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Abstract

:

The efficiency of a heat pump energy system is significantly influenced by its low-temperature heat source. This paper presents the results of operational monitoring, analysis and comparison of heat transfer fluid temperatures, outputs and extracted energies at the most widely used low temperature heat sources within 218 days of a heating period. The monitoring involved horizontal ground heat exchangers (HGHEs) of linear and Slinky type, vertical ground heat exchangers (VGHEs) with single and double U-tube exchanger as well as the ambient air. The results of the verification indicated that it was not possible to specify clearly the most advantageous low-temperature heat source that meets the requirements of the efficiency of the heat pump operation. The highest average heat transfer fluid temperatures were achieved at linear HGHE (8.13 ± 4.50 °C) and double U-tube VGHE (8.13 ± 3.12 °C). The highest average specific heat output 59.97 ± 41.80 W/m2 and specific energy extracted from the ground mass 2723.40 ± 1785.58 kJ/m2·day were recorded at single U-tube VGHE. The lowest thermal resistance value of 0.07 K·m2/W, specifying the efficiency of the heat transfer process between the ground mass and the heat transfer fluid, was monitored at linear HGHE. The use of ambient air as a low-temperature heat pump source was considered to be the least advantageous in terms of its temperature parameters.
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1. Introduction


Conventional heating, ventilation and air conditioning (HVAC) systems use fossil fuels and thus contribute significantly to deterioration of environmental quality [1]. According to Peréze et al. [1], HVAC systems account for almost 50% of the total energy consumption in modern buildings. These facts evoke an urgent need for research in energy-efficient systems using renewable energy sources. Energy systems using renewable and sustainable sources of energy, and also allowing the use of the part of energy called anergy (unusable in the sense of the 2nd Law of Thermodynamics), can be considered in the above sense as efficient systems with a high potential to meet the requirements of reducing fossil fuel consumption and environmental protection. These requirements are very well fulfilled by energy systems with heat pumps.



Ambient air, water, rock and ground masses are the most widely used low-temperature energy sources for heat pumps.



These low-temperature energy sources are considered to be more or less renewable and sustainable in the sense of their specification according to Stefánsson [2,3], who explained the term "renewable" as a property of an energy source and "sustainable" as a way of using the source. Ambient air can be considered a renewable and sustainable energy source within the meaning of this definition. Ground and rock masses are generally considered to be renewable sources of energy [4,5]; however, they are quite different from solar or wind energy, due to the longer periods of energy extraction and transfer [6,7]. Rybach defined a sustainable system as a system that is able to maintain heat extraction options for a long time [8]. In this context, both ground and rock masses can lose their sustainability due to long-term and unbalanced heat loads [9,10].



Heat pumps using air as a low-temperature source are frequently installed, given the lower investment costs and easier installation. Systems using groundwater or surface water are beneficial in terms of realization and energy efficiency. However, the use of these systems is rightfully restricted by the requirements of natural water resources protection. The rock mass seems to be advantageous as a low-temperature source of energy in buildings with insufficient surrounding area and with requirements for heating the building in winter period and its cooling in summer period. The installation of these low-temperature energy sources is the most demanding in terms of investment. The ground mass stands for a compromise among the low-temperature heat sources. This low-temperature source is not completely dependent on ambient air temperature and its implementation is less demanding than in the case of a rock mass. There is also no direct negative impact on natural water resources. Nevertheless, these systems require a sufficient surface area for the installation of a heat exchanger.



The temperatures of the heat transfer fluids, the heat outputs of the low-temperature sources and the energy extracted from the low-temperature sources are important parameters influencing the efficiency and performance of the heat pumps [11].



The importance of temperature of the heat transfer fluid supplied to the heat pump evaporator results from the reversed Carnot cycle. Considering the constant temperature of condensation of the working substance in the heat pump condenser, a higher temperature of the evaporation in the heat pump evaporator has a positive influence on the effect (heating factor) of the whole circulation [12]. The temperature of evaporation of the working substance is closely related to the temperature of the heat transfer fluid supplied to the evaporator of the heat pump. The heat output of the low-temperature source can influence the extracted heat output and power input of the heat pump drive. The energy extracted from the low-temperature source affects its energy potential and, as a result, the efficiency and lifetime of the entire system [7,13].



Michopoulos and Kiriakis [14] addressed modelling of the heat transfer fluid temperatures at vertical ground heat exchangers (VGHEs). They created a model that proved good accuracy throughout the whole verification process when confirming it by experimentally observed data. Gyu et al. [15] monitored the influence of rainfall infiltration on the thermal characteristics of the ground mass and the temperature of the heat transfer fluids at horizontal ground heat exchangers (HGHEs) in the heating and cooling mode. Mesaha et al. [5] studied the changes of heat transfer fluid temperatures in VGHEs and pipe lengths during extraction and accumulation of heat in rock mass. Kayaci and Demir [16] developed a numerical model of prediction of input and output heat transfer fluid temperatures in HGHEs. The maximum deviations between the numerical and experimentally observed temperatures of the heat transfer fluids were 0.86 and 1.09 K. Ren et al. [17] monitored output, extracted heat and heat transfer fluid temperatures in VGHEs with polyethylene and steel pipes. Both the inlet and outlet temperatures of the heat transfer fluids flowing through the steel exchanger pipes during heating in winter and cooling in summer period were higher by 4.01–7.01 K than in the polyethylene exchanger pipes. Also, the specific output and the extracted energy were higher for the steel pipe exchanger. Based on the results of experiments, Remiorz et al. [18] observed that the thermal mass regeneration associated with geothermal heat flow and groundwater infiltration occurred when the heat extraction from the rock mass with VGHEs was stopped. Due to the thermal regeneration of the mass, the temperature of the heat transfer fluid increased. After a long-term heat extraction from the mass, the temperatures of the heat transfer fluids were significantly lower at the beginning of the next cycle than after a short-term extraction.



Fujii et al. [19] paid attention to the heat outputs of Slinky HGHE. Their simulation exchanger model was confirmed by the results of long-term experiments. They presented specific exchanger output of 25 W per 1 m of pipe length at a flow rate of 14 l/min. Verda et al. [6] dealt with the degradation of HGHEs heat output and output changes with respect to the depth of HGHE’s deposition in the ground mass. He indicated that the HGHE’s output is 60% higher when installing it at a depth of 2 m compared to a depth of 1 m. Dehghan et al. [20] addressed the performance of spiral VGHEs in dependence to the spacing of the coils, diameters and length of the spiral. They proved that a hundred per cent change in pipe length or spiral diameter affects the exchanger’s performance by about 10%. Lee at al. [21] were verifying the influence of specific cooling outputs of 250 W/m, 300 W/m, 350 W/m on the outlet temperature of the heat transfer fluid and effective thermal conductivity at a constant heat transfer fluid temperature at VGHEs inlet and constant overall cooling output. Zeng et al. [22] and Bae et al. [23] created a quasi-dimensional model and numerical analysis of single and double U-tube VGHEs with the aim to compare heat transfer fluid temperatures and outputs. The results of the verification showed that single U-tube exchangers had significantly higher thermal resistance than double U-tube exchangers. Double U-tube exchangers provided a better thermal performance in parallel arrangement than in serial configuration. Choi et al. [7] simulated the long-term operation of VGHE in heating and cooling mode. They monitored the thermal equilibrium of the rock mass during heat exchange, its accumulation and extraction. The average annual heat transfer fluid temperature was increasing when the output of the heat exchanger doubled during summer period compared to the output during heating period. Rise in the heat transfer fluid temperature increased the heat output but reduced the cooling output.



Larwa [9] indicated that the heat absorbed by the surface of a ground mass without HGHEs in the warm period of the year is equal to the heat transferred from the mass during the colder period. As a result of this, the average temperature of the ground mass does not change much during the given period. However, if HGHE is installed, the average temperature of the subsurface layer of the ground mass may change because the extracted heat is not generally compensated for by the amount of heat delivered during the summer. Nevertheless, the results of our HGHE verifications [24,25] proved that regeneration of the energy potential of the ground mass occurred during the stagnation of the HGHE’s operation if the heat exchanger configurations were well designed, taking into account the thermal characteristics of the ground mass. Bottareli et al. [26] analyzed the heat output and temperature of HGHE heat transfer fluids in connection with the underground heat energy storage. Two types of phase changing materials (PCM) materials using phase changes, latent heat between solid and liquid phases, were applied for accumulation. They indicated that the use of PCM was effective, as compared to gravel backfill; higher temperatures of the heat transfer fluid and higher outputs of HGHE were achieved. In the event of a thermal equilibrium of the rock mass with VGHE due to higher extraction, Dai et al. [27] recommended adding solar system to this low-temperature source. He indicated that the solar system can be efficiently used for the accelerated thermal regeneration of the rock mass. Li et al. [28] created an integrated predictive model for long-term evaluation of dynamic performance characteristics, VGHEs output and extracted heat from the rock mass. The causes of VGHE output degradation as indicated by the thermal imbalance of the mass were also analyzed. You et al. [29] elaborated very detailed overview of the main problems caused by the thermal imbalance of the mass with VGHE. They saw major problems in the fall of the mass temperature, degradation of the heat exchanger output, decrease in reliability and a possible failure. Guo and Hendel [30] paid attention to the very interesting low-temperature heat sources. In their study, they carried out detailed analysis and evaluation of the applications of heat pumps and cooling units using the energy contained in wastewater in sewerage systems, water mains, and road irrigation water.



A survey of scientific publications revealed the relevance of solving the issue of low-temperature heat sources for heat pumps. The publications dealt mainly with prediction and temperature verification of heat transfer fluids at various configurations of HGHEs and VGHEs, their specific outputs and energies extracted from the sources. Attention was also paid to the regeneration of energy extracted from the sources. The survey of scientific publications helped us to clarify the objectives of the issue and to focus the research on verifying existing knowledge and obtaining new information on the real operation of HGHEs and VGHEs.



With respect to the aforementioned, the aim of our work was to monitor, analyze and compare temperatures of heat transfer fluids, heat exchanger outputs and extracted energies at the most widely used HGHEs of linear and Slinky type, as well as at VGHEs with single and double U-tube exchangers. Also the ambient air was included in the function of low-temperature heat source for heat pumps. Acquired knowledge was analyzed in terms of its actual application.




2. Materials and Methods


The HGHEs and VGHEs were analyzed as the most frequently used types in the climatic conditions of Europe as well as in the Czech Republic.



The linear HGHE consisted of polyethylene piping PE 100RC 40 × 3.7 mm (LUNA PLAST a. s., Hořín, Czech Republic) with a length of 330 m installed in 3 loops at a span of 1 m at a depth of 1.8 m. The length of the individual loop was 54.6 m. The Slinky HGHE was made of polyethylene piping PE 100RC 32 × 2.9 mm, 200 m long, installed in 53 loops coiled into a circle 1.2 m in diameter with a loop span of 0.38 m at a depth of 1.5 m. The thermal characteristics of the soil—the coefficient of thermal conductivity λ (W/m·K), the volumetric specific heat capacity C (J/m3·K) and the coefficient of thermal conductivity a (m2/s) were determined using Isomet 2104 (manufactured by Applied Precision, Bratislava, Slovakia) at temperature t (°C) and volumetric humidity v (%). They were measured at a depth of 1.2–1.6 m, at temperature t = 12.65–13.83 °C and volumetric humidity v = 31.60–39.00 % and their values were λ = 1.39–1.57 W/m·K, C = 2.08–2.16 J/m3·K and a = 0.672–0.727 m2/s. The thermal characteristics were within a range corresponding to the most widespread type of soil in the Czech Republic. Detailed diagrams of both HGHEs were presented in publications [24] a [25].



The VGHE marked as type A was made of polyethylene piping PE 100RC 40 × 3.7 mm with the total length of 226 m installed in a borehole 113 m deep as single U-tube. VGHE marked as type B was made of polyethylene piping PE 100RC 32 × 2.9 mm with the total length of 452 m installed in a borehole 113 m deep as double U-tube.



The topmost part of the geological profile of the rock mass consisted of landfill, the thickness of which ranged from 4.0 to 9.5 m. Grey/black clay slate of Letná Formation could be found beneath the landfill. Deeper layers were solid rock, heavily cracked in some places; this was evident from strong groundwater inflows into the boreholes. The cracked profiles were at depths of 30 to 80 m below the surface. The groundwater level was observed at depth of 10–12 m below the surface in all boreholes. The results of the temperature response tests demonstrated an average value of the coefficient of thermal conductivity of the rock mass λ = 2.9 W/m·K and the total thermal resistance of the boreholes R = 0.137 K·m/W.



The HGHEs and VGHEs piping were resistant to point loads and occurrence of cracks. HGHEs were not embedded in a sand bed. The heat transfer fluid in HGHEs and VGHEs is a mixture of 33% ethyl alcohol and 67% water.



The verified HGHEs and VGHEs served as power sources for following three heat pumps: one IVT PremiumLine EQ E13 (heat output 13.3 kW at 0/35 °C) and two GreenLine HT Plus E 17 (heat output 2 ✕ 16.2 kW at 0/35 °C), (Industriell Värme Teknik, Tnanas, Sweden). They were used for heating the administrative building and the operating halls of VESKOM s.r.o located in Prague, Dolní Měcholupy.



Temperature sensors (Pt100) measuring the temperatures of the heat transfer fluids (tL, tS, tA, tB) at quarter-hour intervals were installed at the outlet and inlet pipes of HGHEs and VGHEs and they were recorded by measuring data logger ALMEMO 5990 (Ahlborn Mess-und Regulungstechnik GmbH, Holzkirchen, Germany). The MTW 3 electronic meters (Itron Inc., Liberty Lake, USA) were used to measure the flows of the heat transfer fluids (Vτ,a, Vτ,max). The specific heat outputs (qτ,a, qτ,max) and energy extractions (qa, qmax) were determined on the basis of the difference in temperatures of the heat transfer fluid, the heat transfer fluid flow rate (Vτ), the specific heat capacity and the density corresponding to the mean temperature of the heat transfer fluid.



The ground mass reference temperatures were measured by GKF 125 and GKF 200 sensors (GREISINGER electronic GmbH, Regenstauf, Germany) and recorded at half-hour intervals by the ALMEMO 5990 logger. The reference mass temperature for the linear HGHE was measured at a distance of 10 m from the edge of the exchanger at a depth of 1.5 m. For the Slinky HGHE, it was measured at a distance of 15 m from the edge of the exchanger at a depth of 1.8 m. The reference temperature of the rock mass was measured at a depth of 50 m in empty non-functional borehole.



Ambient temperatures were recorded at a height of 2.5 m above the surface with ATF 2 KTY 81.210 sensor (S + S Regeltechnik, Nürnberg, Germany). The average daily temperature was calculated according to the so-called "Mannheim clock". The temperatures at 7:00 and 14:00 were added up; than the temperature at 21:00 was doubled and added, and the total was divided by 4.



For this article, data recorded in the heating period of 2012/2013 from 17 September 2012 to 22 April 2013 (218 days) were used.



The program STATISTICA (StatSoft, Inc. 2013) and MS Excel 2016 were used to evaluate the measured variables.




3. Results and Discussion


3.1. Temperatures of the Heat Transfer Fluids Supplied to the Heat Pump Evaporators


The histogram in Figure 1 displayed the distribution of the temperatures of the monitored low-temperature heat sources during the heating period (218 days, 5 232 monitored temperature values). The histogram allowed estimation of the highest temperature frequencies and temperature modes t^ at intervals of 2 K.



The mode t^, the characteristic of distribution of the set of heat transfer fluid temperatures, expressed by the highest relative temperature frequency value, presented the most frequent occurrence of temperatures at a certain interval. The observed low-temperature heat sources were in the range of positive temperatures between 2.10–4.00 °C (class representative r = 3 °C) and 6.10–8.00 °C (r = 7 °C).



The VGHEs modes fell within the interval of 6.10–8.00 °C. The relative class frequencies of temperatures in this interval reached values wi = 35.19% and wi = 32.99% for type B and A, respectively. The interval of 2.10–4.00 °C was the lowest interval of the heat transfer fluid temperatures in VGHE. The relative class frequency of temperatures in this interval reached values wi = 6.50% (type B) and wi = 8.96% (type A).



The linear HGHE mode occurred in the range of 4.10–6.00 °C (r = 5 °C) with relative class frequency wi = 34.04% and the Slinky HGHE mode was in a lower temperature range of 2.10–4.00 °C with wi = 32.91%. The range of 0.10–2.00 °C (r = 1 °C) was the lowest range of temperatures in HGHEs in which there was wi = 0.84% (linear HGHE) and wi = 12.77% (Slinky HGHE).



The ambient air temperature mode was significantly affected by the higher air temperatures at the beginning and end of the heating season. It reached relative class frequency wi = 12.82% in the range of 4.10–6.00 °C. Ambient air temperatures occurred in a wide range between −17.90–(−16.00) °C (r = −17 °C) with wi = 0.11% and 26.10–28.00 °C (r = 27 °C), wi = 0.06%.



The higher frequency of the heat transfer fluid temperatures in the higher temperature ranges indicated the convenience of the low-temperature heat source.



The air temperature distribution at individual ranges can be considered as almost symmetrical, as again indicated by the temperature histogram in Figure 1, the coefficient of asymmetry being Ne = 0.77. The heat transfer fluid temperature distribution was left-skewed for both HGHEs and VGHEs, NL = 2.53, NS = 2.48, NA = 2.10, NB = 2.44.



The results of the statistical analysis of the heat transfer fluid temperature sets at the exchangers’ outlets and the ambient air temperatures were elaborated in Table 1 and the graph in Figure 2.



It follows from the above summary that the temperatures of the heat transfer fluid at VGHEs (tA, tB) reached the highest values for the averages t¯, minimum values tmin, medians t˜ and lower quartiles Q1. The ranges Rv and variation coefficients S% reached also favourable low values. The double U-tube VGHE (B) proved to be slightly more favourable than a single U-tube VGHE (A) in terms of statistical analysis of the fluid temperatures. These results were confirmed by Zeng et al. [22].



The average temperature of the heat transfer fluid t¯ from the linear HGHE was higher than that of Slinky HGHE and was almost identical to the average fluid temperature of the VGHE. The heat transfer fluid temperatures from the linear HGHE corresponded to the values presented by Kayaci and Demir [16]. The minimum tmin, median t˜, and lower quartile Q1 values were lower than for VGHE but higher than for Slinky HGHE. The interquartile range Q2–Q1 was the biggest of the monitored heat transfer fluids. The evaluation showed that the basic characteristics of the heat transfer fluid temperature sets with HGHE were less favourable than those with VGHE. This applied in particular to Slinky HGHE, where the minimum temperature tmin was close to 0 °C and the variation coefficient S% was higher. The distribution of temperatures of heat transfer fluids in HGHEs was closely related to the distribution of the ground mass temperatures presented in publication [31]. It follows from the above analysis and summary that the temperatures of the heat transfer fluids from VGHEs and HGHEs did not reached negative values in our validations.



The ambient temperature set was characterized by the lowest values of the average t¯, minimum tmin, median t˜, lower and upper quartile Q1 and Q2. It also proved the highest variation coefficient S%, the range Rv and the interquartile range Q2–Q1.



The graphs in Figure 3 and Figure 4 showed the temperatures of the heat transfer fluid flowing from the heat exchangers and the ambient air temperatures throughout the whole heating period. The reaction to the ambient air temperatures te was apparent from the course of the fluid temperatures. The temperatures of the heat transfer fluid in linear HGHE tL in Figure 3 were clearly higher than the temperatures of the heat transfer fluid of Slinky HGHE with the exception of the beginning and the end of the heating period. The quadratic equations of the trend line of the course of HGHEs fluid temperatures have the form of Equations (1) and (2). The curves matched well with the data as indicated by the determination coefficients R2.


tL=8.80.10−7τ2−7.26.10−3τ+19.10 (R2 = 0.957)



(1)






tS=1.16.10−6τ2−8.74.10−3τ+18.60 (R2 = 0.952)



(2)







Temperature differences of the heat transfer fluids tA and tB from VGHEs (Figure 4) were miner than from HGHEs. The quadratic equations of the trend lines of fluid temperature courses have the form of Equations (3) and (4). Determination coefficients R2 were lower. It follows from the temperature courses and Equations (3) and (4) that the heat transfer fluid temperatures from VGHE type B were slightly higher than from type A.


tA=6.81.10−7τ2−5.01.10−3τ+14.70 (R2 = 0.774)



(3)






tB=7.41.10−7τ2−5.49.10−3τ+15.70 (R2 = 0.846)



(4)







In Equations (1) to (4), τ (h) expresses the length of the heating period from its beginning, measured in hours. The output temperatures tA from VGHE type A were the same as those observed by Remiorz et al. [18] when verifying a similar type of VGHE.




3.2. Specific Heat Outputs of Heat Exchangers and Specific Extracted Energies


The average and the maximum specific outputs in the heating period, qτ,a and qτ,max (W/m; W/m2), were presented in Table 2, converted to 1 m of pipe length and 1 m2 of heat exchanger’s surface. Furthermore, there is the average specific energy qa extracted by 1 m2 of the heat exchanger from the mass in 1 day of the heating period, the maximum daily and total amount of energy, qmax and qΣ, extracted by the heat exchanger from the mass in the heating period, as well as the total duration of the energy extraction by the heat exchanger τΣ during the heating period.



It followed from the above summary in Table 2 that the average and maximum specific output of VGHE type A was the highest of all the monitored low temperature sources. Banks [32] specified specific heat pump outputs for VGHE related to 1m length of the borehole in the range of 37 to 104 W, with an average of 67 W/m, the heat pump heating factor being 3.4. Hepbasli [33] specified the specific heat pump output of 61.4 W/m, the heating factor being 2.85. The measured average specific outputs of VGHEs extracted from the rock mass in the monitored heating period related to 1m length of the borehole, corresponded to the stated values. They were 15.07 ± 10.50 W/m (maximum 57.58 W/m) for type A and 19.63 ± 13.70 W/m (maximum 56.72 W/m) for type B. The average heat outputs of linear HGHE were higher than the Slinky HGHE outputs. Similar values of specific heat outputs were observed by Rosen et al. [34]. They presented the specific heat pump output of 13 W per 1m length of the exchanger tube (40 mm) with linear HGHE, heating factor being 3.5, and 7 W/m with Slinky HGHE. The specific heat outputs of HGHEs qτ,a (W/m) presented in Table 2 were near those values. Verda et al. [6] presented the value of 38W as the maximum of the extracted specific output of linear HGHE converted to 1 m2 of heat exchanger surface. In our verifications, the maximum specific output converted to heat exchanger surface area was only 18.43 W/m2 for linear HGHE and 100.08 W/m2 for Slinky HGHE. Lower specific outputs for VGHEs and HGHEs were caused by the way of operation of the production halls and the administrative building with interrupted operation and low demanded outputs for the heating system at the beginning and end of the heating period.



The specific power trend corresponded to the average specific energy extracted from the mass during the day. The total amount of energy transferred from the mass during the heating period was affected by the initial mass temperature and the duration of energy extraction. This was significantly shorter for Slinky HGHE. The recorded extraction energy values did not exceed the values recommended by Kyriakis and Michopoulus [35]. The course of the specific energies transferred from the mass with HGHE (qL, qS) and VGHE (qA, qB) during the heating period presented in Figure 5 confirmed the above results. As in the case of the temperatures of the heat transfer fluids, the graph in Figure 5 showed the relation of the extracted specific energy value qa and the ambient temperature te. This relation was also confirmed by the results of Todoran and Balan’s verifications [36].




3.3. Heat Resistances of the Heat Exchangers


The specific heat outputs and energies extracted from the mass were of relatively high explanatory power. The values of these parameters were influenced by the flow rate, the specific heat capacity, the density and the heating up of the heat transfer fluid in the exchanger. The specific heat capacity and the density were affected by the temperature of the heat transfer fluid. The verification results showed that the heat transfer fluid was heated the most in linear HGHE by a maximum of 5.86 K. When heating the heat transfer fluid from 0 to 6 °C, its density decreased by less than 1%, and the specific heat capacity of the fluid increased also by less than 1% [37]. Therefore, changes in thermal characteristics of the heat transfer fluid had only a marginal effect in this case. The increase in the heat transfer fluid temperature was influenced by the heat exchange surface of the exchanger, the flow of the heat transfer fluid and the temperature of the mass surrounding the heat exchanger. In terms of the possibility of evaluating the process of heat exchange between the mass and the heat transfer fluid of the monitored types of HGHEs and VGHEs, it is useful to express the specific heat resistance of the heat exchanger R (m2⋅K/W) by Equation (5), respecting the flow of the heat transfer fluid through the heat exchanger pipeline:


R=tr.m−ta,h.t.f.qτ (m2·K/W)



(5)




In the Equation (5):




	
tr.m—temperature of the reference ground or rock mass (°C);



	
ta,h.t.f—average temperature of the heat transfer fluid (°C);



	
qτ—specific heat output converted to 1 m2 of heat exchanger surface (W/m2).








Higher R value indicated faster change in temperature of the heat transfer fluid, lower value reflected intensive process of heat transfer between the mass and the heat transfer fluid. Similar relation for the evaluation of the heat transfer process between the ground mass and the heat transfer fluid of Slinky HGHE exchangers was used by Zeng et al. [22] and by Bae et al. [23]. However, they related the specific resistance to 1 m length of the borehole with an exchanger. The calculated values of VGHEs specific resistances corresponded to the values presented in publications [22,23].



The following variables were listed in Table 3: heat exchanger surfaces of the exchanger pipelines S, average and maximum hourly heat transfer fluid flowrates, Vτ,a and Vτ,max, total volume of heat transfer fluid flowing through the heat exchangers during the heating period VΣ, and average and maximum specific heat exchanger resistances, Ra and Rmax.



Significantly lower thermal resistances at linear HGHE compared to Slinky HGHE are apparent from the above evaluation. The specific resistances differed not only due to the different configurations of the HGHEs pipeline, but also due to the different volume flows of the heat transfer fluids. The thermal resistances of linear HGHE were also lower than those of both types of VGHEs even though the volume flow in linear HGHE was smaller. Differences in thermal resistance between VGHEs were not significant.





4. Conclusions


The verification results showed that it was very difficult to specify the most advantageous low-temperature heat source fulfilling the requirements of the efficiency of heat pump operation. The results of measuring the temperatures of the heat transfer fluids and the thermal resistances of the heat exchangers were considered dominant in the assessment of these energy sources.



The average temperature of the heat transfer fluid t¯ in VGHE type B, the minimum temperature tmin, median t˜ and temperature quartiles Q1, Q2 were higher than in VGHE type A. Also, the relative frequency of the temperature occurrence in the mode of fluid temperature set distribution of 6.10–8.00 °C was higher by 2.20% than in the temperature set of VGHE type A. However, the temperature differences of the fluids were not significant as followed from the course of the average hourly temperature of the heat transfer fluid in Figure 4 and from Equations (3) and (4). The average thermal resistances of both VGHEs were comparable; the maximum resistances differed in accordance with the results reported by Zeng et al. [22]. VGHE type A had higher average specific output qτ,a by 22.89% (10.17 W/ m2) at a lower average volume flow of the heat transfer fluid. This analysis indicated that VGHE type A can be considered more advantageous than VGHE type B.



The modus for linear HGHE 4.10–6.00 °C was higher than for Slinky HGHE 2.10–4.00 °C. The fluid temperature differences were significantly greater between the HGHEs (in favour of the linear HGHE) than between the two types of VGHEs as is apparent from Equations (1) and (2) as well as from the average hourly temperatures of the heat transfer fluid shown in Figure 3. The thermal resistance of linear HGHE amounted to 50% of Slinky HGHE thermal resistance value. Linear HGHE had higher average specific output qτ,a than Slinky HGHE by 17.26% (5.76 W/ m2) at higher average volume flow rate of the heat transfer fluid. Due to the temperatures of the heat transfer fluids, the specific outputs and the specific thermal resistances of linear HGHE reached more favourable values, this seemed to be the more advantageous exchanger.



Comparison of linear HGHE and VGHE type A indicated that the average temperature of the heat transfer fluid t¯ was higher by 4.50% (0.35 K) at linear HGHE, but the mode of VGHE type A occurred in higher temperature interval than the mode of linear HGHE. The thermal resistance of linear HGHE was lower than that of VGHE type A by 22.22% (0.02 m2⋅K/W). At the heat exchange surface S lower by 31.52% (13.07 m2) and the average volume flow of the heat transfer fluid Vτ,a higher by 10.64% (0.05 m3/h), the average specific output of VGHE type A was higher by 53.22% (20.83 W/m2) than that of linear HGHE. The results of the analysis indicated that VGHE type A appears to be more advantageous low-temperature source in this comparison. In this case, an important role in choosing a low temperature source is the area of land on which the installation of the source can be realized. The installation of linear HGHEs is certainly less demanding for investment cost.



The use of ambient air as a low-temperature heat pump source was considered to be the least advantageous in terms of its temperature parameters.



The mentioned analyses were based only on the results of monitoring the low-temperature heat pump sources during the heating period 2012/2013. The aim of our further work will be to verify the validity of the results in other climatic conditions, especially at lower ambient air temperatures and for longer heating periods.
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Nomenclature




	
A

	
Single U-tube VGHE




	
B

	
Double U-tube VGHE




	
L

	
Linear HGHE




	
HGHE

	
Horizontal Ground Heat Exchanger




	
HVAC

	
Heating, Ventilation and Air Conditioning




	
N

	
Coefficient of asymmetry of temperature distribution (-)




	
Q1

	
Lower quartile of temperature distribution (°C)




	
Q2

	
Upper quartile of temperature distribution (°C)




	
PCM

	
Phase changing materials




	
R

	
Thermal resistance of heat exchanger (K.m2/W)




	
R2

	
Determination coefficient (-)




	
Rv

	
Temperature range (K)




	
S

	
Slinky HGHE




	
S2

	
Temperature variance (K2)




	
S%

	
Variation coefficient of temperature distribution (%)




	
Vτ

	
Volume flow of heat transfer fluid (m3/h)




	
VGHE

	
Vertical Ground Heat Exchanger




	
qτ

	
Specific heat output of heat exchanger W/m,W/m2




	
r

	
Category representative of temperature interval (°C)




	
t

	
Temperature (°C)




	
t˜

	
Median of temperatures (°C)




	
t¯

	
Mode of temperatures (°C)




	
t^

	
Reference temperature of the ground or rock mass (°C)




	
tr.m

	
Average temperature of heat transfer fluid (°C)




	
ta,h.t.f.

	
Volumetric moisture (%)




	
v

	
Relative frequency of temperatures (%)




	
wi

	
Length of heating period (h)




	
τ

	
Single U-tube VGHE




	
Indexes




	
A

	
Linear HGHE




	
B

	
Slinky HGHE




	
L

	
Average value




	
S

	
Ambient air temperature




	
a

	
Maximum value




	
e

	
Minimal value




	
max

	
Summative value




	
min

	
Single U-tube VGHE




	
∑

	
Double U-tube VGHE
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Figure 1. Frequencies of heat transfer fluid temperatures (tL, tS, tA, tB) and ambient air temperatures (te) during heating period. 
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Figure 2. Box plot of heat transfer fluid temperatures (tL, tS, tA, tB) and ambient air temperatures (te) during the heating period. 
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Figure 3. Course of average hourly temperatures of heat transfer fluids from linear (tL) and Slinky HGHEs (tS) and of ambient air (te). 
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Figure 4. Course of average hourly temperatures of heat transfer fluids from single U-tube (tA) and double U-tube VGHEs (tB ). 
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Figure 5. Specific energy extracted by HGHEs (qL qS ), VGHEs (qA qB ) and ambient air temperature (te) during heating period. 
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Table 1. Quantile characteristics of the heat transfer fluid temperature sets at the exchanger’s outlets and the ambient air temperatures.
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Header

	
HGHE

	
VGHE

	
Ambient Air




	
L

	
S

	
A

	
B

	
e






	
Averaget¯ (°C)

	
8.13 ± 4.50

	
6.36 ± 4.79

	
7.78 ± 2.94

	
8.13 ± 3.12

	
3.98 ± 6.21




	
Minimum tmin (°C)

	
1.67

	
0.39

	
2.08

	
2.64

	
−17.23




	
Maximum tmax (°C)

	
17.82

	
17.97

	
13.66

	
16.69

	
26.57




	
Mediant˜ (°C)

	
6.39

	
4.59

	
7.28

	
7.35

	
3.69




	
Lower quartile Q1

	
4.63

	
2.78

	
5.87

	
6.04

	
−0.65




	
Upper quartile Q2

	
11.40

	
8.92

	
9.67

	
9.09

	
7.92




	
Variance S2 (K2)

	
20.23

	
22.95

	
8.65

	
9.71

	
38.59




	
Variation coefficient S% (%)

	
55.34

	
75.35

	
37.79

	
38.30

	
155.94




	
Range Rv (K)

	
16.15

	
17.59

	
11.58

	
14.05

	
43.79




	
Interquartile range Q1–Q2 (K)

	
6.77

	
6.15

	
3.80

	
3.86

	
8.56
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Table 2. Specific heat outputs of heat exchangers and specific energies extracted from the ground and rock mass.






Table 2. Specific heat outputs of heat exchangers and specific energies extracted from the ground and rock mass.





	
Parameter

	
HGHE

	
VGHE




	
L

	
S

	
A

	
B






	
qτ,a

(W/m)

	
4.92 ± 3.60

	
3.35 ± 2.42

	
7.53 ± 5.25

	
4.90 ± 3.42




	
qτ,max

(W/m)

	
15.25

	
12.48

	
29.28

	
14.18




	
qτ,a

(W/m2)

	
39.14 ± 28.67

	
33.38 ± 24.11

	
59.97 ± 41.80

	
48.80 ± 34.08




	
qτ,max

(W/m2)

	
121.42

	
124.20

	
233.08

	
141.05




	
qa

(kJ/m2·day)

	
1614.15 ± 1076.40

	
938.31 ± 677.70

	
2723.40 ± 1785.58

	
2353.59 ± 1540.89




	
qmax

(kJ/m2·day)

	
4407.73

	
4258.86

	
7495.07

	
6564.86




	
qΣ

(MJ/m2)

	
351.88

	
204.55

	
593.70

	
513.08




	
τΣ

(h)

	
2497

	
1703

	
2750

	
2920
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Table 3. Flow rates of heat transfer fluid and specific thermal resistances of heat exchangers.
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Parameter

	
HGHE

	
VGHE




	
L

	
S

	
A

	
B






	
S

(m2)

	
41.47

	
20.11

	
28.40

	
45.44




	
Vτ,a

(m3/h)

	
0.47 ± 0.22

	
0.35 ± 0.12

	
0.52 ± 0.26

	
0.61 ± 0.31




	
Vτ,max

(m3/h)

	
0.89

	
0.72

	
1.03

	
1.27




	
VΣ

(m3)

	
1 183.70

	
592.82

	
1 435.96

	
1 787.94




	
Ra

(m2⋅K/W)

	
0.07 ± 0.02

	
0.14 ± 0.06

	
0.09 ± 0.03

	
0.11 ± 0.04




	
Rmax

(m2·K/W)

	
0.13

	
0.38

	
0.16

	
0.23
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