geology.



In Figure 6c, as a result of L* × N*, TL* ranged widely between 78 and 1782 m, with an average of 273 m, but was less than 400 m in most cells except throughout most of Hokkaido Island (which has large heating demands) and in some parts of Kyushu Island (which has large cooling demands). Figure 7c also shows that TL* was distributed approximately as a log-standard distribution. The simulation study found that TL* values over 100 m were required, but TL* values were less than 400 m in 3453 cells, i.e., 85% of the cells across the four islands of Japan, despite the variability in L* and N* depending on the climatic and geological conditions. The limited TL* across the land also indicates the feasibility of GSHP systems in this country.



Figure 6d and Figure 7d show TL*/TL0 as a comparison of the TL values determined via the simulation and conventional methods. The TL*/TL0 ratio was 0.5 or less in 69% of the cells (2817 cells), mainly excepting those in northern Hokkaido Island, for the assumed building. This means that the total length of multiple BHEs could be reduced by half or more in most areas of Japan, indicating the potential cost-effectiveness of the simulation approach compared with the conventional approach. It is expected that the simulation-based design method would induce the market growth of the systems and contribute to a reduction in CO2 emissions in buildings of Japan. On Hokkaido Island, on the other hand, the TL*/TL0 ratio was greater than 0.5, especially in the western part, where it was approximately 1.0 or more. In such cold areas with large heating demands, TL* became greater than TL0 in order to satisfy the target performance (SPFh > 4). This also means that the conventional method was limited and that the simulation approach was required to design a GSHP system to obtain such target performance under large thermal demands.



Figure 8 shows plots of the simulated TL* with the simulation parameters Qh, Qc and      λ s   ¯   . The data in these three plots are scattered, indicating that TL* was dependent not on a single parameter but upon all three. Comparison of the three parameters in the plots revealed that TL* shows a relatively clear relation with Qh in Figure 8a. The relation was assumed to be a second-order polynomial function, with a lower bound of approximately 150 m for Qh between 40 and 70 GJy−1. TL* increased almost linearly with Qh when Qh was over 70 GJy−1 and reached a maximum at 1782 m. TL* also increased as Qh decreased in the range of Qh less than 40 GJy−1 because another Qc increased in the southern areas. The relation of Qc in Figure 8b was also parabolic, similar to Qh, but was less clear. In particular, TL* was more scattered at low Qc values than at low Qh values. TL* also increased with increasing Qc when Qc exceeded 50 GJy−1, but the increase was limited to less than 500 m at a Qc value of 80 GJy−1. Compared with Qh and Qc,      λ s   ¯    was not obviously related to TL*, as the plots in Figure 8c resemble a cloud. The lower sensitivity of      λ s   ¯    versus those of Qh and Qc results because      λ s   ¯    increased only in the mountainous areas where bedrock was more common in the deep zones, in the mountains,      λ s   ¯    was still large at approximately 2.5 Wm−1K−1 even at shallow depths, as shown in Figure 4a. In the plains with low      λ s   ¯   , the increases in      λ s   ¯    were not observed because of the substantial thickness of the soft soil sediments. This indicates that TL* was more affected by horizontal variability of Qh and Qc in different meshes than      λ s   ¯   . However, when the target scale is smaller than 10 km, for example, 500 m [49] in the previous simulation of BHE sizes in a residence, the relationship of TL* with      λ s   ¯    would be more obviously obtained.



Finally, the uncertainty in this simulation study is discussed. First, this study demonstrated the nation-scale analysis in the same building and system facility, which are no less significant than climate and geology. Especially in larger buildings, more simulation periods were needed to obtain the convergence of the temperature calculations [48]. The sensitivity analysis in Figure 8 shows that the ground thermal conductivity played a less significant role in TL* than heating/cooling demands on the scale of 10-km grids. However, the sensitivity increases at smaller scales, such as 1-km or smaller grids. In addition, the effect of groundwater flow could enhance the performance through the advection effect [25,44]. We assumed that the effect was negligible on a scale of 10 km. However, the effect should be considered on smaller scales in the simulation by using the developed algorithms [50] or other numerical simulation approaches. This study also assumed that the gradient of the initial ground temperature was constant at the average of Japan. However, the simulation results indicated that the gradient was also crucial in determining an optimal combination of L* and N* while considering a balance of heating/cooling demands. It is necessary in our future study to estimate the gradients of ground temperatures on the national scale—for example, by deriving the relations of other parameters, including the upward heat fluxes from the interior, the sedimentary structures, and groundwater flow velocity. The required TL* would change according to the assumptions of the building specifications such as the floor area, the GSHP system configurations, circuit arrangement of BHEs, and the target for the determination of BHEs. For example, simulation for a variety of building sizes not only 300 m2 but also 500, 2000, and 10,000 m2 in a floor area, is needed to evaluate the nation-scale contribution of GSHP systems for energy conservation and CO2 emission reduction. However, the simulation for floor areas greater than 300 m2 would require a simulation cycle of more than five years. Additionally, the circuit arrangement of BHEs should be optimized to be the most efficient in terms of temperatures in circulating fluids. A sensitivity analysis study of different configurations is also required in the future. Although several limitations and assumptions remain in this study, it was concluded that the simulation approach was economically effective in determining the total lengths of multiple BHEs in buildings. The simulation approach has the potential to contribute to expanding the market of GSHP systems and to reducing CO2 emissions from thermal uses in buildings by estimating the economically reasonable capital costs through the lowest total lengths while considering realistic conditions of climate and geology.




4. Conclusions


This study performed a numerical simulation of the required total length TL* for multiple BHEs on the national scale in Japan. The simulation was performed for a standard building with a total area of 300 m2 in 4059 10-km-gridded meshes with different hourly heating/cooling loads and ground thermal conductivity values. The simulation of the 5-year operation of GSHP systems was performed for each mesh with 81 different conditions of individual length L and number N of BHEs. The results of minimum temperatures of fluids in U-tubes Tf, min and seasonal performance factors SPFh and SPFc for heating/cooling were interpolated and optimized by coupling the required individual length and total number, L* × N*, in all cells to satisfy their criteria. The simulated TL* values were compared with the TL* values determined by the conventional method. The sensitivity of TL* to heating/cooling demands and ground thermal conductivity is shown. The results are summarized below.



(1) The simulation-determined L* ranged mainly between 60 and 190 m and exhibited an average of 128 m. The length increased toward the north and the island’s interior as the heating loads increased because of the increasing ground temperatures with depth. N* reached values of no more than three for the assumed small building. L* and N* were regionally variable depending on the climate and varied locally among adjacent cells due to geological differences.



(2) As a result of L* × N*, TL* ranged widely between 78 and 1782 m (with an average of 273 m), but in most grid cells, it was less than 400 m, except for Hokkaido Island in the north and the southern part of Kyushu Island. TL* did not change despite variations in climate and geology. This study highlighted the effectiveness of the simulation approach for the determination of multiple BHEs because the simulated TL* was half or less of the TL0 obtained by the conventional method in approximately 80% of the cells except for northern Hokkaido Island, indicating the feasibility of the systems in Japan and the potential contribution to reduction in CO2 emissions by thermal uses in such buildings. However, in northern areas with high thermal loads, TL* was greater than the TL0 obtained by the conventional method to satisfy the target performance. This also highlights the importance of the simulation approach for the design of GSHP systems to achieve the target performance.



(3) TL* shows a second-order polynomial relationship with the heating and cooling demands. The relation is more clearly shown for heating than for cooling for the assumed building. The plots of TL*with respect to the ground thermal conductivity were scattered in a cloud, indicating an unclear relationship. This was because increases in the geological properties were primarily observed in the mountainous areas where the values were generally high, not in the flat plains with thick and soft sediments.
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Figure 1. Schematic flow of determination of required total lengths of multiple borehole heat exchangers (BHEs) in this study. 
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Figure 2. Topographical and climate maps of Japan: ground elevations [36] (a), averaged outdoor temperatures [37] during heating (b) and cooling (c), averaged outside humidity (d), and annual thermal loads for heating (e) and cooling (f) in a building of 300 m2. Each cell size is 10 × 10 km2. The thermal loads were estimated by the method of the Society of Heating, Air-Conditioning and Sanitary Engineers of Japan (SHASE) [38]. 
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Figure 3. Hourly thermal loads for simulation of cells of Sapporo and Tokyo. Positive and negative values denote heating and cooling, respectively. 
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Figure 4. The 10 km gridded cell estimates of ground thermal conductivity at depths of 50 m (a) and 150 m (b). 
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Figure 5. Simulation results of 5-year ground-source heat pump (GSHP) operation in Sapporo and Tokyo. 
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Figure 6. Simulation results of required length of each BHE L* (a), total number of BHEs N* (b), total length TL* (c), and the reduction ratio compared with conventional total length TL*/TL0 (d). 
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Figure 7. Histograms of analysis results: L* (a), N* (b), TL* (c) and TL*/TL0 (d) for a total of 4059 meshes (all 4156 meshes except 97 meshes without results). 






Figure 7. Histograms of analysis results: L* (a), N* (b), TL* (c) and TL*/TL0 (d) for a total of 4059 meshes (all 4156 meshes except 97 meshes without results).



[image: Ijgi 10 00205 g007]







[image: Ijgi 10 00205 g008 550] 





Figure 8. Plots of simulated required total lengths of BHEs with heating (a), cooling (b) loads and ground thermal conductivity (c). 
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Table 1. Two examples of simulation results in the cities of Sapporo and Tokyo in Japan.
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City

	
Simulation Conditions

	
Simulation Results




	
Qh

[Gjy−1]

	
Qc

[Gjy−1]

	
λs

[Wm−1K−1]

	
L*

[m]

	
N*

[-]

	
TL*

[m]

	
TL0

[m]

	
TL*/TL0

[-]






	
Sapporo

	
75.0

	
27.0

	
1.79

	
134

	
2

	
268

	
634

	
0.42




	
Tokyo

	
31.6

	
61.0

	
1.70

	
90

	
3

	
270

	
559

	
0.48
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