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ABSTRACT 
 

The Renewable Energy Directive 2009/28/EC opens up a major opportunity for 

further use of heat pumps for heating and cooling of new and existing buildings. Heat 

pumps enable the use of ambient heat at useful temperature level need electricity or other 

energy form to function. 

Ground source heat pump (GSHP) systems use the ground as a heat source/sink to 

provide space heating and cooling as well as domestic hotwater. The GSHP technology 

can offer higher energy efficiency for air-conditioning compared to conventional air-

conditioning (A/C) systems because the underground environment provides higher 

temperature for heating and lower temperature for cooling and experiences less 

temperature fluctuation than ambient air temperature change. To date, the GSHP systems 

have been widely used in both residential and commercial buildings. It is estimated that 

the GSHP system installations have grown continuously on a global basis with the range 

from 10% to 30% annually in recent years. 

A ground-coupled heat pump (GCHP) system consists of a conventional heat pump 

coupled with a ground heat exchanger (GHE) where water or a water-antifreeze solution 

exchanges heat with the ground. The GHE may be a simple pipe system buried in the 

ground; it may also comprise a horizontal collector or, more commonly, borehole heat 

exchanger (BHE) drilled to a depth between 20 and 300 m with a diameter of 100-200 

mm. A closed single or double U-tube is often inserted inside the borehole and a heat 

carrier fluid is circulated in the U-tube to exchange heat with the surroundings. For safety 

and stability reasons, a bentonite-cement suspension or an enhanced-cement is used to 

backfill the space between the U-tube and its surrounding soil or rock. 

The widespread distribution of heat pumps as single generators in heating systems 

has mainly been in new, rather isolated buildings, thus having limited unit loads. This has 
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enabled the use of low-temperature terminal units, such as fan coil units and, especially, 

radiant systems.  

This chapter is focused on the energy and environmental analysis and modelling of a 

reversible GCHP. One of the main innovative contributions of this study is in the 

achievement and implementation of an energy-operational optimisation device for the 

GCHP system using quantitative adjustment with a buffer tank and a variable speed 

circulating pump. Experimental measurements are used to test the performance of the 

GCHP system at different operating modes. The main performance parameters (energy 

efficiency and CO2 emissions) are obtained for 1 month of operation using both classical 

and optimised adjustment of the GCHP system. A comparative analysis of these 

performances for both heating and cooling and domestic hot-water (DHW) with different 

operation modes is performed. Additionally, two simulation models of thermal energy 

consumption in heating/cooling and DHW operation were developed using Transient 

Systems Simulation (TRNSYS) software. The simulations obtained using TRNSYS 

software are analysed and compared to the experimental measurements. The second 

objective of this chapter is to present the coefficient of performance (COP) of a 

horizontal GCHP system and the temperature distributions measured in the ground 

heating season. Finally, a numerical model of heat transfer in the ground is described for 

determining the temperature distribution in the vicinity of pipes. 

 

 

1. INTRODUCTION 
 

The Renewable Energy Directive 2009/28/EC opens up a major opportunity for further 

use of heat pumps for heating and cooling of new and existing buildings. Heat pumps enable 

the use of ambient heat at useful temperature level need electricity or other energy form to 

function. Ground source heat pump (GSHP) systems use the ground as a heat source/sink to 

provide space heating and cooling as well as domestic hotwater (DHW). The GSHP 

technology can offer higher energy efficiency for air-conditioning compared to conventional 

air-conditioning (A/C) systems because the underground environment provides higher 

temperature for heating and lower temperature for cooling and experiences less temperature 

fluctuation than ambient air temperature change. To date, the GSHP systems have been 

widely used in both residential and commercial buildings. According to the reports of the 

2010 World Geothermal Congress, ground-coupled heat pump (GCHP) systems have the 

largest energy use and installed capacity, accounting for 69.7% and 49.0% of the worldwide 

capacity and use, respectively. The installed capacity of GCHP is 35,236 MWt, and their 

annual energy use is 214,782 TJ/yr, with a capacity factor of 0.19 (in the heating mode). 

Almost all of the installations occur in North America, Europe and China, increasing from 26 

countries in 2000, 33 countries in 2005, and all the way up to the present 43 countries. 

Sweden, Denmark, Switzerland, Austria, and the United States are the leaders in this field [1]. 

The number of installed GCHP systems has grown continuously by 10–30% annually in 

recent decades [2, 3, 4]. Extrapolating currently observed growth rates for Europe of 5.4 

million heat pump units per year leads to an expectation of 70 million installed units in 

Europe by 2020 [5]. The use of GCHPs to achieve adequate temperatures has been studied by 

several researchers [6, 7]. 

A GCHP system consists of a conventional heat pump coupled with a ground heat 

exchanger (GHE) where water or a water-antifreeze solution exchanges heat with the ground. 

The GHE may be a simple pipe system buried in the ground; it may also comprise a 
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horizontal collector or, more commonly, borehole heat exchanger (BHE) drilled to a depth 

between 20 and 300 m with a diameter of 100-200 mm. A closed single or double U-tube is 

often inserted inside the borehole and a heat carrier fluid is circulated in the U-tube to 

exchange heat with the surroundings. For safety and stability reasons, a bentonite-cement 

suspension or an enhanced-cement is used to backfill the space between the U-tube and its 

surrounding soil or rock. 

Most existing studies of GCHP systems concentrate on theoretical and simulation model 

research [4, 8, 9] or in situ monitoring of heat transfer in the BHE [2, 3, 10, 11, 12]. Only a 

few researchers have investigated the experimental operational performance of GCHP 

systems. Hwang et al. [13] presented the actual cooling performance of a GCHP system 

installed in Korea for 1 day of operation. Pulat et al. [14] evaluated the performance of a 

GCHP with a horizontal GHE installed in Turkey under winter climatic conditions. The 

coefficient of performance (COP) of the entire system and the heat pump unit were found to 

be 2.46–2.58 and 4.03–4.18, respectively. Yang et al. [15] reported the heat transfer of a two-

region vertical U-tube GHE after an experiment performed in a solar geothermal 

multifunctional heat pump experimental system. Lee et al. [16] conducted experiments on the 

thermal performance of a GCHP integrated into a building foundation in summer. Man et al. 

[17] performed an in situ operational performance test of a GCHP system for cooling and 

heating in a temperate zone. The experimental results indicate that the performance of a 

GCHP system is affected by its intermittent or continuous operation modes. Petit and Meyer 

[18] compared the thermal performances of a GCHP with an air-source air conditioner, 

finding that a horizontal or vertical GCHP was more favourable in terms of economic 

feasibility. Esen and Inalli [19] proposed using the in situ thermal response test to determine 

the thermal properties of the ground for GCHP applications in Turkey, and they found that the 

thermal conductivity and effective thermal resistance of the ground vary slightly with depth. 

This chapter is focused on the energy and environmental analysis and modelling of a 

reversible GCHP. One of the main innovative contributions of this study is in the 

achievement and implementation of an energy-operational optimisation device for the GCHP 

system using quantitative adjustment with a buffer tank and a variable speed circulating 

pump. Experimental measurements are used to test the performance of the GCHP system at 

different operating modes. The main performance parameters (energy efficiency and CO2 

emissions) are obtained for one month of operation using both classical and optimised 

adjustment of the GCHP system. A comparative analysis of these performances for both 

heating and cooling and DHW with different operation modes is performed. Additionally, two 

simulation models of thermal energy consumption in heating/cooling and DHW operation 

were developed using Transient Systems Simulation (TRNSYS) software. The simulations 

obtained using TRNSYS software are analysed and compared to the experimental 

measurements. The second objective of this chapter is to present the COP of a horizontal 

GCHP system and the temperature distributions measured in the ground heating season. 

Finally, a numerical model of heat transfer in the ground is described for determining the 

temperature distribution in the vicinity of pipes. 
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2. PERFORMANCE OF A VERTICAL GCHP SYSTEM FOR HEATING, 

COOLING AND DHW OPERATION 
 

 

2.1. Description of Experimental Laboratory 
 

Experimental investigations of GCHP performance were conducted in a laboratory 

(Figure 1) at the Polytechnic University of Timisoara, Romania, located at the ground floor of 

the Civil Engineering Faculty building with six floors and a heated basement [20]. The city 

has a continental temperature climate with four different seasons. The heating season runs in 

Timisoara from 1 October to 30 April, and the cooling season runs from 1 May to 30 

September. 

 

 

Figure 1. Experimental laboratory. 

The laboratory room has an area of 47 m
2
, and its height is 3.70 m. The envelope 

(external walls) is made of 200 mm porous brick with a 100 mm thermal insulating layer 

and 20 mm lime mortar. The thermal transmittances (U-values) are as follows: walls 0 .345 

W/m
2
K and double-glazed windows 2.22 W/m

2
K. The area of the windows is 16 m

2
, and 

the area of the interior door is 2.1 m
2
. The indoor air design temperature is 20C for the 

heating season and 26C for cooling season. The outdoor air design temperature is 15C for 

the heating season and 32.6C for the cooling season. 
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The GCHP installed in this experimental laboratory heated and cooled through a fan coil 

system. With the mentioned input data, a heating load of 3.11 kW and a cooling load of 2.15 

kW were obtained. The laboratory area was assimilated with a three-person apartment area in 

Timisoara. Considering the DHW daily mean consumption of 50 l/person, a tank hot-water 

temperature of 45C and a cold water temperature of 20C, a DHW load of 4.36 kW was 

determined. Figure 2 illustrates the monthly energy demand for laboratory heating (positive 

values) and cooling (negative values). 

 

 

Figure 2. Monthly energy demand for laboratory heating/cooling. 

 

2.2. Description of the Experimental System 
 

The GCHP experimental system consisted of a BHE, heat pump unit, buffer tank, 

circulating water pumps, fan coil units, sink, data acquisition instruments and auxiliary parts, 

as shown in Figure 3.  

The heat carrier fluid can be delivered towards two fan coils units in two flow rate 

adjustment modes: 

 

 direct, by a recirculation pump connected inside of the heat pump unit of the GCHP 

system (classical solution); 

 indirect, by a fixed speed circulating pump connected to a buffer tank. The GCHP 

automation can control the operation of the circulating pump connected to the buffer 

tank by on/off switching. This assembly improves the entire system operation. The 

buffer tank allows decreasing the GCHP on/off switching because of its thermal 
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inertia, and thus, the energy efficiency increases. The solution for heat carrier fluid 

flow rate adjustment was optimised using an automatic control device of circulating 

pump speed [21]. The main components of an automatic device for pump speed 

control are shown in Figure 4 [22]. 

 

 

Figure 3. Schematic of the experimental GCHP system with optimised flow rate adjustment. 

 

Figure 4. Schematic of a control device of the variable speed pump. 

In Figure 5, a schematic of the automatic control device of the circulating pump speed 

according to heating/cooling demand of the room is presented. In comparison with the 

classical solution, in which the circulating pump on/off switching is controlled by the GCHP 

automation, the optimised solution assures both the on/off switching and the speed control of 

the circulating pump. 

The temperature difference between the inside and outside of the heated/cooled space is 

measured by temperature sensors TS1 and TS2 connected to a programmable logic controller 

(PLC). 
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Figure 5. Schematic of the automatic control device for the circulating pump. 

In the PLC internal memory, a computational algorithm of the frequency converter 

dependent on the measured temperature difference is implemented. The PLC sends to the 

frequency converter the corresponding frequency value to ensure the fluid flow rate according 

to heating/cooling load at that time. In addition, the PLC allows on/off switching control of 

the circulating pump. For simultaneous on/off switching of the circulating pump and GCHP, 

common temperature values of this process were established. 

 

2.2.1. BHE 

The GHE of this experimental GCHP consisted of a simple vertical borehole that had a 

depth of 80 m. Antifreeze fluid (30% ethylene glycol aqueous solution) circulates in a single 

polyethylene U-tube of 32 mm internal diameter, with a 60 mm separation between the return 

and supply tubes, buried in borehole. The borehole overall diameter was 110 mm. The 

borehole was filled with sand and finished with a bentonite layer at the top to avoid intrusion 

of pollutants in the aquifers. The average temperature across the full borehole depth tested 

was 15.1C. The ground characteristics are based on measurements obtained from the Banat 
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Water Resources Management Agency [23]. The average thermal conductivity and thermal 

diffusivity of the ground from the surface to 80 m deep tested were 1.90 W/(m K) and 0.79  

10
6

 m
2
/s, respectively [21]. The boreholes were completely backfilled with grout mixed with 

drilling mud, cement and sand in specific proportions. The thermal conductivity and thermal 

diffusivity of the grout tested by manufacturer were 2.32 W/(m K) and 0.9310
6

 m
2
/s, 

respectively. 

 

2.2.2. Heat Pump Unit 

The heat pump unit was a reversible ground-to-water scroll hermetic compressor unit 

with R410A as a refrigerant. The nominal heating and cooling capacities were 6.5 kW (35C 

supply/0C return) and 3.8 kW (23C return/15C supply), respectively. The heat pump unit 

was a compact type model having an inside refrigeration system and DHW tank with a 175 

litre capacity. The operation of the heat pump was governed by an electronic controller, 

which, depending on the building water return temperature, switched the heat pump 

compressor on or off. The heat source circulation pump was controlled by the heat pump 

controller, which activates the source pump 30 s before compressor activation. 

The operation of the heat pump is characterised by the coefficient of performance 

(COPhp), which is defined as the ratio between the useful thermal energy Et and electrical 

energy consumption of heat pump Eel: 

 

 (1) 

 

The energy efficiency ratio (EERhp) is analogous to the COPhp but relates the cooling 

performance. 

The coefficient of performance of heat pump in cooling mode is obtained by the 

following equation: 

 

 (2) 

 

where value 3.412 is the transformation factor from W to Btu/h (British Thermal Units per 

hour). 

The COP of the GCHP system (COPsys) is defined by Eq. (1), where Eel is the energy 

consumption of the GCHP system, which includes the energy consumption of the compressor 

of heat pump unit, circulating pumps, fan coil units, frequency converter, and PLC. 

The carbon dioxide (CO2) emission ( ) of the heating system during its operation 

is calculated with the following equation: 

 

 (3) 

 

where gel = 0.547 kg CO2/kWh is the specific CO2 emission factor for electricity [24]. 

To obtain the COPhp or COPsys and CO2 emission, it is necessary to measure the 

heating/cooling energy Et and electricity Eel used by the heat pump unit or the GCHP system. 
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2.2.3. Circulating Water Pumps 

The water circulating loops of the GCHP consisted of a GCHP-buffer tank water loop 

and buffer tank-fan coil unit water loop. Two centrifugal pumps with rated flow of 2.8 m
3
/h 

and 5.5 m
3
/h were chosen for the first and the second water circulating loop, respectively. The 

first circulating pump (fixed speed circulating pump connected to heat pump unit) was 

controlled by the GCHP automation, and the second pump (variable speed circulating pump 

connected to buffer tank) was controlled by an automatic control device. 

 

2.2.4. Fan Coil Units 

Two parallel connected fan coil units were utilised as terminal units of the GCHP. The 

total thermal power of these two fan coil units was 3.2 kW. 

 

2.2.5. GCHP data acquisition system 

The GCHP data acquisition system consists of the indoor and outdoor air temperature, 

supply/return temperature, heat source temperature (outlet BHE temperature), DHW 

temperature, relative air humidity, and main operating parameters of the system components. 

 

 

2.3. Measuring Apparatus 
 

A network of sensors was setup to allow monitoring of the most relevant parameters of 

the system. Two thermal energy meters were used to measure the thermal energy produced by 

the GCHP and the extracted/injected thermal energy to the ground. A thermal energy meter 

was built with a heat computer, two PT500 temperature sensors and an ultrasonic mass flow 

meter.  

The two PT500 wires temperature sensors with an accuracy of  0.15C were used to 

measure the supply and return temperature for a hydraulic circuit (the water-antifreeze 

solution circuit or the fan coil circuit). Also, an ultrasonic mass flow meter was used to 

measure the mass flow rate for a hydraulic circuit. The thermal energy meters were AEM 

meters, model LUXTERM, with a signal converter IP 67 and accuracy < 0.2%. A three-phase 

electronic electricity meter measured the electrical energy consumed by the system (the heat 

pump unit, the circulating pumps, a feeder 220 Vca/ 24 Vcc, a frequency converter and a 

PLC) and another three-phase electronic electricity meter measured the electrical energy 

consumed by the heat pump compressor. The two three-phase electronic electricity meters 

were multifunctional type from AEM, model ENERLUX-T, with an accuracy grade in  

0.4% of the nominal value.  

The monitoring and recording of the experiments were performed using a personal 

computer (PC). The indoor and outdoor air temperature was measured by air flow sensors 

(AFS) and supply/return, heat source and DHW temperature was recorded by PTC (positive 

temperature coefficient) immersion sensors, all connected to the GCHP data acquisition 

system and having an accuracy of  0.2C. 
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2.4. Laboratory Experiment Results 
 

The system was monitored for two years. The experimental measurements were 

performed for two cases of flow rate adjustment of the heat carrier fluid in the system: case 

(1) – classical adjustment, by fixed speed circulating pump connected to heat pump unit and 

case (2)  optimised adjustment, by variable speed circulating pump connected to buffer tank. 

In heating operation, the experiments were conducted for a one-month period for each of 

the two analysed cases, from the 22nd of January 2012 to the 20th of February 2012 and the 

15th of January 2013 to the 13th of February 2013. The outdoor temperature varied in the 

range of 5.9-10.1C. The monthly mean values of the outdoor temperature during the two 

periods were almost equal. In cooling operation, the experiments were conducted for a one-

month period for each of the two analysed cases, from the 21st of May 2012 to 19th May 

2012 and the 28th of May 2013 to the 26th of June 2013. The outdoor temperature varied in 

the range of 15.2 to 34.8C. The monthly mean values of the outdoor temperature during the 

two periods were almost equal.  

 

2.4.1. The GCHP System Performances in Different Operation Modes 

 Heating operation. The experimental parameters including indoor air temperature (ti), 

outdoor air temperature (te), and heat source temperature (ts), recorded for a one-month 

period, are plotted in Figures 6 and 7. It should be noted that in case (2) a reduced indoor air 

temperature was obtained, around the set-point temperature of 22C, leading to better comfort 

in the room. In addition, the reduced oscillation of the antifreeze fluid temperature leads to a 

lower heat source demand. The heat source temperature in winter is up to 12-13C higher 

than the outdoor air temperature, this increases the capacity and the efficiency of GCHP 

system. 

 

 

Figure 6. Recorded indoor and outdoor air temperature during heating operation. 
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Figure 7. Heat source temperature evolution during the heating provision tests. 

Table 1 presents the summary of the mean values of the temperatures  

(ti, te, ts), electricity consumption (Eel), useful thermal energy for heating (Et), COP of the 

GCHP system (COPsys) and the heat pump unit (COPhp), and CO2 emission ( ). The 

COPhp values of the heat pump unit for classical and optimised solution are 4.82 and 5.06, 

respectively. For case (2), the COPsys = 4.40 is 7.5% higher and the CO2 emission level is 7% 

lower than in case (1). Due to the properties of the climate, ground etc. of the place where the 

measurements were conducted and a higher underground water flow rate, the heat source 

temperature is increased and the COPhp and COPsys are notable values for both solutions.  

 

Table 1. GCHP system performance for classical and optimised adjustment  

in heating operation 

 

Case 
ti  

[oC] 

te  

[oC] 

ts  

[oC] 

Eel  

[kWh] 

Et  

[kWh] COPsys COPhp 

 

[kg] 

(1) classic  22.65 3.25 16.24 125.18 510.62 4.07 4.82 50.45 

(2) optimised  21.84 3.76 17.08 116.47 512.54 4.40 5.06 46.94 

 

Therefore when these results were compared with results of the similar studies reported 

in [6, 25] but in other local geothermal conditions, it is seen that the performance values 

obtained here are improved noticeably. 

 Cooling operation. Figures 8 and 9 show the variation in time of the outdoor air 

temperature (te), indoor air temperature (ti), and heat source temperature (ts). In case (2), a 

more reduced indoor air temperature around a set-point temperature of 26 C was obtained, 

leading to better comfort in the room. Table 2 summarises the mean values of the 

temperatures (ti, te, ts), electricity consumption (Eel), useful thermal energy for cooling (Et), 

EER of GCHP system (EERsys) and CO2 emission ( ). In case (2), the EERsys was 8% 

higher, and the CO2 emission level was 8% lower than in case (1). 

 

2COC

2COC

2COC
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Figure 8. Outdoor air temperature evolution during the cooling provision tests. 

Table 2. GCHP system performance for classical and optimised adjustment  

in cooling operation 

 

Case 
ti  

[oC] 

te  

[oC] 

ts  

[oC] 

Eel  

[kWh] 

Et 

[kWh] 

EERsys 

[Btu/Wh] 
COPsys 

 

[kg] 

(1) classic 26.22 24.54 20.50 70.99 287.21 13.79 4.04 28.60 

(2) optimised 25.71 24.88 20.65 65.16 288.45 15.09 4.42 26.25 

 

 

Figure 9. Recorded indoor air and heat source temperature during cooling operation. 

The comparison of the GCHP system experimental performances in the heating and 

cooling operation (Tables 1 and 2) indicate that the system performance in heating and 

cooling operation was almost equal. This is because the heating load was higher than the 

2COC
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cooling load, and in addition, the electricity consumption in heating operation was higher than 

the electricity consumption in cooling operation. 

The COP values of the GCHP system were compared to the existing COP values applied 

in GCHP research. The research of Man et al. [17] revealed a COP of GCHP systems of 4.19-

4.57 in the winter season and 3.9-4.53 in the summer season. In addition, the summer 

research of Michopoulos et al. [11], which used a vertical heat exchanger at a depth of 80 m, 

reported a COPsys of 4.4-4.5. It is seen that the performance values obtained here are similar. 

 Heating and DHW operation. For the comparative study of the two flow rate 

adjustment cases, the same DHW volume was used, Vdhw = 1.22 m
3
. The experimental 

parameters including indoor air temperature (ti), outdoor air temperature (te), DHW 

temperature (tdhw) and heat source temperature (ts), recorded for a week period for each of the 

two analysed cases, from 12th of January 2012 to 18th of January 2012 and 7th of January 

2013 to 13th of January 2013, are plotted in Figures 10 and 11. The heat source temperature 

in winter is approximately 15 C higher than the outdoor air temperature. 

Table 3 presents the summary of the mean values of the temperatures (ti, te, tdhw, ts), 

DHW volume (Vdhw), electricity consumption (Eel), useful thermal energy (Et), COP of the 

GCHP system (COPsys) and the heat pump unit (COPhp), and CO2 emission ( ). Although 

the COPsys resulted in almost equal values for the two cases, the experimental results indicate 

that when using an automatic control device for the circulating pump speed, an electricity 

savings of 3% and a CO2 emission level decrease of 3% were obtained. 

Analysing the experimental data (Table 7.1 and 7.3) results indicate that the COPsys of the 

GCHP system operating in heating and DHW mode in comparison with heating operation 

mode decreased significantly in the range of 20.6 to 23.9% in comparison to the two cases, 

from 4.07-4.40 to 3.23-3.35, respectively. The COPhp values of the heat pump unit for cases 

(1) and (2) are 3.81 and 3.95, respectively. 

 

 

Figure 10. Recorded indoor and outdoor air temperature during heating and DHW operation. 

2COC
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Table 3. GCHP system performance for heating and DHW provision tests 

 

Case 
ti  

[oC] 

te  

[oC] 

ts  

[oC] 

tdhw  

[oC] 

Vdhw  

[m3] 

Eel  

[kWh] 

Et  

[kWh] 
COPsys COPhp 

 

[kg] 

(1) classic 21.27 1.03 16.79 42.63 1.22 82.66 266.99 3.23 3.81 33.31 

(2) optimised 21.61 0.93 16.27 42.64 1.22 80.12 269.13 3.35 3.95 32.28 

 

 

Figure 11. DHW and heat source temperature evolution during heating and DHW provision tests. 

 Cooling and DHW operation. To determine the GCHP system performance in the 

summer season, experimental measurements over a week period for each of the two analysed 

cases were performed, from 27th of June 2012 to 3rd of July 2012 and 24th of June 2013 to 

30th of June 2013. During the measurements, both the cooling and DHW load for a family 

using a DHW volume Vdhw = 1.36 m
3
 were assured. Figure 12 illustrates the evolution of 

indoor air temperature (ti) and outdoor air temperature (te), and Figure 13 illustrates the 

evolution of the DHW temperature (tdhw) and heat source temperature (ts). 

Table 4 presents a summary of the mean values of the temperatures (ti, te, tdhw, ts), DHW 

volume (Vdhw), electricity consumption (Eel), useful thermal energy (Et), COP of the GCHP 

system (COPsys), and CO2 emission ( ).Although the COPsys was almost equal for the two 

cases, the experimental results indicate that when using the automatic control device for the 

circulating pump speed, an electricity savings of 5% and a CO2 emission level decrease of 5% 

were obtained. 

 

Table 4. GCHP system performance for cooling and DHW provision tests 

 

Case 
ti  

[oC] 

te  

[oC] 

ts  

[oC] 

tdhw  

[oC] 

Vdhw  

[m3] 

Eel  

[kWh] 

Et  

[kWh] 
COPsys 

 

[kg] 

(1) classic 25.40 24.96 20.62 38.92 1.36 50.80 198.62 3.91 20.47 

(2) optimised 25.45 25.28 20.60 39.12 1.36 48.22 195,06 4.04 19.43 

2COC

2COC

2COC
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Figure 12. Recorded indoor and outdoor air temperature during cooling and DHW operation. 

 

Figure 13. DHW and heat source temperature evolution during cooling and DHW provision tests. 

The experimental data (Table 2 and 4) results of the COPsys of the GCHP system 

operating in cooling and DHW mode in comparison with cooling operation mode indicate 

that there was a decrease only in the range of 3.2 to 8.6% compared with the two cases, from 

4.04-4.42 to 3.91-4.04, respectively. 

In Figures 14 and 15 are summarised the performances of the GCHP system in the 

different operation modes to show the experimental measurement results of the COPsys and 

CO2 emission ( ). 
2COC
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Figure 14. Variation of COPsys in different operation modes of GCHP system. 

 

Figure 15. Variation of CO2 emission in different operation modes of GCHP system. 

2.4.2. The GCHP Performance in DHW Operation 

 The DHW production with different temperatures. To analyse the heat pump unit 

performances of the GCHP system that produces the DHW for a three person family, a mean 

daily consumption of approximately 50 l/person at a DHW set-point temperature (tdhw-set) of 

40, 45, 50, and 60 C was considered. The experimental measurements were conducted for a 

one-week period for each DHW set-point temperature from 1st of April 2013 to 28th of April 

2013. The experimental parameters recorded for a DHW set-point temperature of 60 C, 

including flow temperature (tf), return temperature (tr), DHW temperature (tdhw), and heat 

source temperature (ts), are plotted in Figure 16. 

Table 5 presents the summary of the mean values of the temperatures (tdhw, ts), DHW 

volume (Vdhw), electricity consumption (Eel), useful thermal energy (Et), COP of the heat 

pump unit (COPhp) and CO2 emission ( ). 

It should be noted that the heat pump’s COPhp, when operated in DHW mode, decreased 

from 2.06 to 1.61 if the DHW temperature increased from 40C to 60C, respectively. In 

Figure 17 is illustrated the variation of COPhp depending on the DHW temperature. 

 

 

2COC
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Figure 16. Recorded operation parameters of the GCHP during DHW provision tests for DHW set-

point temperature of 60C. 

Table 5. GCHP performance during DHW provision tests 

 

No.  
tdhw-set  

[oC] 

tdhw  

[oC] 

ts  

[oC] 

Vdhw  

[m3] 

Eel  

[kWh] 

Et  

[kWh] 
COPhp 

 

[kg] 

1 40 39.60 15.76 0.968 15.18 31.29 2.06 6.11 

2 45 44.55 14.25 0.968 18.31 35.90 1.96 6.82 

3 50 49.39 14.95 0.968 22.94 42.68 1.86 9.24 

4 60 59.47 15.20 0.968 32.67 52.78 1.61 13.16 

 

 

Figure 17. Variation of COPhp depending on the DHW temperature. 

2COC
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 Influence of water temperature increment in the DHW tank. The performance of the 

heat pump unit of the GCHP system is influenced by instantaneous consumed hot-water 

volume, which influences CO2 emissions. Table 6 presents the summary of the mean values 

of the measured temperatures (tf, tr, tdhw, ts), electricity consumption (Eel), useful thermal 

energy (Et), COP of the heat pump unit (COPhp), and CO2 emission ( ) for six 

experiments at different water temperature increments (t) in the DHW tank. 

 

Table 6. GCHP performance depending on water temperature increment in DHW tank 

 

No. 
Δt  

[oC] 

tt  

[oC] 

ts  

[oC] 

tdhw  

[oC] 

Eel  

[kWh] 

Et  

[kWh] 
COPhp 

 

[kg] 

1 3 34.10 12.78 17.79 0.170 0.556 3.33 0.068 

2 5 40.29 13.83 29.49 0.310 1.011 3.26 0.124 

3 10 37.13 10.46 26.10 0.720 2.264 3.14 0.290 

4 15 38.66 11.53 26.76 0.980 2.952 3.01 0.394 

5 20 42.34 9.53 30.01 1.440 4.044 2.81 0.580 

6 25 43.72 10.12 31.50 2.010 5.128 2.55 0.810 

 

Figure 18 illustrates the evolution of heat carrier fluid temperatures (tf, tr) produced by 

GCHP, DHW temperature (tdhw), and heat source temperature (ts) for water heating in DHW 

tank with t = 25 C. The data in Table 6 indicates that with higher instantaneous DHW 

consumption (increased t), the COPhp decreased. This COPhp decrease could reach a level of 

23% when the water temperature increment in the DHW tank was 25C. 

 

 

Figure 18. Recorded operation parameters of GCHP for water heating in the DHW tank with 25C. 

2.4.3. Uncertainty Analysis 

Uncertainty analysis (the analysis of uncertainties in experimental measurement and 

results) is necessary to evaluate the experimental data [26, 27]. An uncertainty analysis was 

performed using the method described by Holman [26]. A result Z is a given function of the 

2COC

2COC
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independent variables x1, x2, x3,…,xn. If the uncertainties in the independent variables w1, w2, 

w3,…,wn are all given with same odds, then uncertainty in the result wZ having these odds is 

calculated by the following equation [166]: 

 

 (4) 

 

In the present study, the temperatures, thermal energy and electrical energy were 

measured with appropriate instruments explained previously. Error analysis for estimating the 

maximum uncertainty in the experimental results was performed using Eq. (4). It was found 

that the maximum uncertainty in the results is in the COPsys, with an acceptable uncertainty 

range of 1.31-1.69% in heating operation mode and of 2.29-3.38% in cooling operation mode. 

The uncertainty of the COPhp was estimated between 1.82 and 2.33% in heating mode and 

between 2.90 and 5.60% in DHW mode. 

 

 

2.5. Numerical Simulation of Useful Thermal Energy Using TRNSYS 

Software  
 

Transient Systems Simulation (TRNSYS) software [28] is a flexible modelling and 

simulation tool and can solve very complex problems from the decomposition of the model in 

various interconnected model components. The basic principle of TRNSYS program is the 

implementation of algebraic and first-order ordinary differential equations describing physical 

components into software subroutines (called types) with a standard interface. STEC library 

is based on steady state energy conservation formulated in thermodynamic quantities 

(temperature, pressure, and enthalpy). In order to consider transient effects like start-up, a 

“capacity” model has been developed that can be linked to each of the previously mentioned 

components and easily tuned to match empirical data. This permits thermal capacity to be 

considered only in those components where it has a large impact and avoids the huge gain in 

computational complexity of a full transient model. One of the main advantages of TRNSYS 

for the modelling and design of ground source heat pumps is that it includes components for 

the calculation of building thermal loads, specific components for heating/cooling, ventilating 

and air-conditioning, heat pumps and circulating pumps, modules for borehole heat 

exchangers and thermal storage, as well as climatic data files, which make it a very suitable 

tool to model a complete air-conditioning/heat pump installation to provide heating and 

cooling to a building. 

Some statistical methods, such as the root-mean squared (RMS), the coefficient of 

variation (cv), the coefficient of multiple determinations (R
2
) and percentage difference (er) 

may be used to compare simulated and actual values for model validation. 

The error can be estimated by the RMS defined as [29]: 

 

 (5) 
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In addition, the coefficient of variation cv, in percent and the coefficient of multiple 

determinations R
2
 are defined as follows [29]: 

 

 (6) 

 (7) 

 

where n is the number of measured data in the independent data set; ymea,m is the measured 

value of one data point m; ysim,m indicates the simulated value;
 

 is the mean value of all 

measured data points. 

The percentage difference (relative error) er is defined as: 

 

 (8) 

 

where: ymea,m is the measured value; ysim,m is the potential value at point m obtained by 

simulation. 

 

2.5.1. Simulation of Thermal Energy Used for Laboratory Heating and Cooling 

 Definition of the operation scheme. To simulate the thermal energy used to cover the 

heating/cooling load of the experimental laboratory, the operational connections were 

established between the building and all internal and external factors. 
 

 

Figure 19. Scheme of the system model built in TRNSYS to simulate the thermal energy consumption. 
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Figure 19 presents the operational scheme built in TRNSYS, where the building thermal 

behaviour was modelled using a “Type 56” subroutine. This subroutine was processed with 

the TRNBuild interface by introducing the main construction elements, their orientation and 

surface, shadow factors, and indoor activity type. Weather data for the Timisoara were 

obtained from the Meteonorm data base [30] and the weather data reader “Type 109” and 

“Type 89d” were used to convert the data in a form readable from TRNSYS. The simulation 

model took into account the outdoor air infiltration, heat/cold source type, and interior gains. 

Also, for a good approach of the model were defined light thresholds, cooling, shading and 

light integrators. To extract the results, an online plotter (“Type 65”) is used. 

 Simulation results and comparison with experimental data. Performing simulations for 

a one-year period (8760 h), thermal energy used for heating and cooling were obtained and 

are presented beside the measured values in Table 7. Statistical values such as RMS, cv and R
2
 

are given in Table 8 for the GCHP system in different operation modes. There was a 

maximum percentage difference between the TRNSYS simulated and measured values for the 

heating period of approximately 1.59% and for the cooling period of approximately 1.64%, 

which is very acceptable. The RMS and cv values in heating mode are 2.722 and 0.0141, 

respectively and in cooling mode are 3.080 and 0.0238, respectively. The R
2
-values in the two 

operation mode are about 0.9998, which can be considered as very satisfactory. Thus, the 

simulation model was validated by the experimental data. 

 

Table 7. Thermal energy used for laboratory heating and cooling 

 

Month 

Heating energy [kWh] Percentage 

difference er 

[%] 

Cooling energy [kWh] Percentage 

difference  

er [%] 
Simulated Measured Simulated Measured 

January 505.00 512.48 1.45 0.00 0.00 0.00 

February 391.40 390.12 0.32 0.00 0.00 0.00 

March 303.21 300.87 0.77 0.00 0.00 0.00 

April 99.45 97.89 1.59 0.00 0.00 0.00 

May 0.00 0.00 0.00 208.00 211.23 1.52 

June 0.00 0.00 0.00 242.00 242.82 0.33 

July 0.00 0.00 0.00 337.90 333.12 1.43 

August 0.00 0.00 0.00 437.80 445.14 1.64 

September 0.00 0.00 0.00 324.30 319.20 1.59 

October 189.70 191.31 0.84 0.00 0.00 0.00 

November 348.90 345.23 1.06 0.00 0.00 0.00 

December 477.50 480.21 0.56 0.00 0.00 0.00 

 

Table 8. Statistical values of useful thermal energy of GCHP system 

 

Operation mode RMS cv R2 

Heating 2.72187 0.01409 0.99990075 

Cooling 3.08003 0.02382 0.99977802 

DHW production 8.50000 0.00464 0.99997906 
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2.5.2. Simulation of Thermal Energy Used to Produce DHW 

 Definition of the operation scheme. For simulation of the DHW production the 

operational scheme built in TRNSYS from Figure 20 was utilised. 

The assembly of GCHP system consists of the standard TRNSYS weather data readers 

“Type 15-6”, a GCHP model “Type 919”, a BHE “Type 557a” and a DHW storage tank 

“Type 4”, with a capacity of 175 litres. Also, in the simulation model were defined single 

speed circulating pumps “Type 114” for the antifreeze fluid in the BHE and “Type 3d” for 

heat carrier fluid of the DHW coil. A “Type 14” for the load profile and a daily load 

subroutine were created, this approach improving significantly the numerical convergence of 

the model. Finally, two model integrators (“Type 25” and “Type 24”) were used to calculate 

daily and total results for thermal energy produced. 

 Simulation results and comparison with experimental data. Useful thermal energy 

simulations for the assurance of the DHW thermal load were performed for four hot-water 

temperatures: 40, 45, 50, and 60C. The results of the simulation program are presented 

beside the experimental data in Table 9. Statistical values such as RMS and cv are given in 

Table 8. 

 

 

Figure 20. Scheme of the system model built in TRNSYS for simulation of the DHW production. 

A comparative analysis of these results indicates that the thermal energy values for DHW 

production simulated with TRNSYS were only 0.21-0.62% lower than the measured values in 

all four cases. The COPhp values are in the range 1.56-2.00, approached to measured values 

(Table 5). The R
2
-value about 0.9999 is very satisfactory and the maximum percentage 

difference of 0.62% is acceptable and thus the simulation model is validated experimentally. 
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Table 9. Thermal energy Et used for DHW production 

 

Temperature tdhw-set [
oC] 

Et [kWh/yr] 
Percentage difference er [%] COPhp 

Simulated Measured 

40 1446 1449 0.21 2.00 

45 1601 1611 0.62 1.90 

50 1907 1913 0.31 1.80 

60 2347 2359 0.51 1.56 

 

 

3. NUMERICAL AND EXPERIMENTAL ANALYSIS  

OF A HORIZONTAL GCHP SYSTEM  
 

The temperature distributions in the ground are very important for calculating the heat 

losses of buildings to the ground, for design of thermal energy storage equipment and GHEs, 

and for analysis of the biodegradation processes of organic substances. Esen et al. [7] 

developed a numerical model of heat transfer in the ground for determining the temperature 

distribution in the vicinity of a horizontal ground heat exchanger (HGHE). The finite 

difference approximation is used for numerical analysis. In the experimental study, the 

COPsys of the GCHP system and temperature distributions measured in the ground during the 

2002–2003 heating season was presented. 

 

 

3.1. Experimental Facilities 
 

The schematic of the horizontal GCHP system constructed for space heating is illustrated 

in Figure 21 [7]. Table 10 summarises the main component specifications and characteristics 

of the GCHP system. The experimental set-up consists of three main components: (1) the 

HGHE, (2) the heat pump unit, and (3) the auxiliary equipment. 

 

3.1.1. HGHE 

One GHE has been installed at the University of Firat, Elazing, Turkey, which consists of 

a high-density polyethylene tube, 16 mm in diameter. This heat exchanger is made as a single 

pass straight tube, buried at a depth of 1 m.  

To allow for measuring the circulating water-antifreeze solution and ground temperature, 

a number of T-type thermocouples were installed.  The pipe-ground interface temperature 

was measured in a similar fashion to the water-antifreeze solution temperature measurement, 

except that thermal insulation is not used here because the thermocouple should have good 

contact with both the pipe and the ground. The ground temperature distribution around the 

pipe was measured by means of thermocouples distributed in the ground at various distances 

from the pipes, in both the horizontal and vertical directions. Five thermocouples were used to 

measure the soil temperature around the HGHE (Figure 21). 
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Table 10. Technical features of the experimental set-up 

 

Specification Value/Characteristic 

Weather information (yearly average values) 

Average outdoor temperature  

Maximum outdoor temperature 

Minimum outdoor temperature  

Average relative humidity  

Average solar radiation  

Average wind velocity  

Average ground temperature at 1 m depth  

226 K 

291 K 

280 K 

56% 

14.9 MJ/(m2day) 

2.5 m/s 

289 K 

Room information 

Window area  

Wall area  

Floor area  

Ceiling area  

Comfort temperature  

Building volume  

2.24 m2 

34.63 m2 

16.24 m2 

16.24 m2 

293 K 

55.21 m3 

Heat pump information 

Capacity  

Compressor type 

Evaporator type 

Condenser type 

Compressor power input 

Compressor volumetric flow rate 

Compressor rotation speed  

Condenser fan 

Evaporation temperature  

Condensation temperature  

Refrigerant type 

4.279 kW 

Hermetic 

TT3; cooper and inner cooling aluminium 

HS 10; Friterm 

2 HP; 1.4 kW 

7.6 m3/h 

2900 rot/min 

2350 m3/h; 145 W 

0oC 

54.5oC 

R22 

Ground heat exchanger information 

Configuration type 

Pipe material 

Length of pipe 

Pipe diameter  

Piping depth  

Pipe distance  

Horizontal 

Polyethylene; PX-b cross link 

50 m 

0.016 m 

1 m 

0.3 m 

Circulating pump information 

Type  

Power 

Alarko; NPVO-26-P 

40 W, 62 W, 83 W 

 

3.1.2. Auxiliary Equipment 

The collector valve varies the circulating water-antifreeze solution flow rate. The flow 

rate of the circulated water-antifreeze solution through the closed loop HGHE was measured 

using a rotameter and controlled by a hand-controlled tap mounted on the collector. 

An anemometer was used to measure the circulating air flow velocity. The electric power 

consumed by the system (compressor, water-antifreeze circulating pump and fan) was 

measured by means of a wattmeter. The inlet and outlet temperatures of the R-22 in the 

condenser, compressor and evaporator were measured with T-type (copper-constantan) 

thermocouples. In addition, the temperatures of the circulated water-antifreeze solution at the 

inlet and outlet of the HGHE and evaporator (Figure 21) were measured.  
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Figure 21. Schematic diagram of the experimental apparatus. 

The ground temperature at 1 m depth was also measured next to the HGHE. The ambient 

and indoor air temperatures were measured with thermometers. The inlet and outlet pressures 

of the compressor and evaporator were measured using Bourdon tube-type manometers. 

 

3.1.3. Heat Pump Unit 

The heat transfer from the ground to the heat pump or from the heat pump to ground was 

maintained with the fluid or water-antifreeze solution circulated through the HGHE. The fluid 

transferred its heat to the refrigerant in the evaporator (the water-antifreeze solution to the 

refrigerant heat exchanger). The refrigerant, which flows through the other closed loop in the 

heat pump, evaporates by absorbing heat from the water-antifreeze solution circulated 

through the evaporator and then enters the hermetic compressor. The refrigerant is 

compressed by the compressor and then enters the condenser, where it condenses. 

After the refrigerant leaves the condenser, the capillary tube provides almost 10
o
C of 

superheat that essentially gives a safety margin to reduce the risk of liquid droplets entering 

the compressor. A fan blows across the condenser to move the warmed air to the room. A 

non-toxic propylene glycol solution (25% weight) was circulated through the HGHE. In the 

heating season, the heat exchange fluid (water-antifreeze solution) in the HGHE loop collects 

heat from the ground and transfers that heat to the room. After the heat exchange fluid 

absorbs heat from the ground, the closed-loop HGHE circulates the heat exchange fluid 

through pipes buried 1 m deep in the trench (Figure 21). 
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3.2. Experimental Analysis and Uncertainty 
 

The performance of the GCHP system is determined by measuring the flow rate and the 

temperature change of the fluid (water-antifreeze) and the electrical power input. The heat 

extracted by the unit in the heating mode (i.e., HGHE load) qE is expressed as: 

 

  (9) 

 

The electric power input to the compressor Pe, k, the water-antifreeze circulating pump Pe, 

p and the condenser fan Pe,cf can be written, respectively, as [7]: 

 

  (10) 

 

  (11) 

 

  (12) 

 

The COPsys can be obtained based on Eq. (1) as: 

 

  (13) 

 

where Qt is the useful thermal power supplied by the heat pump: 

 

  (14) 

 

The mean values of the measured data and the calculated results for December 2002 are 

given in Table 7.11. Using Eq. (13) and the values given in the table, the average COPsys 

value of the GCHP system was found to be 3.06 for December 2002. 

Another important issue is the accuracy of the measured data as well as the obtained 

results by the experimental studies. Therefore, uncertainty analysis was carried out to validate 

the experimental results. The total uncertainties of the other measured parameters calculated 

by Eq. (4) are presented in Table 11. 

 

 

3.3. Daily Evaluation of the System 
 

Figure 22 shows the daily periodic heating coefficient (COPsys) of the GCHP system [7]. 

The daily periodic variation of COPsys is given for a heating season lasting from 7 November 

2002 to 30 April 2003.  
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Table 11. Mean values of the measured data and calculated results 

 

Data Value Total uncertainty [%] 

Measured parameters 

Evaporation pressure  

Condensation pressure  

Evaporating temperature  

Condensing temperature  

Water-antifreeze temperature at HGHE inlet, tf,i  

Water-antifreeze temperature at HGHE outlet, tf,e  

Water-antifreeze mass flow rate, mf  

Air mass flow rate, mair  

Outdoor air temperature, tair  

Compressor electric current, Ik  

Circulating pump electric current, Ip  

Condenser fan electric current, Icf  

Current of all systems  

Mono-phase voltage  

Temperature of air at fan inlet, tair,i  

Temperature of air at fan outlet, tair,o  

Power factor, cos  

0.21 MPa 

1.5 MPa 

261 K 

313 K 

280.3 K 

283.6 K 

0.055 kg/s 

0.6 kg/s 

290 K 

5.98 A 

0.32 A 

0.69 A 

6.99 A 

220 V 

295.8 K 

303 K 

0.92 

 2.72 

 2.72 

 2.75 

 1.38 

 1.38 

 2.89 

 1.38 

 3.00 

 3.00 

 3.00 

 3.00 

 3.00 

 3.00 

 1.38 

 1.38 

 1.00 

Calculated parameters 

Power input to the compressor, Pe,k  

Power input to the circulating pump, Pe,p 

Power input to the condenser fan, Pe,cf 

Total power of systems, Pe 

Heat extraction rate from the depth of 1 m  

1.211 kW 

0.065 kW 

0.14 kW 

1.416 kW 

0.671 kW 

 4.35 

 4.35 

 4.35 

 4.35 

 4.35 

 

 

Figure 22. Daily performance of GCHP system. 
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As seen from Figure 22, the system performance decreases until February, and then it 

increases. Because the lowest daily average temperature of the ground at 1 m depth is in 

February, the mean daily value of COPsys was of 3.2. The highest COPsys was found to be 3.8 

(November), while the lowest COPsys was 2.7 (February). The COPsys increases with 

increasing the buried depth of the HGHE [6]. Obviously, a superior HGHE design and more 

careful ground selection will give higher enhancement rates for COPsys. 

 

 

3.4. Numerical Model for Ground Temperature Field 
 

The natural ground temperature is a periodic function versus depth and time. Without 

considering moisture migration, the temperature field is a two-dimensional non-steady heat 

conduction problem with no internal heat generation and is not modelled with time-periodic 

boundary conditions. It is assumed that heat is transferred mainly by conduction, while 

convection and radiation contributions are negligible. The other assumptions made in the 

analysis are as follows: 

 

1. the ground properties are uniform and the ground type does not change along the 

pipe; 

2. the ground temperature at a certain distance from the pipe is assumed to change only 

with diurnal and seasonal variation and does not depend on the HGHE operation; 

3. the heat transfer in the ground is assumed to be symmetric; 

4. for the case of multiple HGHEs, the distance between loops is assumed to be large 

enough to avoid thermal interference between the loops; 

5. the heat transfer in the ground in the direction parallel to the pipe is negligible; 

6. the air-ground surface boundary is assumed to be convective; 

7. the influence of gravity on the soil moisture transfer in the unsaturated soil is 

assumed to be negligible; 

8. the rainfall or snow peck effect is assumed to be negligible. 

 

The discretization for this model is shown in Figure 23, while the meshes for different 

boundaries are shown in Figure 24 [7]. The A, B, C, D, L and K letters are the distances in the 

x and y direction in the considered rectangular ground domain used for the calculation of the 

ground temperature distribution. Square meshes were considered in the underground field. In 

this case, the solution is easy and the solution time is short. The x-y plane of the rectangular 

calculation domain was divided into nodal spaced x and y apart in the x- and y-directions, 

respectively. 

A general interior node (m, n) has the coordinates x = ny, as shown in Figure 23. In this 

study, an equal distance of mesh (x = y) is selected, and distance in the z direction is 

considered as z = 1. The total lengths are 0.16 m and 1.312 m in the x- and y-directions, 

respectively. The physical properties of this ground are assumed to be constant for simulation 

and equal to the physical properties used in the experiments. 
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Figure 23. Finite-difference grid and boundary conditions of modelled domain. 

 

Figure 24. Meshes for different boundaries. a)-conduction (inner volume); b)-convection (upper surface 

of ground); c)-symmetry (left upper or left bottom surface); d)-symmetry (right surface); e)-pipe 

surface; f)-pipe surface (different). 
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The two-dimensional transient heat conduction equation for the ground is represented by: 

 

  (15) 

 

where: t(x,y,) is the ground temperature, in 
o
C; x is the horizontal distance, in m; z is the 

vertical distance, in m; a is the thermal diffusivity of ground, in m
2
/s;  is the time, in s. 

The initial and boundary conditions are: 

 

for  = 0:
 

  (16) 

 

for 0<y<A and x = 0:
 

  (17) 

 

for A+C<y<(A+C+B) and x = 0:
 

  (18) 

 

for 0<y<(A+B+C) and x = L:
 

  (19) 

 

for 0<x<L and y = 0:
 

  (20) 

 

for 0<x<D and y = A:
 

  (21) 

 

for 0<x<D and y = (A+C):
 

  (22) 

 

for 0<x<L and y = (A+C+B):
 

  (23) 

 

The finite-difference procedure used is that first introduced by Barakat and Clark [31], 

and is an unconditionally stable explicit method. 

 

The finite-difference equation (FDE) of Eq. (15) is [7]: 

 

  (24) 

 

where p is the time step, m is the node count in the x direction and n is the node count in the y 

direction. 

The transient FDE for an interior node can be expressed on the basis of Figure 7.24a: 

 

  (25) 
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The coefficient of  in the  expression is 1-4Fo0, which is independent of the 

node number (m, n), and thus the stability criterion for all interior nodes in this case is 1-

4Fo0: 

 

  (26) 

 

where: Fo is the mesh Fourier number; a is the thermal diffusivity of the ground, in m
2
/s; t is 

the time step, in s; x = y is the distance between two nodes. 

The thermal diffusivity and the thermal conductivity for moist clay ground are a = 

6.7110
-7

 m
2
/s and λ = 2.2 W/(mK), respectively. The distance between two nodes or 

diameter of pipe is x = 0.016 m. The time step t is calculated from the stability criterion 

given in Eq. (26) for inner nodes, and is found to be t95.38 s [7]. 

The transient FDE for an upper surface of ground area can be expressed on the basis of 

Figure 7.24b as: 

 

  (27) 

 

The stability criterion is Fo1/[2(2+Bi)] at the upper surface of ground, where Bi is the 

Biot number of the system. The heat transfer coefficient kair is calculated by the following 

equation: 

 

  (28) 

 

where vwind = 23 m/s is the average wind velocity. 

The thermal diffusivity and the thermal conductivity of air are determined with dry air 

table properties for average outdoor air temperature of 7.3
o
C. The time step has been taken as 

t = 1 s for this simulation [7]. 

The transient FDE for an upper left surface (B) or a bottom left surface (A) of ground 

region can be expressed on the basis of Figure 7.24c as: 

 

  (29) 

 

The transient FDE for a right surface (K) of the ground region can be expressed on the 

basis of Figure 7.24d as: 

 

  (30) 

 

As the wall thickness of the pipe is very small (2 mm) the pipe conductive resistance can 

be neglected. The transient FDE for an inner surface of pipe can be expressed on the basis of 

Figures 7.24e and 7.24f as follows: 
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  (31) 

 

  (32) 

 

The criterion is found to be Fo3/[4(3+Bi)] at the inner surface of pipe. The average 

velocities of water-antifreeze fluid vf have been determined by the following equations: 

 

  (33) 

 

where mf is the mass flow rate of water-antifreeze fluid, in kg/s; f is the density of water-

antifreeze fluid; Apipe is the cross-section area of the pipe. The input data for numerical study 

are outdoor air temperature, fluid temperature and mass flow rate of fluid. They were taken 

from the experimental measurements. The average temperature of water-antifreeze solution is 

12.4
o
C. Density, kinematic viscosity, thermal conductivity and thermal diffusivity, 

corresponding to this temperature was determined. 

 

 

3.5. Model Validation 
 

The model results were compared to the experimental data. Temperatures were 

determined at every half hour experimentally and numerically. The ground temperatures were 

obtained from the numerical and experimental study for different mass flow rates of the 

water-antifreeze solution. The change of the ground temperature for a flow rate of 0.041 kg/s 

is shown in Figure 25 [7].  

 

 

Figure 25. Ground temperature change for fluid mass flow rate as 0.041 kg/s. 
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The ground temperature decreases with time because the amount of thermal energy 

within the ground decreases. In addition, the increasing mass flow rate results in decreasing 

ground temperature because the high mass flow rates extract more energy from the ground. 

The average difference between the numerical and experimental values is approximately 

0.6
o
C. This value shows a good agreement between the numerical and experimental results. 

The ground temperature distribution for mass flow rates of the water-antifreeze solution 

of 0.041 kg/s in the numerical solution is shown in Figure 26 [7]. 

 

 

Figure 26. Contours of the ground temperature for water-antifreeze of 0.041 kg/s. 

As the mass flow rate of the water-antifreeze solution increases, the ground temperature 

decreases. This can be attributed to an increasing amount of heat extracted from the ground. 

 

 

CONCLUSION 
 

The use of heat pumps in modern buildings with improved thermal insulation and 

reduced thermal load is a good alternative to classical heating/cooling and DHW solutions. It 

is recommended whenever possible to use consumers capable of covering both heating and 

cooling demand. Indoor air conditioning can be a product of these coupled processes.  

Some main conclusions can be deduced from this study: 

 

(1) The performed experimental research demonstrated higher performances of the 

vertical GCHP system for the flow rate adjustment case using a buffer tank and an 

automatic control device for circulating pump speed versus a classical adjustment 

case (COPsys 7-8% higher and 7.5-8% lower CO2 emission level). 
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(2) This GCHP system, operating in heating or cooling mode, had a COPsys>4, and the 

GCHP system operating in heating or cooling and DHW mode had a 3 < COPsys < 4 

for both cases. 

(3) In classical and optimised adjustment cases the COPhp values for heating and DHW 

provision tests were 3.81 and 3.95, respectively and for heating operation tests were 

4.82 and 5.06, respectively. 

(4) When using the circulating pump speed control, electricity savings and a reduction of 

the CO2 emission of 3% for laboratory heating and 5% for laboratory cooling were 

obtained at the same time with DHW production. 

(5) If the GCHP is used to produce only DHW for a family at different temperatures 

between 40C and 60C, then the COPhp would decrease to approximately 2, and the 

CO2 emission level would vary between 6.11 kg and 13.16 kg. 

(6) For an instantaneously consumed hot-water volume, the energy performance of the 

GCHP can be decreased by up to 23% when the hot-water temperature in DHW tank 

must be increased to 25C. 

(7) The developed TRNSYS simulation models can be used as a tool to determine the 

GCHP performance in different operation modes to optimise the system energy 

efficiency and ensure the user’s comfort throughout the year. 

(8) The average value of the COPsys of the horizontal GCHP system was found to be 3.2 

in the 2002–2003 heating season. Future modifications will significantly improve the 

performance of the system. 

(9) The numerical results were found to show good agreement with the experimental 

data. 

(10) The heating load of the GCHP depends on the ground temperature distribution 

around the HGHE. The temperature distribution is important to the performance 

enhancement of the GCHP and, especially, for the HGHE.  

(11) The HSPF of the system with 1 m depth of the HGHE was found to be 2.12. 

(12) The relevant ground characteristics are to be precisely measured and controlled 

during GCHP operation before attempting the design of the HGHE. Therefore, care 

must be taken in the design and construction of a ground loop for a heat pump 

application to ensure long ground loop life and reduce the installation cost. 
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