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1. INTRODUCTION 

1.1. Project background 

Geothermal heat pumps connected to borehole heat exchanger(s) (BHE) have a large share in 
the heat pump and global heating/cooling market in Sweden and some other countries. The 
company Scandinavian Energy Efficient Company (SEEC) has patented a reversible 
geothermal heat pump supposed to provide heating and cooling, as well as domestic hot water 
(DHW) for household applications. A borehole is used as heat source (resp. heat sink) when the 
heat pump works as heating device (resp. cooling device). 

SEECs patent is registered in the Swedish Patent and Registration Board. Explanatory sketches 
of the patent are presented in Figure 1 (Scandinavian Energy Efficiency Co. Seec AB, 2008), 
showing a typical vapour compression cycle including a four-way valve for reversing the flow 
direction in the refrigerant side. 

The use of such a product may be relevant in climates where both heating and cooling are 
needed. 

The results presented in this report correspond the second phase of the project called 
Performance Characterization of Reversible Geothermal Heat Pump. The first phase of the 
project focused on COP measurements while the second phase is dedicated to simulations and 
investigations on the expansion valves. 

 
Figure 1: Explanatory sketches of the heat pump in heating (right) and cooling (left) mode 

1.2. Contract terms 

A contract was set up between the KTH Royal Institute of Technology (Division of Applied 
Thermodynamics and Refrigeration, department of Energy Technology) and SEEC. The 
following has been agreed upon with SEEC regarding the work specification: 

 Simulation of heat transport in a borehole during short operating conditions for cooling 
production, heat production, hot water production. The heating loads to and from the 
borehole and their duration are calculated from the Swedish and European standards for 
energy consumption in family houses with heat pump, including the COP values that 
were obtained during the first tests and with the updated COP values resulting from the 
second point of this agreement. The idea of these simulations is to quantify how 
beneficial it is to have both heating and cooling production by the reversible heat pump 
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compared to a conventional system (defined together with SEEC). It is precisely this that 
is the basis of the patent in the heat pump. 

 Continuation of heat pump tests in the lab: the heat pump is put into operation during 
successive shifts between cooling, heating, and hot water production, to evaluate how it 
behaves at the different operating conditions. The measurements and simulations from 
point 1 are compared. The tests are done either 1) with the heat pump's internal control 
disconnected or 2) with heat pump's internal control engaged. The latter assumes that 
the details of the control system are available. The option selection is made together 
with SEEC. 

 The influence of the static setting on the existing expansion valves and the need to 
optimize the water flow through the evaporator by replacing the circulation pump on 
borehole section is investigated. Depending on the outcomes, a new (electronic) 
expansion valve will be installed. The circulation pump will be replaced if it is considered 
to be crucial for the heat pump performance. 

 Written report and oral presentation of the results. 

1.3. Methodology 

A COMSOL model, including conduction and convection mechanisms, was developed to 
simulate the heat transport during short-time operations in one borehole with a U-pipe borehole 
heat exchanger. 

The loads are determined from a MATLAB model which includes all the elements that compose 
the house side system, i.e. the heat pump, the buffer tank, the Domestic Hot Water (DHW) tank, 
the heating system within the house and the house itself. 

The house and borehole models are made so that it is possible to investigate the influence on 
the performance of a large number of parameters such as the tanks volume, the flow rates, the 
house characteristics, the heating and cooling emitters, the control parameters.  

The experimental tests are conducted according to the procedure explained in the report of the 
first phase of this project. 

The static setting, which is the internal spring tension, of the thermostatic expansion valve is 
changed manually. Then, performance tests are conducted and compared to the previous 
results. 

The electronic expansion valve tests are conducted for two different superheat settings. 

1.4. Additional information about the heat pump – Open fluid communication 

In the report of the first phase, no statement was given about a patented part of the heat pump 
which the open fluid communication between the house and borehole side. This open fluid 
communication may be seen in Figure 121. 

This connection between the house and borehole loops allows having only one expansion tank. 
It could also be argued that the needed expansion volume is lower than if having two expansion 
tanks since the fluid on the hot side expands in the cold side part. 
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2. COUPLED MODEL: BOREHOLE HEAT EXCHANGER – 
REVERSIBLE HEAT PUMP – SINGLE FAMILY DWELLING 

The thermal loads used or mentioned in this study are arbitrarily chosen to be positive when it 
corresponds to heating needs and vice-versa. All the theoretical equations used are 
differentiated using the finite difference method. All the differentiated equations can be found in 
the MATLAB code in Appendix 1. 

2.1. General structure of the model 

The global model consists of different sub-models coupled together as shown in Figure 2. The 
house and buffer tank models were developed to have a load profile as an input parameter to 
the heat pump and borehole model. Since this study focuses on the borehole-ground source 
heat pump (GSHP) coupling, the house model was not as thoroughly built as the two previously 
mentioned components. 

 
Figure 2: Diagram representing the model structure 

Note that the coupling between the borehole model and the rest of the model is done manually. 
Indeed, the heating or cooling loads obtained from the house, buffer tank and heat pump model 
are manually inserted as input in the COMSOL Multiphysics simulation file. 

 

  



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -12- 
 Applied Thermodynamics and Refrigeration 

2.2. Borehole Heat exchanger model 

The BHE model is built with COMSOL Multiphysics software. The BHE model consists in three 
main elements: the ground, the borehole filling material and the pipes in which the secondary 
fluid circulates. In this study the pipe configuration is assumed to have a U shape as it is the 
most common configuration. Figure 3 and Figure 4 show the model geometry and a cross 
section of the BHE, respectively. In both figures, the main geometrical parameters are provided. 
Note that the inner cylinder observable in Figure 3 is not the BHE but a mesh-purposed cylinder. 

The ground radius was taken as 200 m which may be lower than for long-term borehole 
simulations. As this study deals with short-term simulations, the radius of influence – i.e. the 
radial distance from which the ground temperature gradient becomes insignificant – will 
accordingly be shorter. As for the borehole radius, it is chosen as 55 mm. The pipes outer 
diameter is 40 mm with a wall thickness of 2.4 mm. The inlet and outlet pipes are supposed to 
be centered within the borehole. Their location is fixed in the simulations. 

The borehole depth is assumed to be 200 m deep and the ground layer goes down to 400 m. 

In this study, the borehole is supposed to be grouted, as it is in most cases in Spain, which is 
the location of the simulation. The grout thermal properties are given in Table 2. 

For some simulations, the heat pump is assumed to be coupled with 2 boreholes. The same 
model with only one borehole is nevertheless used for the borehole simulation by dividing the 
loads and the flow by 2. This assumption is valid as long as the two boreholes do not interact 
with each other. Since this study focuses on short-term operation (one to two weeks), this 
previous condition is fulfilled as long as the boreholes are sufficiently separated. 

 
Figure 3: Borehole model global geometry  
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Figure 4: Cross section of the BHE including geometrical characteristics 
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2.2.1. Boundary and initial conditions 

The boundary surfaces are indexed in Figure 5 and the corresponding boundary and initial 
conditions are given in Table 1. The initial temperature is assumed to be linearly increasing with 
the depth and according to the geothermal heat flux of 0.05 W.m-2 and the thermal conductivity 
of the ground. Note that the ambient temperature is taken from a Meteonorm file for the location 
Palma de Mallorca, Spain, in 2005. 

 
Figure 5: The boundary surfaces and points of the BHE model 

The inlet temperature is calculated by balancing the power at the evaporator or condenser with 
the power supplied or given by the secondary fluid 

 
∙ , ∙

 ( 1 ) 

This boundary condition is calculated in the heat pump MATLAB model. It is the link between 
the COMSOL Multiphysics and the MATLAB model. 

The flow rate in the borehole was chosen in order to have a 3 K temperature difference between 
the secondary fluid inlet and outlet in the evaporator. The total flow rate used is of 4 m3.h-1. This 
flow rate was calculated using the average capacity of the evaporator, 13,8 kW, as measured 
during the tests. When two boreholes are used, the flow rate is divided by 2. One simulation 
was run with a constant flow rate of 2 m3.h-1 independently from the capacity, the number of 
boreholes or the compressor operation.  
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Table 1: List of initial and boundary conditions 

Surface 
/ Point 

Boundary condition Initial condition 

1 Ambient temperature 
Linear increase of temperature 
according to the yearly outdoor 
air temperature average, the 
geothermal heat flux and the 
borehole mid-depth: 

, 2
 

2 Thermal insulation 

3 Geothermal heat flux: 0.05 W.m-2 

4 Thermal insulation 

5 
Temperature: from heat pump model 
Flow rate: 4 or 2 m3.h-1 

6 
Pressure: 1.5 bar 
Heat outflow 

2.2.2. Pipe flow 

The fluid flow in the U-pipe in the BHE is modeled using the Non-isothermal pipe flow module of 
COMSOL Multiphysics software. The secondary fluid circulating in the pipe is assumed to be 
water. In a further study, it might be relevant to compare water to a water-ethanol mix as it often 
used in real installations. The main assumptions are as follows 

 Fluid model: Newtonian 
 Friction model: Churchill 

 
8

8 .  

with 2.457 ∙ ln
.

0.27  and  

( 2 ) 

 Pipe roughness, : 0.0015 mm. 
 Pipe material: PEH (polyethylene). 
 Pipe thermal conductivity: 0.4 W.m-1.K-1. 

The wall heat transfer is computed according to the energy equation per unit length for an 
incompressible fluid flowing in a pipe 

 ∙ ∙ , . . ∙ .
1
2

| | ′  
( 3 ) 

.  may be interpreted as the projection of the temperature gradient along the pipe 
direction. 

| |  represents the one dimensional viscous dissipation or the pressure drop 

dissipation, in . . 
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2.2.3. Conduction in the ground and in the grout material 

The conduction in the ground is governed by the heat equation 

 . . ∙ , ∙ ∙ .  
( 4 ) 

where 

  is the source term, positive for heat source and negative for a heat sink , in . . 

 ∙  is the storage term, in . . 

 . .  is the transfer rate, in . . 

 , ∙ ∙ .  is the term associated with the circulation of a fluid inside the solids, e.g. 

in a porous medium, in . . 

In this study, there are neither water (nor other fluids) circulation within the rocks, nor heat 
source or sink. Therefore, the velocity vector  and the source term are considered as having 

zero values. 

Table 2 gives the thermal properties of the different components of the borehole model. 

Table 2: Thermal properties of the different components in the borehole model 

Component 
Specific heat capacity 
J.kg-1.K-1 

Density 
kg.m-3 

Thermal conductivity 
W.m-1.K-1 

Grout 1200 2500 2 

Ground 850 2600 2.5 

Pipe - - 0.4 

Water f(T)* f(T)* f(T)* 

*The values are provided by COMSOL Multiphysics software 

2.3. Heat pump and buffer tank modelling 

2.3.1. Heat pump 

The heat pump is modeled with mathematical functions obtained after performance 
measurements on the heat pump (see part 5). These functions are expressed as 

 ,  
( 5 ) 

where  and  are as described in the first phase report, that is the temperature from the 
borehole and the temperature to the house, respectively. 

The numerical coefficients of the mathematical functions are provided in Appendix 1. 

The heating and cooling capacities are also used. These values are also determined from the 
tests and extrapolated as mathematical functions. 

In the simulation, the priority is given to the DHW production which is assumed to be done at 
night during peak-off hours. 
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2.3.2. Buffer tank 

The buffer tank is modeled as a five isothermal nodes or layers as shown in Figure 6. The 
temperature changes are governed by the heat balance equation which is similar to eq.( 3 ). For 
the buffer tank, the viscous dissipation is nevertheless neglected and the problem is considered 
as one-dimensional, giving 

 ∙ ∙ ,
∂
∂z

∂
∂z

 
( 6 ) 

where 

  is the node volume in . 
  is the vertical axis, parallel to the tank revolution axis. 
  is the heat gained (>0) or lost (<0) through the wall, in . 
  is the heat provided (>0) or taken (<0) by the inlet flows, in . 
  is the velocity of the fluid within the tank, considered positive when the flow goes 

downwards, in . . 

The equivalent inlets heat source/sink  can be calculated as 

 ∙ , ∙ ∙  ( 7 ) 

For the intermediate nodes, the source term  equals 0. 

Density effects are not taken into account. Two tank volumes were considered in this study. The 
first one corresponding to a single-family house is 300 l while the second one corresponding to 
a larger house (or a hotel) is of 900 l. 

 
Figure 6: Schematic representation of the buffer tank with the different nodes in heating mode
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The heat transfer at the wall interface is given by ′ , in . . The wall heat transfer is 
given by 

 ′
Δ

 ( 8 ) 

where 

 Δ  is the temperature difference between the tank and ambient temperature, in . 
  is the tank thermal resistance, in . . 

The tank thermal resistance per unit vertical length [K.W-1.m-1] is calculated as 

 
′

1
∙ , ∙

	
ln

2 ∙ 2 ∙
2 ∙

2 ∙ ∙
 

ln
2 ∙

2 ∙ ∙
1

∙ , ∙ 2 ∙ 2 ∙
 

( 9 ) 

The different parameters of eq.( 9 ) are illustrated in Figure 7. The ambient temperature is 
considered constant and its value is 21°C (a typical indoor temperature). 

The inner convection heat transfer coefficient is deduced from the following equation, given that 
the flow regime inside the tank is always laminar 

 , ∙  with 4.36 ( 10 ) 

The outer convection heat transfer coefficient is assumed to be 8 W.m-2.K-1 (Havtun, et al., 
2011). The tank material is considered to be Stainless steel with a thickness of 3 cm and a 
thermal conductivity of 15.1 W.m-1.K-1 (Incropera, et al., 2011). 

The thermal insulation is considered to be glass fiber having a thermal conductivity, , of 
0.036 W.m-1.K-1. The insulation thickness, , is taken as 10 cm. The tank diameter and height 
are determined from the tank volume, 	, considering that the aspect ratio, , has a constant 
value 

 2  ; 4 ∙ ∙  
( 11 ) 

 
Figure 7: Cross section view of the buffer tank  
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There are several reasons why a storage tank is used. The first one is that thermal storage 
allows adapting the power supplied to the demand, hence avoiding short-cycling of the heat 
pump. The second reason is that storage allows the heat pump to meet higher cooling or 
heating needs. Finally the third reason rests upon electricity lower prices at night or during off-
peak hours. 

Note that the same tank is used in both heating and cooling mode. This raises the question how 
to use the temperature stratification in both modes. Two solutions are presented in Figure 9 and 
Figure 10. The first solution uses a set a 4 three-way valves while the second solution only uses 
2 four-way valves. The command signal for the 3 or 4 hydraulic four-way valves could be the 
same as the one currently used for the refrigeration 4-way valve. Another option could be to 
have two tanks for storage of cold and heat respectively. 

Phase changing material (PCM) in the floor heating system could be considered as another 
storage solution since their operating temperature is between 20 to 32°C (Tyagi & Buddhi, 
2007). This solution would avoid having a space-consuming tank since it uses directly the floor 
as a storage space. Another solution to consider would be to reverse the flow in the plate heat 
exchanger in order to have counter flows in both heating and cooling mode. With the current 
settings, the heat exchanger has counter flows only in the heating mode. 

2.3.1. Heat pump control 

The control strategy chosen for the heat pump (according to the real heat pump control, i.e. no 
inverter) is shown in Figure 8. The heat pump is controlled according to the tank middle 
temperature that is the node number 3 in the buffer tank model (T3 in Figure 6). The tank middle 
temperature is chosen as the control temperature for the heat pump because only one sensor is 
available as a control input. 

The priority is given to the DHW production which happens at night from 22 o’clock. In this study 
the DHW production is considered to last the same amount of time every day. The time during 
which the DHW is produced is calculated as 

 ∙ ∙ , ∙ Δ
 

( 12 ) 

where the DHW tank volume,  is taken as 0.3 m3; the temperature difference between hot 
and cold water, Δ , is of 40 K (10°C to 50°C); the thermal properties of water,  and , , are 
taken at the average temperature and the heating capacity is taken from the measurements. 

 
Figure 8: Hysteresis control of the heat pump through the tank middle temperature 
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Figure 9: Set of four 3-way valves as a solution to use the same tank in heating and cooling modes 
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Figure 10: Set of two hydraulic 4-way valves as a solution to use the same tank in heating and cooling modes 
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2.4. House modelling 

2.4.1. House characteristics 

Two different buildings were considered for the simulation. As described below, the first building 
is assumed to be a normal size family house with rather good energy characteristics. The 
second building is assumed to be a large size building with no insulation and larger DHW 
needs. The first house has lower energy needs than the second building. Therefore it is 
supposed to be connected to only one borehole whereas the heat pump in the second house is 
supposed to be connected to two boreholes. All the details regarding each house are provided 
in the respective parts below. In the results part 3, all the assumptions for each simulation are 
reminded. 

 First house model – lower needs 

The first house model is assumed to be a square-type house with 2 floors and a total gross area 
of 120 m2. The floor-to-ceiling height is assumed to be 2.5 m as shown in Figure 11. The 
percentage of windows area is assumed to be 20% of the vertical walls area and the distribution 
is considered even over the four walls orientation. In-slab pipes are considered to provide 
heating or cooling to the house. 

The insulation is supposed to be installed inside as shown in Figure 11, which schematically 
represents the house. Glass fiber is considered as the insulation material. 

 
Figure 11: Simplified 3D and vertical cross section views of the first house model 
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 Second house model – larger needs 

The second house model is assumed to be a square-type house with 2 floors and a total gross 
area of 400 m2. The floor-to-ceiling height and the percentage of windows area are as for the 
first house model. In-slab pipes are considered to provide heating or cooling to the house. 

As it may be seen in Figure 12 , the house is not considered to be insulated except for the 
ground and middle slab, because of the floor heating system. 

 
Figure 12: Simplified 3D and vertical cross section views of the second house model 

2.4.1. House temperature uniformity and heat capacity 

As it would if using the lumped capacitance model, spatial temperature uniformity within the 
house is assumed. This is done to simplify the house model, since it is not the main concern in 
this study. This assumption still enables to account for transient phenomena such as energy 
storage within the house structure. 

To account for energy storage effects, the volumetric heat capacity of the house, , 

needs to be known. It is calculated as the volume-weighted average of volumetric heat capacity 
of each material in the house: concrete, insulation, air and furniture. The volumes are 
determined from the house characteristics while the density, , and specific heat capacity, , 
are listed in Table 3.The table also includes the thermal conductivity of concrete and insulation.
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Table 3: Thermo-physical properties of house materials at 300K (Incropera, et al., 2011) 

Material 
Specific heat capacity 
J.kg-1.K-1 

Density 
kg.m-3 

Thermal conductivity 
W.m-1.K-1 

Concrete 880 2300 1.1a 

Glass fiber 795 105 0.036 

Air 1007 1.16 - 

Furniture* 10000* J.m-2
floor.K

-1 - 
a (Kook-Han, et al., 2003) 
* (Olsen & Hansen, 2007). Note that the units differ from the other materials. The density value is not 
needed in that case. 

The resulting volumetric heat capacity of the first house is 271.09 kJ.m-3.K-1, which gives a 
thermal mass of 89.46 MJ.K-1 considering the volume of 336 m3. This value is comprised in the 
range indicated by Heier, et al. (2012) for single family houses. The second building has a heat 
capacity of 236.10 kJ.m-3.K-1, giving a thermal mass of 258.61 MJ.K-1 with the volume of 1100 
m3. 

Note that the density of air, , is assumed to be a function of temperature,  [K]. The function 
value is deduced by performing a Langrage polynomial interpolation using the data provided in 
Table 4 

  ( 13 ) 

 is the interpolation polynomial related with the eleven pairs temperature/density used as 
inputs. 

Table 4: Density of air for different temperatures at atmospheric pressure (Incropera, et al., 2011) 

Index 
Temperature 
K 

Density 
kg.m-3 

0 100 3.5562 

1 150 2.3364 

2 200 1.7458 

3 250 1.3947 

4 300 1.1614 

5 350 0.9950 

6 400 0.8711 

7 450 0.7740 

8 500 0.6964 

9 550 0.6369 

10 600 0.5804 
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2.4.2. Infiltration and ventilation loads 

 Infiltration loads 

The infiltration loads are calculated according to the LBL model (Sherman, 1987) 

 
∙ ∙ ∙ Δ  

with ∙ Δ ∙  

( 14 ) 

where 

  is the effective leakage area, in . 
  is the stack parameter, in . . . . 
  is the wind parameter, dimensionless. 
  is the wind speed, in . . 
 Δ  is the absolute out-indoor temperature difference, in . 
  is the air infiltration rate, in . . 

The stack and wind parameters have values of 0.12 m.s-1.K0.5 and 0.13, respectively, for single-
family houses. The effective leakage area is usually determined from a pressurized leakage 
test. ELA values in US single-family houses are typically in the range 0.04 (tight) to 0.3 m2 
(leaky) (Chan, et al., 2005). Montoya, et al. (2010) report slightly lower values with 80% of the 
ELAs lower than 0.1 m2. They also report a typical value for new buildings in France of 0.015 m2 
based on Carrié, et al. (2006). In this model, the ELA was taken as 0.1 m2. 

 Ventilation loads 

The ventilation system is assumed to be designed to supply 36 m3.h-1 of fresh air per person. 
For the house considered in this study, this gives an air change rate of about 0.5. 

The ventilation loads are calculated as 

 ∙ ∙  ( 15 ) 

The air flow is considered constant over time (no decrease, e.g. when the house is empty, no 
increase, e.g. for free cooling). 

2.4.3. Transmission loads 

The one-dimensional steady-state heat loss by conduction, convection and radiation through a 
plane surface may be expressed as (Havtun, et al., 2011) 

  ( 16 ) 

The UA coefficient is the area-weighed sum of U-coefficients for the heat loss (gain) surfaces 

 ∙ ∙ ∙  ( 17 ) 

The U-coefficient for each opaque surface may be expressed as 

 
1

1 1  ( 18 ) 
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where 

  and  are the in- and outdoor heat transfer coefficient, respectively, in 
. . . 

  and  are the insulation and concrete thickness, respectively, in . 
  and  are the insulation and concrete thermal conductivity, respectively, in 

. . 

The indoor and outdoor heat transfer coefficients are assumed to be 8 and 18 W.m-2.K-1, 
respectively (Havtun, et al., 2011). The thicknesses are shown in part 2.4.1. The thermal 
conductivities are assumed to be 0.036 W.m-1.K-1 for the insulation material (glass fiber) and 1.1 
W.m-1.K-1 for the concrete (Incropera, et al., 2011; Kook-Han, et al., 2003). 

Havtun, et al. (2011) report the U-value of double-glazed, wooden framed, windows as 2.5 W.m-

2.K-1. This value was taken for the simulation. 

The resulting global U values and UA values are given in Table 5 for each house model. 

The cold bridges resulting, amongst others, from two-dimensional heat transfer effects and fins 
shortcuts, are not accounted for in the transmission heat loss (gain) calculation. 

Table 5: U and UA values for each house model 

Model 
U value 
W.m-2.K-1 

UA value 
W.K-1 

First model – 
lower loads 

0.328 135.3 

Second model – 
higher loads 

3.683 1585.4 

2.4.4. Internal gains 

The internal gains, , account for the heat emitted by the people, the domestic electrical 
devices and the lighting. The occupancy and electricity usage is roughly estimated in this study. 
The people are considered to be away from the house between 8:00 and 17:00 every day. The 
maximum electricity consumption is considered to be 500 W and the percentage of electricity 
varies during the day with peak loads in the morning and in the evening. The total electricity 
consumption corresponds to 6.7 kWh per day (Botpaev, et al., 2011). 

The metabolism is supposed to be changing with the degree of activity: 90 W for a sleeping 
person, 100W for a person seated at rest, 120 to 130 W for a light work. 

The lighting is considered to be maximum 8 W.m-2 in the morning and the evening when the 
daylight is not sufficient to lighten the house. 

The resulting internal gains are shown in Figure 13. 

 
Figure 13: Daily internal gains profile  
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2.4.5. Meteorological data and solar gains 

The meteorological data are retrieved from a Meteonorm data file giving on an hourly basis: 

 the outdoor temperature 
 the shallow ground temperature (1m) 
 the wind speed 
 the direct normal radiation and the diffuse horizontal radiation 
 the longitude and latitude 

The solar gains through opaque surfaces are calculated as (Incropera, et al., 2011) 

 ∙ ∙ ′ ′  ( 19 ) 

where 

  is the coefficient of absorption of the surface, dimensionless. 
 ′′  and ′′  are the direct and diffuse solar heat flux, respectively, in W.m-2. 

  represents the part of solar radiation that is transmitted into the house versus the 

part that is transmitted to the environment (by convection and radiation), dimensionless. 

The absorption is coefficient is considered to be 0.55 since the walls are considered to be light-
painted. 

The solar gains through windows are calculated as 

 ∙ ′′ ′′  ( 20 ) 

where 

  is the solar heat gain coefficient, dimensionless. 

The SHGC coefficient is considered to be 0.5 (Bhandari & Bansal, 1994). 

The direct and diffuse irradiations are dependent on the orientation and the location of the 
house. The different angles used for the solar flux calculation are sketched in Figure 14 
(Stephenson, 1965). 

 Direct solar flux 

The direct solar flux for each vertical wall is calculated as 

 ′′ max ; 0 cos β ∙ ′′  
( 21 ) 

The reference for the Azimuth angle, , is the South orientation: 0. The direct normal 
irradiation, ′′ 	 , is obtained from the Meteonorm file. The angle  is known as the 
solar height. It may be calculated from the solar hour angle, , the declination angle, , and 
the lattitude angle, , all in . The declination angle is the angle between the earth-sun line 
and the plane of the earth's equator (Szokolay, 1984). The angle  may be expressed as 
(Stephenson, 1965) 

 β arcsin ∙ ∙ ∙  
( 22 ) 
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with 

 sin
23.45 ∙
180

sin
360
365

80
180

 
( 23 ) 

where  is the number of the day since the beginning of the year, from 1 to 365. 

The hour angle is obtained from the so-called equation of time (Szokolay, 1984) 

 
9.87 ∙ sin 2 7.53 cos 1.5 sin  

360
365

81  

( 24 ) 

and using a time correction factor,  [s], depending on the longitude angle,  [°], the local 
standard time meridian,  [°] (Honsberg & Bowden, 2013) 

 4
60

 
( 25 ) 

The local solar time,  [hr] and hour angle,  [rad] are then given as (Honsberg & Bowden, 
2013) 

 
	  

12
12  

( 26 ) 

 

 
Figure 14: Description of the different angles for solar irradiation calculation (Stephenson, 1965) 

The diffuse flux on a vertical surface is directly given in the Meteonorm file used. 
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2.4.6. Floor heating 

 Overall heat transfer 

The floor heating is simulated as a heat exchanger. The floor heating consists of different 
components: the pipes, the concrete layer and the wooden floor layer. A cross section of the 
floor with embedded pipes is shown in Figure 15. The heat flow provided by the floor heating is 
then deduced from the following 

 	 ∙  ( 27 ) 

where 

  is the overall heat transfer coefficient, in . . . 
  is the log mean temperature difference between the circulating fluid and the 

indoor temperature, in . 

 
ln

 ( 28 ) 

In-slab heat transfer may be considered as a two dimensional problem; however it can be 
expressed as one dimensional using a shape factor for the concrete layer resistance and 
assuming one dimensional heat transfer resistance in other parts. 

 
Figure 15: Cross section of the in-slab heating system (floor heating) 

The overall heat transfer coefficient equals the invert value of the thermal resistance, , which 
may be expressed as 

 1 1

, ∙ ∙ ∙

ln

2 ∙ ∙ ∙
1

, ∙
 

( 29 ) 
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where 

 ,  is the convection heat transfer coefficients in the pipes, in . . . 

 ,  is the combined heat transfer coefficient (radiation + convection) at the wooden 

floor surface, in . . . 
  is the hydraulic diameter of the pipes, in . 
  is the pipes length, in . 
  and  are the pipes and the wooden floor thickness, respectively, in . 

  and  are the pipes and the wooden floor thermal conductivity, in . . . 

  is the floor area, in . 

  is the concrete layer resistance, in . . 

Note that the total resistance of the two floors is calculated as the equivalent resistance of the 
two floors resistances in parallel. 

 Concrete layer 

The concrete layer resistance can be obtained using the equivalent linear one dimensional 
resistance, , and a shape factor, . Yanfeng, et al. (2012) suggested an equation to 
calculate the shape factor for the floor heating issue 

 
∙ ∙ ∙

ln
1.22
∙ 0.75 ∙

∙
 

( 30 ) 

where 

  is the spacing between two consecutive pipes, in . 
  is the concrete thermal conductivity, in . . . 
  is the concrete slab thickness, in . 

The value of parameters  and  can be seen in Figure 15. The concrete thermal conductivity 
was chosen as 1.1 W.m-1.K-1 according to Kook-Han, et al. (2003). As for the thermal 
conductivity of the pipe material (plastic pipes) and the wooden floor, it was chosen as 0.33 and 
1.1 W.m-1.K-1 respectively (Incropera, et al., 2011). The concrete slab thickness varies 
depending on the floor level considered: 25 cm for the ground floor and 15 cm for the 
intermediate floor. 

 Convection in the pipes 

The convection heat transfer coefficient in the pipes is calculated using the Gnielinski correlation 
for the Nusselt number in the turbulent flow regime: 

 , ∙ 8 1000

1 12.7 f
8

.
1

 ( 31 ) 

where 

 ∙

∙ ∙
 is the Reynolds number, dimensionless. 

 0.79 ln 1.64  is the friction factor, dimensionless. 

 , ∙
 is the Prandtl number, dimensionless. 
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 , , , ,  are the thermo-physical properties of water, respectively: thermal 

conductivity in . . , density in . , dynamic viscosity in .  and specific 
heat capacity in . . . 

The flow rate within the floor heating system is chosen as 2.73 l.s-1. 

 Heat transfer at the floor surface 

The radiative heat exchange between the wooden floor surface and the surrounding surfaces 
can be characterized by the following (Havtun, et al., 2011) 

 5.10 ∙  ( 32 ) 

where 

 5.10-8 is the numerical coefficient accounting for the Stefan-Boltzmann coefficient and 
the configuration factor, in . . . 

  is the floor surface, in . 

  and  are the wooden floor and the surroundings area-weighted average 

temperatures, respectively, in . 

As a lumped capacitance model is used to model the house,  is supposed to be equal to the 
indoor (house) temperature. 

The convective heat exchange between the wooden floor surface and the indoor air can be 
characterized as (Havtun, et al., 2011) 

 2.12 ∙
.

 
( 33 ) 

 Pipes length 

An algorithm was created to compute the pipe length of the floor heating system in a square 
room of length  and with the spacing between the pipes, . The pipe configuration is assumed 
to be spiral-like and the algorithm sequence can be written as 

 

	 1 ∶
	mod	2

	 2 ∶

	2 1 2 ∶

 ( 34 ) 

An example of the pipe configuration generated manually with the algorithm can be seen in 
Figure 16. The total length is simply the sum of all the sequence elements: 

  ( 35 ) 
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Figure 16: Piping configuration of the floor heating system with indexes of the length calculation 

sequence 

Note that the floor heating system turn into a cooling system in summer. 

 Iteration solving 

The floor heating model main inputs are the inlet and indoor temperatures. However, solving 
eq.( 27 ) ( 28 ) and ( 29 ) is not straight forward, therefore the iterative Newton-Raphson method 
is used to find the outlet temperature, , by comparing eq.( 27 ) to 

 ∙ , ∙  ( 36 ) 

The Newton-Raphson method can be written in the general case as 

 
′

 ( 37 ) 

where 

  is the iteration number. 
  is the variable. 
  is the function which zeroes are sought (e.g. a difference between two expressions 

that are supposed to be equal). 

The different programs written in MATLAB to compute the different temperatures and the heat 
flow of the floor heating system are provided in Appendix 1. 
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2.4.7. Heat balance over the house 

Figure 17 schematically represents the heat balance over the house in the winter case, i.e. 
when the house needs heating. In the summer case, the heat losses turn into heat gains and 
the floors provide cooling instead of heating. In fact the cooling system is equivalent to a ceiling 
cooling system. The heat balance over the house is simply an application of the first principle of 
thermodynamics 

  
( 38 ) 

which can be rewritten as 

 ∙ ∙ 	 
( 39 ) 

Note that eq.( 39 ) is valid for the winter and the summer case, considering the unit convention 
chosen for heat flows. The product ∙ ∙  is the thermal mass, in . . 

 
Figure 17: Heat balance over the house in the winter case (heating need) 

2.4.8. Control of indoor climate 

The indoor climate is assumed to be controlled with an ON-OFF switch of the floor heating 
circulation pump. To avoid short-cycling of the circulation pump, the indoor temperature follows 
an hysteresis control which is used as control parameter for the pump. The heating and cooling 
hysteresis are shown in Figure 18. 

 
Figure 18: Hysteresis control of indoor temperature in winter (left) and summer (right) cases



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -34- 
 Applied Thermodynamics and Refrigeration 

2.4.9. House, buffer tank and heat pump coupled model validation 

The models were validated by running test simulations with different input parameters. The 
outcomes of these test simulations are shown in Appendix 2. 

  



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -35- 
 Applied Thermodynamics and Refrigeration 

3. SIMULATION RESULTS 

3.1. Results from the house, heat pump and buffer tank model 

For each house model, the outcomes of the coldest and warmest week are presented (the 
house is located in Mallorca, Spain, as agreed with SEEC). These results are then used in the 
borehole model. For each house model, the graphs provided are: the different temperature 
levels within the system versus time, the heat balance within the house, the tank temperatures 
versus time, the loads and mode versus time and the COP versus time. 

Note that the COP values provided in this part are not exact since the calculation is performed 
with a constant ground source temperature. These values should only be regarded as an 
indication of the system operation. 

The coldest week of the year 2005 is found to be the second week of the year while the 
warmest week of this same year is the thirty-third one. These two weeks correspond to days 7 
to 14 and days 224 to 231 according to the time reference chosen (initial time equals zero). That 
is from the 8th to the 14th of January and from the 13th to the 19th of August, respectively. 

The modes are defined as such: 0 when the heat pump is off, 1 for heating mode, 2 for cooling 
mode and 3 for DHW. 

3.1.1. First house model: lower loads 

 Remind of the assumptions 

The house is insulated as shown in part 2.4.1. The buffer and DHW tanks volume are 300 l.  

 Coldest week 

In this part, the first house model results for the coldest week of year 2005 are presented. The 
analysis of the results is provided after the graphs. 

 
Figure 19: Temperature levels in the system – Coldest week, small size house model
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Figure 20: Heat balance within the house – Coldest week, small size house model 

 

 
Figure 21: Tank temperatures vs time – Coldest week, small size house model 
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Figure 22: Heating capacity and operating modes – Coldest week, small size house model. The 

modes are defined as such: 0 when the heat pump is off, 1 for heating mode, 2 for cooling mode 
and 3 for DHW 

 
Figure 23: COP and heat pump outlet temperature on the house side (HS) – Coldest week, small 
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One may notice that the heat pump operating cycles are short according to Figure 22. This is 
due to the small loads of the house in comparison of the heat pump heating capacity, which 
fluctuates around 17 kW. Besides the house thermal characteristics which give low loads, the 
high outdoor temperature values should be highlighted. Indeed, the outdoor temperature does 
not reach low values although it is the coldest week of the year 2005. The average temperature 
during the coldest week is of 6.8 °C. Moreover, the heat gains are consequent even in winter 
time as shown in Figure 20. 

The fact that the outdoor air temperature is relatively high may indicate that an air-to-water or 
air-to air heat pump might be relevant to consider as a heating system. 

The fluctuations of the indoor temperature according to the hysteresis control (see Figure 18) 
can be observed in Figure 19. In similar way, the tank temperatures vary in function of the heat 
pump hysteresis control (see Figure 8). The same observations can be made in the summer 
time with the summer hysteresis controls. 

Although the COP values are not accurate, the drop in the COP values when switching from 
heating to DHW mode should be noticed. 

 Warmest week 

In this part, the first house model results for the warmest week of year 2005 are presented. The 
analysis of the results is provided after the graphs. 

 
Figure 24: Temperature levels in the system – Warmest week, small size house model 
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Figure 25: Heat balance within the house – Warmest week, small size house model 

 

Figure 26: Tank temperatures vs time – Warmest week, small size house model 
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Figure 27: Heating/cooling capacity and operating modes – Warmest week, small size house 
model. The modes are defined as such: 0 when the heat pump is off, 1 for heating mode, 2 for 

cooling mode and 3 for DHW 

 
Figure 28: COP and heat pump outlet temperature on the house side (HS) – Warmest week, small 

size house model   

‐5

‐4

‐3

‐2

‐1

0

1

2

3

4

‐25

‐20

‐15

‐10

‐5

0

5

10

15

20

224,00 225,00 226,00 227,00 228,00 229,00 230,00 231,00

M
o
d
e

P
o
w
e
r 
(k
W
)

Time (days)

Heating/Cooling capacity

Mode

0

1

2

3

4

5

6

7

8

9

10

‐10

0

10

20

30

40

50

60

70

224,00 225,00 226,00 227,00 228,00 229,00 230,00 231,00

C
O
P

Te
m
p
e
ra
tu
re
 (
°C
)

Time (days)

Heat pump outlet temperature ‐ HS

COP



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -41- 
 Applied Thermodynamics and Refrigeration 

The heat pump cycles happen with a higher frequency in summer time because the cooling 
loads are higher than the heating loads in the Mallorca location. Moreover, the cooling capacity 
is lower than the heating capacity resulting in longer operation of the heat pump. However, 
short-cycle still happens for this summer week because the heat pump capacity and the loads 
do not match. 

In the summer case, there is a clear tendency that the heat pump shuts off at night. The outdoor 
temperature drops down to around 20 °C at night which may explain this night shut-off. The 
house losses heat to its environment then. 

During the whole year 2005 and for the first house model, the heat pump is working only 14.7% 
of the time. 

The yearly heat loads balance over the borehole is -36.26 GJ (-10072 kWh) which indicates that 
the cooling loads are higher than the heating loads. The corresponding average load is -1.15 
kW over the year. Note that the negative sign indicates cooling loads in the house and, hence, 
heating loads in the borehole. The monthly loads are provided in Figure 29. 

 
Figure 29: Monthly borehole loads – first house model 
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3.1.2. Second house model: higher loads 

 Remind of the assumptions 

The house is not insulated except for the ground and middle floor as shown in part 2.4.1. The 
buffer and DHW tanks volume are 900 l. 

 Coldest week 

In this part, the second house model results for the coldest week of year 2005 are presented. 
The analysis of the results is provided after the graphs. 

 

Figure 30: Temperature levels in the system – Coldest week, large size house model 
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Figure 31: Heat balance within the house – Coldest week, large size house model 

 

Figure 32: Tank temperatures vs time – Coldest week, large size house model 
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Figure 33: Heating capacity and operating modes – Coldest week, large size house model. The 
modes are defined as such: 0 when the heat pump is off, 1 for heating mode, 2 for cooling mode 

and 3 for DHW 

 
Figure 34: COP and heat pump outlet temperature on the house side (HS) – Coldest week, large 

size house model  
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The operation cycles are much larger in this case than in the first house model. Indeed, the 
needs match the heat pump capacity which allows having longer operating cycles. Although the 
house has a cubic form and is therefore very compact, the heat losses are quite important as it 
can be seen in Figure 31. 

The DHW cycles are also longer than for the first house model due to the larger tank volume 
(900 l). During the DHW heating period, the buffer tank temperatures slightly decrease but it is 
still high enough to provide the needed heating within the house. 

 Warmest week 

In this part, the second house model results for the warmest week of year 2005 are presented. 
The analysis of the results is provided after the graphs. 

 
Figure 35: Temperature levels in the system – Warmest week, large size house model 
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Figure 36: Heat balance within the house – Warmest week, large size house model 

 

Figure 37: Tank temperatures vs time – Warmest week, large size house model 
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Figure 38: Heating/cooling capacity and operating modes – Warmest week, large size house 
model. The modes are defined as such: 0 when the heat pump is off, 1 for heating mode, 2 for 

cooling mode and 3 for DHW 

 
Figure 39: COP and heat pump outlet temperature on the house side (HS) – Warmest week, large 

size house model  
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In all the previous cases, it is possible to see that the COP peaks when the heat pump starts. 
This is due to the fact that the temperature on the house side heat exchanger is lower (winter 
case) or higher (summer case) than the set value, precisely because the heat pump was not 
working at the previous time step. In reality, the COP function may not have this shape, 
especially since the transient evolution of the COP is not taken into account in the tests, from 
which the COP functions are deduced. 

The different graphs, in particular the mode graphs, indicate that the heat pump is more suitable 
for a building having similar thermal characteristics to the second house model. 

During the whole year 2005 and for the second house model, the heat pump is working 44.7% 
of the time, which is more than two times higher than for the first house model. 

On the contrary to the first house model, the yearly balance over the borehole is positive, 
meaning that more heat is extracted than injected in the borehole. The heat loads balance is of 
9.75 GJ (-2708 kWh) which corresponds to an average load of 0.31 kW. Considering the 
relatively high values of outdoor temperature, a positive heat balance over the borehole may be 
unexpected. This positive heat balance is in fact due to the DHW needs which compensate the 
cooling loads. If the contribution of the DHW needs to the borehole heat balance is not taken 
into account, the heat balance turns out to be -26.18 GJ (-7272 kWh) with an average load of -
0.83 kW. The monthly borehole loads are presented in Figure 40. The monthly loads for both 
cases are compared in Figure 41. 

 
Figure 40: Monthly borehole loads – large size house model  
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Figure 41: Comparison of the monthly borehole loads for the two house models 

Hence, a house presenting similar thermal properties to the second house model is not only 
beneficial for the heat pump operation but also for the borehole loads compensation. The closer 
to zero is the heat balance, the more stable will the borehole temperature be over the years. 

One should notice however that a house such as the second house model will consume more 
energy than a more thermal efficient house, such as the first house model. 
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3.2. Results from the Borehole model 

Different cases are considered for the borehole simulation. They are summed up in Table 6, 
where the corresponding assumptions are also reminded. The detailed loads profiles are 
provided in each corresponding section; Table 6 only gives a qualitative indication on the loads 
value. The low loads are related to the first house model while the high loads correspond to the 
second house model. The alternating loads are alternate heating and cooling loads. 

Table 6: The different simulation cases and the assumptions linked 

Simulation 
case 

DHW Period Loads 
Total Flow 
rate [m3.h-1] 

Number of 
boreholes 

1 300 l Summer Low 2  1 

2 300 l Winter Low 2  1 

3 900 l Summer High 4  2 

4 - Summer High 4  2 

5 900 l Winter High 4  2 

6 900 l Winter Alternating 4  2 

For each case, series of graph are presented and the corresponding analysis is provided further 
to these figures. The cases 3 and 4 allow comparing the COP when the DHW is produced or not 
produced by the heat pump. Besides the loads profile, the different graphs provided are: the 
COP evolution with time, the inlet and outlet U-pipe temperature versus time, a series of 
chronological graphs showing the radial and depth wise evolution of temperature in, or close to, 
the borehole, the U-pipe temperature changes with depth and the heat flux values at the 
borehole wall versus depth. 

The radial temperature is evaluated along a line at half the depth of the borehole as shown in 
Figure 42, where it is symbolized by its direction vector in red. Note that the line passes through 
the pipes axis. This figure also shows the cross section plane used for the two dimensional 
evaluation of the temperature around the borehole. This plane is also located at half the depth 
of the borehole. 

 
Figure 42: Line and cross section where the radial variation of temperature is evaluated
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3.2.1. Case 1 – Summer, lower loads, 1 borehole 

 Loads profile 

The borehole loads profile for the simulation case 1 is provided in Figure 43. It is possible to see 
that the loads are similar from day to day. A detailed load profile for a day of the week 33 is 
given in Figure 44. Note that negative loads are equivalent to heat injection in borehole and 
vice-versa. For each case, the loads are deduced from the corresponding house model with an 

adjustment based on the COP values obtained from the experiment (1  or 1 ). 

 
Figure 43: Borehole loads profile – Case 1 

 
Figure 44: Daily load profile on August 15th – Case 1  
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 Results 

The results part includes a series of graphs which analysis is given further on. 

 
Figure 45: U-pipe inlet and outlet temperature evolution with time – Case 1 

 
Figure 46: U-pipe inlet and outlet temperature evolution on August 15th – Case 1
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Figure 47 and Figure 48 present the COP evolution during the complete week and during 
August 15th, respectively. 

Please remind that the COP values do not account for pumping power and other auxiliary 
electrical consumption (e.g. control devices). 

 
Figure 47: COP variation with time – Case 1 

 
Figure 48: COP variation on August 15th – Case 1  
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The Figure 50 presents the evolution of the radial temperature close the borehole wall for three 
different periods. The upper right left graph shows the first 3 hours of radial temperature 
variation while the upper left graph displays the same variation on August 17th from 04:00 to 
07:00. The last graph corresponds to the last seven time steps of the simulation, which are on 
August 19th from 21:00 to 00:00. Note that during these last time steps, a mode switch between 
cooling and DHW production occurs. The legend provided within each chart is the time 
corresponding to each profile, in hours. 

On August 19th from 21:00 to 00:00 the loads profile is as shown in Figure 49. Note that positive 
loads correspond to heat extraction while negative load correspond to heat injection. 

 

Figure 49: Borehole loads profile on August 19th from 20:30 to 00:00 with a cooling to DHW switch 
– Case 1 
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Figure 50: Radial temperature profiles for three different time periods: start, middle and end of the simulated week – Case 1
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The 13th and 15th of August at 01:00 and 01:30 respectively, heat is injected in the borehole. In Figure 51 and Figure 52, the x and y-
axis represent distances, in m, while the color scale represents the temperature, in °C. Isotherms are displayed in white in these 
figures with the associated temperature value for some of them. 

Note that for both of the time displayed in Figure 51, the borehole experiences heat injection. 

In Figure 52, the borehole experiences a mode switch between cooling (heat injection in the borehole) and DHW production (heat 
extraction from the borehole). During the period represented in the first cross section (a), the borehole is at rest, as well as in the 
pictures (d) and (e). During the period represented in the (b) and (f) cross sections, the borehole experiences heat injection while it 
experiences heat extraction in the picture (c). 

The borehole is represented by the largest black circle, while the smaller black is only used for meshing purpose. 

 

Figure 51: 2D variation of temperature around the borehole on August the 13th at 01:00 (left) and the 15th at 01:30 (right) – Case 1 
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 (a) (b) (c) 

 
 (d) (e) (f) 

Figure 52: 2D variation of temperature around the borehole during a cooling to DHW mode switch – on August 19th from 21:30 (a) to 
00:00 (f) hours with a time step of 30 minutes – Case 1 
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Figure 53: U-pipe temperature profiles with depth during a DHW/cooling switch – Case 1 

 
Figure 54: Radial heat flux at the borehole wall vs depth during a DHW/cooling switch – Case 1
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The heat flux is arbitrarily counted positive when heat is injected in the borehole, and negative in 
the heat extraction case. The radial heat flux is computed as the projection of the heat flux x and 
y components on the radial direction 

  ( 40 ) 

Note that the heat flux is evaluated at the borehole wall along the vertical plane cutting the two 
pipes axes. 

 Analysis 

The switch between cooling and DHW mode has a positive impact in terms of temperature in 
the borehole. Indeed, in Figure 50, Figure 52 and Figure 53 a temperature drop due to DHW 
production can be noticed. Looking at the pink curve corresponding to the 19th of August at 
23:00 in the third (lower) chart of Figure 50, it is possible to see that the borehole short-range 
storage is used during the mode switching. This short-range storage is characterized by the 
shape of the radial temperature profile which reaches a maximum around the borehole before 
dropping in the U-pipe. During the DHW production, this short-term is used, resulting in a 
temperature drop as shown in the yellow profile on the same graph. As a consequence, the 
outlet temperature of the U-pipe is around 1 K lower (19.4.6 instead of 20.4 °C) after DHW 
production than that it was before. This represents a gain in COP of 2.1% on the short term 
(before/after a mode switch). 

No overall noticeable effects can however be observed from Figure 47 since the COP average 
value do not seem to be decreasing with time. It should be considered that the simulation is 
performed on a very small time scale considering the borehole issue. What is more, the COP 
must be compared to the value that would be obtained if there was no DHW production. This is 
done in part 3.2.3 and 3.2.4. 

The average COP for this simulation, shut offs excluded, is of4.14. 

For short term simulations, the radius of influence around the borehole is relatively small. From 
Figure 50, it can be seen that the radius of influence is not larger than 2.5 m for 1 week 
simulation. After a certain radial distance from the borehole the heat transfer is one dimensional. 
The large-spaced concentric isotherms shown in some of the charts in Figure 52 endorse this 
statement. 

In the continuity of the previous statement, Figure 45, Figure 50 and Figure 52 show that the U-
pipe response to heat extraction or injection is relatively short compared to the surrounding 
grout and ground, which creates the high value of heat fluxes shown in Figure 54. 

During shut-off phases, the heat flux becomes positive at the borehole top (heat injection) and 
negative at the bottom (heat extraction). The absolute of heat flux are then small compared to 
those obtained during heat extraction or injection. This behavior may be induced by the 
geothermal flux which introduces a vertical gradient of temperature. 

In Figure 45 and Figure 46, one may notice that the outlet temperature of the U-pipe becomes 
slightly higher than the inlet temperature when the heat pump stops. This is due to friction 
heating, the circulation pump running all the time. 
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3.2.2. Case 2 – Winter, lower loads, 1 borehole 

 Loads profile 

The borehole loads profile for the simulation case 2 is provided in Figure 55. A detailed load 
profile for a day of the week 2 is given in Figure 56. Note that negative loads are equivalent to 
heat injection in borehole and vice-versa. 

 
Figure 55: Borehole loads profile – Case 2 

 
Figure 56: Daily load profile on January 10th – Case 2  
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 Results 

The results part includes a series of graphs which analysis is given further on. 

 
Figure 57: U-pipe inlet and outlet temperature evolution with time – Case 2 

 
Figure 58: U-pipe inlet and outlet temperature evolution on January 10th – Case 2
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Please remind that the COP values do not account for pumping power and other auxiliary 
electrical consumption (e.g. control devices). 

 
Figure 59: COP variation with time – Case 2 

 
Figure 60: COP variation on January 10th – Case 2  
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The Figure 63 presents the evolution of the radial temperature close the borehole wall for three 
different periods. The upper right left graph shows the first 3 hours of radial temperature 
variation while the upper left graph displays the same variation on January 10th from 04:00 to 
07:00. The last graph corresponds to the last seven time steps of the simulation, which are on 
January 14th from 21:00 to 00:00. Note that during these last time steps, only DHW production 
occurs. During this simulation, heat is only extracted from the borehole (positive loads). 

The legend provided within each chart is the time corresponding to each profile, in hours. 

On January 14th from 21:00 to 00:00 and on January 10th from 04:00 to 07:00, the load profiles 
are as shown in Figure 61 and Figure 62. 

 

Figure 61: Borehole loads profile on January 14th from 21:00 to 00:00 – Case 2 

 
Figure 62: Borehole loads profile on January 10th from 04:00 to 07:00 – Case 2 
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Figure 63: Radial temperature profiles for three different time periods: start, middle and end of the simulated week – Case 2
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In Figure 64 and 

 
 (a) (b) (c) 
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 (d) (e) (f) 

Figure 65, the x and y-axis represent distances, in m, while the color scale represents the temperature, in °C. Isotherms are 
displayed in white in these figures with the associated temperature value for some of them. 
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In 

 
 (a) (b) (c) 
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 (d) (e) (f) 

Figure 65, the borehole experiences heat extraction as shown in Figure 62. During the periods represented in the (a) and (f) cross 
sections, the borehole is at rest. During the periods represented from the (b) to the (e) cross sections, the borehole experiences heat 
extraction. 

The borehole is represented by the largest black circle, the smaller one being only used for meshing purpose. 
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Figure 64: 2D variation of temperature around the borehole on January the 8th at 01:00 (left) and the 14th at 23:00 (right) – Case 2 
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 (a) (b) (c) 

 
 (d) (e) (f) 

Figure 65: 2D variation of temperature around the borehole during heat extraction – on January 10th from 04:00 (a) to 07:00 (f) hours with 
a time step of 30 minutes – Case 2 
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Figure 66: U-pipe temperature profiles with depth during heat extraction – Case 2 

 
Figure 67: Radial heat flux at the borehole wall vs depth during heat extraction – Case 2
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 Analysis 

The average COP for this simulation, shut offs excluded, is of 5.21. This value is about 19 % 
higher than the one found in cooling mode which is expected since the heating capacity is 
always higher than the cooling capacity given the same compressor power. 

On the opposite of the summer season, the COP decreases when producing DHW, because of 
the larger temperature difference of the heat source and heat sink. 

The previous analysis regarding the radius of influence can also be made in Case 2. The heat 
flux values become high during heat extraction because of the fast U-pipe response in 
comparison to the grout and ground, which creates a large temperature difference (and hence a 
high heat flux). During shut-off phases, the heat flux also becomes positive at the borehole top 
(heat injection) and negative at the bottom (heat extraction). The fact that this is observed in 
winter, as well as in summer times (see previous analysis), reinforces the assumption according 
to which this is created by the geothermal heat flux. 

Friction heating is also noticed when the heat pump is off. In Figure 58, a crossing between the 
outlet and inlet U-pipe temperature can be seen during shut-offs (temperature increase). This 
does not happen in reality and this singularity is due to the rough interpolation between each 
time step. 
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3.2.3. Case 3 – Summer, higher loads, 2 boreholes 

 Loads profile 

The borehole loads profile for the simulation case 3 is provided in Figure 55. It is possible to see 
that the loads are similar from day to day. A detailed load profile for a day of the week 33 is 
given in Figure 56. Note that negative loads are equivalent to heat injection in borehole and 
vice-versa. 

For this case, two boreholes are supposed to be connected to the heat pump. Hence the flow 
rate in the borehole model and the loads are divided by 2. No interaction is considered to 
happen between the two boreholes. 

 
Figure 68: Borehole loads profile – Case 3 

 
Figure 69: Borehole loads profile on August 15th – Case 3  

‐15,00

‐10,00

‐5,00

0,00

5,00

10,00

13‐aug 14‐aug 15‐aug 16‐aug 17‐aug 18‐aug 19‐aug 20‐aug

Borehole Loads 
(kW)

‐15,00

‐10,00

‐5,00

0,00

5,00

10,00

2005‐08‐15 00:00 2005‐08‐15 08:00 2005‐08‐15 16:00 2005‐08‐16 00:00

Borehole Loads 
(kW)



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -74- 
 Applied Thermodynamics and Refrigeration 

 Results 

The results part includes a series of graphs which analysis is given further on. 

 
Figure 70: U-pipe inlet and outlet temperature evolution with time – Case 3 

 
Figure 71: U-pipe inlet and outlet temperature evolution on August 15th – Case 3
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Please remind that the COP values do not account for pumping power and other auxiliary 
electrical consumption (e.g. control devices). 

 
Figure 72: COP variation with time – Case 3 

 
Figure 73: COP variation on August 15th – Case 3  
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The Figure 75 presents the evolution of the radial temperature close the borehole wall for four 
different periods. The upper right left graph shows the first 6 hours of radial temperature 
variation while the upper left graph displays the same variation on August 17th from 03:00 to 
09:00 hours. The lower right graph shows the values from August 18th at 21:00 to August 19th at 
03:00. The last graph corresponds to the last seven time steps of the simulation, which are from 
August 19th 18:00 to August 20th 00:00. Note that during these two last periods, a cooling to 
DHW mode switch occurs. For the first two charts, heat is injected in the borehole (negative 
loads). 

The legend provided within each chart is the time corresponding to each profile, in hours. 

From August 18th at 21:00 to August 19th at 03:00, the loads profiles are as shown in Figure 74. 

Note that the time step used for this simulation is 1 hour. 

 
Figure 74: Borehole loads profile from August 18th at 21:00 to August 19th at 03:00 – Case 3 

‐9,44 ‐9,34

4,96 4,96

‐11,43
‐10,64

‐10,02

‐14,00

‐12,00

‐10,00

‐8,00

‐6,00

‐4,00

‐2,00

0,00

2,00

4,00

6,00

21:00:00 22:00:00 23:00:00 00:00:00 01:00:00 02:00:00 03:00:00

Borehole loads 
(kW)



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -77- 
 Applied Thermodynamics and Refrigeration 

 

 
Figure 75: Radial temperature profiles for four different time periods: start, middle (x2) and end of the simulated week – Case 3
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In Figure 76 and Figure 77, the x and y-axis represent distances, in m, while the color scale represents the temperature, in °C. 
Isotherms are displayed in white in these figures with the associated temperature value for some of them. 

Note that for both of the times displayed in Figure 76, the borehole experiences heat injection. During the periods represented in the 
(a), (d), (e) and (f) cross sections, the borehole experiences heat injection. During the periods represented by the (b) and the (c) 
cross sections, the borehole experiences heat extraction. 

In Figure 77, the borehole experiences a mode switch between cooling (heat injection in the borehole) and DHW production (heat 
extraction from the borehole). The borehole is represented by the largest black circle, the smaller one being only used for meshing 
purpose. 

 

Figure 76: 2D variation of temperature around the borehole on August the 13th at 02:00 (left) and the 17th at 3:00 (right)– Case 3 
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 (a) (b) (c) 

 
 (d) (e) (f) 

Figure 77: 2D variation of temperature around the borehole during a cooling to DHW mode switch – from August 18th at 22:00 (a) to 
August 19th at 03:00 (f) – Case 3 
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Figure 78: U-pipe temperature profiles with depth during a DHW/cooling switch – Case 3 

 
Figure 79: Radial heat flux at the borehole wall vs depth during a DHW/cooling switch – Case 3
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 Analysis 

As noticed in part 3.2.1, the switch between cooling and DHW mode has a positive impact in 
terms of temperature in the borehole. Indeed, in Figure 75, Figure 77 and Figure 78 a 
temperature drop due to DHW production can be noticed. Looking at the light blue curve 
corresponding to the 19th of August at 00:00 in the lower left chart of Figure 75, it is possible to 
see that the borehole short-range storage is used during the mode switching, as mentioned in 
the analysis of Case 1. The short-term storage, however, seems to be higher than in Case 1. As 
a consequence, the outlet temperature of the U-pipe is around 4.4 K lower (18.6 instead of 23.0 
°C) after than before the DHW production. This represents a gain in COP of 9.0% on the short 
term. 

The average COP for this simulation, shut offs excluded, is of 4.13, which is almost the same as 
the value found in Case 1 (lower by 0.2%). Although the DHW loads are higher in this case, the 
overall load balance is lower (-1047 kWh) than in Case 1 (-713kWh) which may explain the 
slightly lower COP value. The difference is however too small (4.13 vs 4.14) to draw any 
conclusion from this case comparison. 

In the next case, the same simulation is performed without DWH production. The resulting 
COPs are compared in the Analysis section. 

The same remarks can be done regarding the response time of the U-pipe and the heat flux 
values. The radius of influence seems to be slightly higher than for Case 1 (3 m instead of 2.5 
m) because of the overall higher loads on the borehole even though two boreholes are used. 
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3.2.4. Case 4 – Summer, higher loads, 2 boreholes, no DHW 

 Loads profile 

The borehole loads profile for the simulation case 4 is provided in Figure 80. The borehole loads 
are the same as in Figure 55 except that the heat extraction loads due to DHW production are 
removed. As in the previous case, two boreholes are supposed to be connected to the heat 
pump. Hence the flow rate in the borehole model and the loads are divided by 2. No interaction 
is considered to happen between the two boreholes. 

 
Figure 80: Borehole loads profile – Case 4 

 
Figure 81: Borehole loads profile on August 15th – Case 4  
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 Results 

The results part includes a series of graphs which analysis is given further on. 

 
Figure 82: U-pipe inlet and outlet temperature evolution with time – Case 4 

 
Figure 83: U-pipe inlet and outlet temperature evolution on August 15th – Case 4
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Please remind that the COP values do not account for pumping power and other auxiliary 
electrical consumption (e.g. control devices). 

 
Figure 84: COP variation with time – Case 4 

 
Figure 85: COP variation on August 15th – Case 4 
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Figure 86: Radial temperature profiles for four different time periods: start, middle (x2) and end of the simulated week – Case 4
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In Figure 87, during the periods represented in the (a), (d), (e) and (f) cross sections, heat is injected in the borehole. During the 
periods represented by (b) and (c) cross sections, the borehole is at rest. 

 
 (a) (b) (c) 

 
 (d) (e) (f) 

Figure 87: 2D variation of temperature around the borehole during heat injection – from August 18th at 22:00 (a) to August 19th at 03:00 
(f) – Case 4 
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Figure 88: U-pipe temperature profiles with depth during heat injection – Case 4 

 
Figure 89: Radial heat flux at the borehole wall vs depth during heat injection – Case 4
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 Analysis 

The aim with Case 4 is to compare the results with Case 3. 

The average COP for the Case 4 simulation is 4.10 while it is of 4.13 for Case 3. However, to 
compare with DHW production the COPs obtained during DHW production in Case 3 should be 
removed from the average calculation. These values of COP could be accounted for if the DHW 
production system would be known in Case 4 because the efficiency of this system could be 
then accounted for. After filtering the DHW production, the average COP for Case 3 is still of 
4.13 which is 0.7 % higher than Case 4. 

If the DHW would be produced with an electrical resistance with an efficiency of 1 (not 
considering the production and distribution losses), the overall performance factor would be 
3.11 whereas it is 4.13 for Case 3. This would represent a loss of around 24.7 %. 
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3.2.5. Case 5 – Winter, higher loads, 2 boreholes 

 Loads profile 

The borehole loads profile for the simulation case 5 is provided in Figure 90. A detailed load 
profile for a day of the week 2 is given in Figure 56. Note that negative loads are equivalent to 
heat injection in borehole and vice-versa. 

 
Figure 90: Borehole loads profile – Case 5 

 

Figure 91: Borehole loads profile on January 10th – Case 5  
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 Results 

The results part includes a series of graphs which analysis is given further on. 

 
Figure 92: U-pipe inlet and outlet temperature evolution with time – Case 5 

 

Figure 93: U-pipe inlet and outlet temperature evolution on January 10th – Case 5
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Please remind that the COP values do not account for pumping power and other auxiliary 
electrical consumption (e.g. control devices). 

 

Figure 94: COP variation with time – Case 5 

 
Figure 95: COP variation on January 10th – Case 5  
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The time steps chosen for the following graphs are the same as in Case 3 and Case 4. For the 
time steps 142 to 149 the loads profiles are as shown in Figure 114. Note that the time step 
used for this simulation is 30 minutes. 

 
Figure 96: Borehole loads profile from August 10th at 22:30 to August 11th at 01:30– Case 5 
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Figure 97: Radial temperature profiles for four different time periods: start, middle (x2) and end of the simulated week – Case 5
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In Figure 98, the borehole experiences heat extraction in all cases. 

 

 
Figure 98: 2D variation of temperature around the borehole during heat extraction – – from January 10th at 22:30 (a) to January 11th at 

01:30 (f) – Case 5 
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Figure 99: U-pipe temperature profiles with depth during heat extraction – Case 5 

 
Figure 100: Radial heat flux at the borehole wall vs depth during heat extraction – Case 5
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 Analysis 

The average COP for this simulation, shut offs excluded, is of 5.15. This value is 16.75 % higher 
than the one found in cooling mode (Case 3) which is expected since the heating capacity is 
always higher than the cooling capacity given the same compressor power. 

This value is also lower than the one found in Case 2 for lower loads. This can be explained by 
the higher temperature decrease implied by overall higher loads. Indeed, for Case 5 the 
average temperature in the U-pipe for the entire simulation is 13.3 °C while it is 14.3 °C for Case 
2. 
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3.2.6. Case 6 – Winter, high alternate loads, 2 boreholes 

 Loads profile 

The borehole loads profile for the simulation case 6 is provided in Figure 101. A detailed load 
profile for a day of the week 2 is given in Figure 102. The loads profile for this case is fictitious. 
The loads are based on Case 5 but instead of shutting off, it is assumed that the heat pump 
must compensate cooling needs within the building or application it is associated with. The 
result is alternated loads corresponding to a constant fluctuation between heating and cooling. 

Note that in this case, the same buffer tank cannot be used for both heating and cooling modes. 

Note that negative loads are equivalent to heat injection in borehole and vice-versa. 

 
Figure 101: Borehole loads profile – Case 6 

 
Figure 102: Borehole loads profile on January 10th – Case 6  
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 Results 

The results part includes a series of graphs which analysis is given further on. For this case, 
only the main results (U-pipe temperatures and COP) are presented. 

 
Figure 103: U-pipe inlet and outlet temperature evolution with time – Case 6 

 

Figure 104: U-pipe inlet and outlet temperature evolution on January 10th – Case 6
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Figure 105: COP variation with time – Case 6 

 
Figure 106: COP variation on January 10th – Case 6  
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 Analysis 

The average COP for this simulation is 5.19 which is slightly higher than the value found in 
Case 5 (5.15). This is because the COP values in cooling mode are lower than in heating mode 
which creates a bias in the comparison. If only the heating and DHW modes are accounted for, 
the COP value becomes 5.36 which is 4.1 % higher than the COP in Case 5. This highlight the 
benefit how using the borehole for alternate loads on the short term. If the loads would be more 
balanced, the COP could be even higher. 

Note that free cooling can be performed in this case since the temperature in the ground is low 
enough. In that case, the overall performance factor would be higher than 5.36. 

3.3. Summary of the results 

The main results of the 6 simulation cases are summed up in Table 7. 

The results presented in this table are valid on the short term (week) or even shorter (1-2 hours) 
for the gains regarding the cooling-DHW mode switch. 

Table 7: Simulations results summary 

Case Conditions 
COP (week 
average) 

COP gain during mode 
switch (cooling-DHW-
cooling) 

COP gain – case 
comparison 

1 
Summer / low loads / 
1 borehole 

4.14 1.5% - 

2 
Winter / low loads / 1 
borehole 

5.21 - - 

3 
Summer / high loads / 
2 boreholes 

4.13 6.8% 
-0.2% (compared 
to Case 1) 

4 
Summer / high loads / 
2 boreholes / no DHW 

3.11* - 
-24.7% (compared 
to Case 3) 

5 
Winter / high loads / 2 
boreholes 

5.15 - 
-1,2% (compared 
to Case 2) 

6 
Winter / alternate high 
loads / 2 boreholes 

5.19** - 
+4.1% (compared 
to Case 5) 

*the DHW production is accounted for in the COP value. It is assumed to be produced by an 
electrical resistance with an efficiency of 100%. 

**In this case, free cooling can be performed. The COP should then be compared with a free 
cooling solution which would give better performance.  
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Figure 107 shows the COP evolution with time for all the winter simulations. 

Please remind that in case 6, free cooling could be performed. It would then give higher 
performance than if using the heat pump. 

It can be seen that the COP values in case 5 are higher than in case 3 although the heat pump 
runs for a longer time. 

 
Figure 107: COP values for all winter cases 

Figure 108 shows the COP values during the 10th of January only. In this graph it is clearly 
possible to see that case 6 gives higher COP than case 5 in heating mode.  
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Figure 108: COP values of cases 2, 5 and 6 on January 10th 

In Figure 109, the COP values related to all the summer cases are displayed. 

The Figure 110 shows the COP evolution with time for cases 1 and 3, on the 15th of August, 
while the Figure 111 shows the COP values for cases 3 and 4 for the same day. 

In Figure 111, it is possible to see the short term benefits of producing DHW at the beginning of 
the chart. The COP for case 3 (where DHW is produced with the heat pump) is slightly higher 
than for case 4. In fact, DHW production happens during the night between the 14th and 15th of 
August, giving this slightly higher value of COP in cooling mode thereafter. 
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Figure 109: COP values for all summer cases 

 

Figure 110: COP values for case 1 and 3 on August 15th  

1,00

2,00

3,00

4,00

5,00

6,00

7,00

13‐aug 14‐aug 15‐aug 16‐aug 17‐aug 18‐aug 19‐aug 20‐aug

COP

Case 1 ‐ Low loads

Case 3 ‐ High loads

Case 4 ‐ High loads, no DHW

1,00

2,00

3,00

4,00

5,00

6,00

7,00

2005‐08‐15 00:00 2005‐08‐15 08:00 2005‐08‐15 16:00 2005‐08‐16 00:00

COP

Case 1 ‐ Low loads

Case 3 ‐ High loads



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -104- 
 Applied Thermodynamics and Refrigeration 

 

Figure 111: COP values for case 3 and 4 on August 15th 

3.4. Scope and limitations 

The COP values are calculated according to the tests which are performed under steady state 
conditions. The COP evolution during transient phase is not accounted for in this study. 
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1

2

3

4

5

6

7

2005‐08‐15 00:00 2005‐08‐15 08:00 2005‐08‐15 16:00 2005‐08‐16 00:00

COP

Case 3 ‐ High loads

Case 4 ‐ High loads, no DHW



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -105- 
 Applied Thermodynamics and Refrigeration 

3.5. COP Carnot comparison 

In order to compare the ground source heat pump with another conventional system, a 
comparison between the Carnot COP values is performed. The reference conventional system 
is considered to be an air-to-water heat pump using the outdoor air as a heat sink or source. 

In heating mode, the Carnot COP is calculated as 

  ( 41 ) 

While in cooling mode it becomes 

  ( 42 ) 

where 

  is the evaporation temperature in K. 
  is the condensation temperature in K. 

The known temperatures are the outdoor air temperature, the outlet temperature of the U-pipe 
in the borehole and the temperature on the water side inside the building. 

In order to assess the evaporation and condensation temperatures, constant temperature 
differences in the heat exchangers must be assumed. In the indoor heat exchanger, this 
temperature is assumed as 3 K for both heat pump types. 

In the outdoor heat exchanger for the air-to-refrigerant side, two temperature differences of 3 
and 7 K are considered. 

In the borehole heat exchanger, a temperature difference of 3 K is assumed. 

The schedule operations (On or Off) are taken identical as in Case 5 in heating mode and Case 
3 in cooling mode. DHW production is considered to happen in winter and summer. 

The results during the coldest and warmest week of year 2005 are shown in Figure 112 and 
Figure 113, respectively. 

The COP values are only displayed when the heat pump works giving these discontinuous 
shapes. The Carnot COPs are higher in the summer time even though the heat pumps work in 
cooling mode then, explained by the lower temperature differences between the heat source 
and heat sink in the summer (around 20 to 22.5 K in winter against 16 to 18 K in summer). 

For both winter and summer cases the outdoor temperature gives larger temperature difference, 
in average, between the heat source and heat sink (it is important to keep in mind that these 
simulations are valid for the climate in Mallorca, or alike). In winter, the average outdoor 
temperature is 6.8 °C while the average outlet borehole temperature is 13.3 °C. In summer, 
those two temperatures become 27.2 °C and 21.0 °C, respectively. Hence, both with the 3 K 
and 7 K temperature differences, the air-to-water heat pump theoretically gives lower average 
COP than the ground source heat pump. The average COP values are, in heating mode: 8.8, 
7.9 and 10.6 for the air-to-water heat pump with 3 K, 7 K and the reversible ground source heat 
pump, respectively. This corresponds to gains of 21 and 35 % in comparison to the 3 and 7 K 
cases, respectively. 

These values in summer become 10.3, 9.0 and 12.0, respectively, which corresponds to gains 
of 14 and 26 % for the 3 and 7 K cases. 



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -106- 
 Applied Thermodynamics and Refrigeration 

 
Figure 112: Comparison between Carnot COP values for air-to-water and ground source heat 

pump during the coldest week of year 2005  
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Figure 113: Comparison between Carnot COP values for air-to-water and ground source heat 

pump during the warmest week of year 2005  
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4. PRESSURE DROP INVESTIGATION 

4.1. Cavitation insight 

Cavitation is a change of state (from liquid to vapor) that happens when the pressure is 
dropping at constant temperature (isothermal expansion). 

 
Figure 114: Cavitation and ebullition in a (P,T) diagram 

For pump applications, cavitation occurs in the pump body if the pressure at the pump eye, , 

is lower than the saturation pressure of the fluid at the operating temperature, . The pump eye 
is represented in Figure 115 which shows a simplified cross section of a radial pump. 

According to the previous statement, the following condition must be fulfilled to avoid cavitation 

 ⇔
∙

0 
( 43 ) 

where  is the fluid density [kg.m-3] and g is the gravity constant [m.s-2]. 

Using the Bernoulli equation, the head at the pump eye can be expressed as: 

 
2

Δ  
( 44 ) 

where 

  represents the height, in . 
  is the average speed, in . . 
 Δ 	 is the head losses between the inlet and the eye of the pump, in . 

Hence, cavitation occurs if and only if: 

 
2 2

Δ  
( 45 ) 

This expression is commonly known as: 

  
( 46 ) 

As the speed at the pump inlet and the pressure drop between the inlet and the pump eye differ 
from one pump to another, the NPSHr is hard to determinate. The NPSHr is usually given by the 
pump manufacturer as shown in Figure 116. It can be also calculated with knowledge of the 
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system where the pump is to be installed and compared to the manufacturer data in order to 
see if the pump complies with the design. 

 
Figure 115: Cross section drawing of a centrifugal pump body with curved impellers 

 

 

Figure 116: Minimum inlet pressure – Manufacturer data (Grundfos, u.d.) 
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4.2. Determination of the system curve 

The test rig system curve was determined experimentally using the “constant head” control 
function of the variable speed pump. By changing the control parameter, the flow rate changes 
accordingly resulting in a head vs. flow rate curve as shown in Figure 117. 

This Figure also includes the pump curves at the maximum and minimum speeds, as well as the 
theoretical head losses in a U-pipe BHE only, calculated as 

 Δ
∙
∙ ∙

 ( 47 ) 

where the friction factor is determined using the Colebrook formula in turbulent flow, and the 
Poiseuille formula in laminar flow. The pressure drop is estimated for two different pipe diameter 
inside the borehole, DN 32 and 40. 

What is noticeable is that the test rig curve is similar to the borehole heat exchanger curve in 
terms of head losses; meaning that the pressure drop in the test rig can be as high as the 
pressure drop in the entire borehole heat exchanger. This may be due to the PHE which can 
lead to high pressure drops if not correctly dimensioned. However, no information could be 
gathered on the PHE design, hence no definitive conclusion can be drawn about the pressure 
drop in the PHE. 

Another noticeable result is that the borehole and heat pump curves are located at the far left 
hand of the pump curve. This may imply that the speed variation of the pump may not have as 
significant effect on the pressure drop as if the system curve showed lower pressure drop. 
Moreover, it would be interesting to investigate the pump automatic control, to check that it does 
not lead to laminar flow in the borehole. 

 
Figure 117: System curves before / after installing the additional tank and theoretical pressure 

drop in a 200m deep U-pipe for two different diameters  
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4.3. Cavitation checking 

In order to check if the risk of cavitation was existing, the minimum inlet pressure was compared 
to an estimated inlet pressure. This estimated inlet pressure was determined according to the 
system curve and the Bernoulli equation 

 
∙ ∙

Δ
Δ

∙ 2
 

( 48 ) 

The different terms of eq.( 48 ) are shown in Figure 118. Δ  is the pressure drop between 
point 1 and the pump inlet. 

The velocity at the pump inlet is calculated according to the pipe diameter of 2.5 cm. The 
elevation difference between the tank surface and the pump inlet was measured as 75 cm. 

The pressure drop is determined from the system curve and it is assumed that the part from 
point 1 to the pump accounts for half of the total pressure drop. 

The comparison between the estimated inlet pressure and the minimum inlet pressure 
recommended by the manufacturer is shown in Figure 119. 

It may be observed that the estimated inlet pressure is lower than the minimum recommended 
for flow rates higher than 1.2 m3.h-1. However, the inlet pressure is always higher than the 
saturation pressure which is the limit to avoid cavitation. Moreover, the measurements were 
performed for the worst conditions in terms of pressure drops, i.e. with the piping configuration 
giving the highest pressure drop (3-way valve fully closed). 

Nevertheless, as there was a risk of cavitation in some conditions, a pressure supplier coupled 
with an elevated tank was installed as explained in part 4.4. 

Note that in a real system, the tank will be pressurized and cavitation problems can be easily 
avoided. 

 
Figure 118: Explanatory sketch of the pump and tank configuration 

  



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -112- 
 Applied Thermodynamics and Refrigeration 

 

Figure 119: Comparison of actual inlet pressure with saturation pressure and manufacturer data in 
the worst case scenario before installing the pressure supplier 

4.4. Installation of a pressure supplier pump with an elevated tank 

In order to avoid any cavitation issue, a pressure supplier with an elevated tank was installed. 
The new test rig configuration can be seen in Figure 121. Note that a sound insulation had to be 
installed due to the high sound level created by the elevation pump. The sound insulation box 
for the pressure supplier can be seen in Figure 120. 

 
Figure 120: Picture of the pressure supplier in its sound insulation box 

Note that this configuration is only meant for the test rig and not for real systems. 
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Figure 121: Flowchart of the new test rig configuration 
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5. EXPANSION VALVE INVESTIGATION 

The test procedures are described in the first report of this project. 

5.1. Further tests with the thermostatic expansion valve 

As the superheat values obtained in the first phase tests were high in heating mode, the setting 
of thermostatic expansion valve used in this mode has been changed to try to reduce these 
superheat values. This setting is the tightening of a screw that changes the way the valve opens 
and closes. 

The test results in terms of COP and heating capacity are shown in Figure 122 and Figure 123, 
respectively. All the detailed test results are provided in Appendix 3. 

The COPs obtained before and after modifying the thermostatic expansion valve setting are 
compared in Figure 124. As it may be seen, no clear pattern was noticed after modifying the 
setting. Therefore, it was decided to upgrade the thermostatic expansion valve to an electronic 
expansion valve. 

 
Figure 122: COP values versus heat source and cold source temperatures after adjusting the 

thermostatic valve setting  
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Figure 123: Heating capacity values versus heat source and cold source temperatures after 
adjusting the thermostatic valve setting 

 

Figure 124: Percentage gain in terms of COP after changing the thermostatic expansion valve 
setting in comparison with the results from the 1st phase  
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5.2. Implementation of an electronic expansion valve for the heating mode 

An electronic expansion valve (EEV) has a dynamic regulation, meaning that the static setting 
mentioned previously for the thermostatic expansion valve is constantly and automatically 
adjusted to match a given value of superheat. 

The motor of the electronic valve is controlled by a driver which uses the temperature and 
pressure after the evaporator. The values are measured by sensors provided with the EEV. The 
pressure and temperature are used to estimate the superheat value and open or close the 
expansion valve accordingly. 

The selection of the valve was made by the distributor who used the Carel product selection 
software (software used for selecting the suitable expansion valve according to the cooling 
capacity) and normal operating conditions to get the suitable EEV. The results from this product 
selection software are provided in Appendix 5. 

The performances of the heat pump with the EEV were tested for two different control settings: 
4 and 8 K of superheat. The test procedure was the same as when using thermostatic 
expansion valve. The detailed results for the 4 K setting are presented in Appendix 4. Note that 
the expansion valve used in cooling mode is still a thermostatic valve. 

Figure 125 shows the percentage gain in COP in comparison to the COPs obtained with the 
thermostatic expansion valve in the first phase of this project. 

Figure 126 also shows percentage gain in COP but in comparison with the COP values 
obtained after changing the thermostatic valve setting. 

 
Figure 125: Percentage gain in terms of COP after installing the electronic expansion valve in 

comparison with the results from the first phase (thermostatic valve) 
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Figure 126: Percentage gain in terms of COP after installing the electronic expansion valve in 

comparison with the results obtained after changing the thermostatic valve setting 

No clear tendency regarding the COP gains can be drawn from these two comparisons since 
they are positive for some conditions and negative for others. For some cases, the COP 
obtained after installing the electronic expansion valve is higher by 10%. This may be due to the 
fact that the system was refilled with refrigerant between the tests with the thermostatic and 
electronic expansion valves. Indeed, after installing the electronic expansion valve and trying to 
run the first test, it was noticed that the valve was always fully opened. Thus, the valve was not 
controlling the superheat whatsoever. Moreover, some bubbles were noticed in the sight glass 
which led to the conclusion that refrigerant was lacking in the system. This lack of refrigerant 
may be due to maintenance operations on the system which involved emptying and filing of the 
system and which happened at the end of the project first phase. The refrigerant charge was 
then measured as 1.7 kg which does not appear to be sufficient. The new refrigerant charge 
was chosen as 2.5 kg after several tests. The change in the refrigerant charge should be kept in 
mind when looking at Figure 125 and Figure 126. 

Note that the EEV setting may be set lower (or higher) which may lead to better COPs. The 
optimum setting could be investigated. 

Finally, only steady-state conditions are considered in the comparisons of Figure 125 and 
Figure 126. However, EEV may show better outcomes during unsteady-state conditions 
because of its dynamic characteristics. Aprea & Mastrullo (2002) stated that the average value 
of COP is higher during transient operation when using EEV instead of thermostatic expansion 
valve. They also mention that EEV is the most suitable choice when the compressor of the 
system is a variable speed compressor. 
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5.3. Temperature differences in the evaporator 

 

Figure 127: Temperature changes along the dimensionless length of the condenser (left) and the 
evaporator (right) for different operating conditions (each row) in heating mode – first phase tests
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Figure 128: Temperature changes along the dimensionless length of the condenser (left) and the 

evaporator (right) for different operating conditions (each row) in heating mode – new 
thermostatic setting  
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Figure 129: Temperature changes along the dimensionless length of the condenser (left) and the 

evaporator (right) for different operating conditions (each row) in heating mode – electronic 
expansion valve 
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No clear differences can be noticed between Figure 127, Figure 128 and Figure 129 that show 
the temperature profiles in the evaporator and the condenser for different operating conditions. 
Since the temperature difference between the two heat exchanging medium is quite high, the 
question on how to improve the heat transfer within the evaporator and condenser could be 
raised. A solution could be to change the PHEs design. Since they may also be responsible for 
high pressure drops, this may be a viable solution to consider. 
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6. CONCLUSION 

This study has focused on three main points that are: 

 the coupled borehole heat exchanger, ground source heat pump and house simulations 
 the investigation of the expansion valve performance 
 the investigation of pressure drop in the water loops 

The model aim is to characterize the short term heat transport in a BHE and quantify how 
beneficial it is to have both heating and cooling production by the reversible heat pump. 

The simulations are performed in Mallorca with weather data from 2005 (typical weather) and 
two different house models are used for simulation. One house may be qualified as energy 
efficient and relatively small (120 m2) while the other model has a lower energy efficiency and is 
larger (400 m2). 

Several cases of operation for the borehole are then considered in order to fulfill the objectives. 

The simulations reveal that, due to its capacity, the heat pump is more suitable for large, not 
energy efficient, houses or buildings. A single-family dwelling with lower heating and cooling 
needs leads to short-cycling of the heat pump, which should be avoided. What is more the heat 
pump shows better performance if connected to two boreholes. A further study should be 
connected to investigate the long terms effects. 

During the whole year, the heat pump is found to work only 14.7 % of the time for the energy 
efficient house with unbalanced loads on the ground of -36.26 GJ (-10072 kWh)  which indicates 
that more heat is injected than extracted from the ground. The low temperatures observed at 
night in summer may indicate that ventilation free cooling might be performed instead of using 
the heat pump to cool down the house. 

During the whole year 2005 and for the second house model, the heat pump is working 44.7% 
of the time, which is more than two times higher than for the first house model. 

On the contrary to the first house model, the yearly balance over the borehole is positive, 
meaning that more heat is extracted than injected in the borehole. The heat loads balance is of 
9.75 GJ (-2708 kWh). This positive heat balance is due to the DHW needs which compensate 
the cooling loads. If the contribution of the DHW needs to the borehole heat balance is not taken 
into account, the heat balance turns out to be -26.18 GJ (-7272 kWh). This highlights the 
importance of DHW production in terms of loads balancing in places where the space cooling 
needs are higher than the space heating needs. 

It is also shown that DHW production has a positive impact on the short-term in summer. It can 
lead to a temperature decrease as high as 4.4 K of the fluid circulating in the BHE, resulting in a 
COP increase of 9.0 % comparing the values before and after DHW production. 

When the DHW production is done by the heat pump, the performance factor is found to be 24.7 
% higher than if assuming that DHW production through an electrical resistance (with no 
losses). The COP value found when DHW production is performed by the heat pump is 4.13 
while it would be 3.11 with an electrical resistance. 

For the house with higher loads, the COP values are 4.13 in cooling mode and 5.15 in heating 
mode while it is respectively 4.14 and 5.21 for lower loads. 

For all the simulations the radius of influence, i.e. the radial distance from which the temperature 
gradient becomes negligible, is found to be around 2-3 m. 



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Willem Mazzotti KTH, Royal Institute of Technology -123- 
 Applied Thermodynamics and Refrigeration 

It is highlighted that the short term storage of the borehole is used during short-term switching 
such as cooling to DHW mode switches. The long term effects are however not studied in this 
work. 

A simulation with fictitious alternate loads is performed to check if simultaneous heating and 
cooling needs would be beneficial for the system. These kinds of loads may happen in some 
office building or industrial processes. For this simulation the heat pump is still assumed to 
compensate a house needs with DHW. 

The average COP is then of 5.19 which is slightly higher than the value found in Case 5 (5.15). 
This is because the COP values in cooling mode are lower than in heating mode which creates 
a bias in the comparison. If only the heating and DHW modes are accounted for, the COP value 
becomes 5.36 which is 4.1 % higher than the COP in Case 5. This highlight the benefit how 
using the borehole for alternate loads on the short term. If the loads would be more balanced, 
the COP could be even higher. Hence, in the case of simultaneous needs of heating and 
cooling, free cooling should be prioritized if the ground temperature level allows doing so. 

 

In order to compare the ground source heat pump with another conventional system, a 
comparison between the Carnot COP values is performed. The reference conventional system 
is considered to be an air-to-water heat pump using the outdoor air as a heat sink or source. To 
assess the evaporation and condensation temperatures, constant temperature differences in the 
heat exchangers must be assumed. In the indoor heat exchanger, this temperature is assumed 
as 3 K for both heat pump types. In the outdoor heat exchanger for the air-to-refrigerant side, 
two temperature differences of 3 and 7 K are considered. 

The Carnot COPs are higher in the summer time even though the heat pumps work in cooling 
mode then, explained by the lower temperature differences between the heat source and heat 
sink in the summer (around 20 to 22.5 K in winter against 16 to 18 K in summer). 

For both winter and summer cases the outdoor temperature gives larger temperature difference, 
in average, between the heat source and heat sink (it is important to keep in mind that these 
simulations are valid for the climate in Mallorca, or alike). In winter, the average outdoor 
temperature is 6.8 °C while the average outlet borehole temperature is 13.3 °C. In summer, 
those two temperatures become 27.2 °C and 21.0 °C, respectively. Hence, both with the 3 K 
and 7 K temperature differences, the air-to-water heat pump theoretically gives  lower average 
COP than the ground source heat pump. The average COP values are, in heating mode: 8.8, 
7.9 and 10.6 for the air-to-water heat pump with 3 K, 7 K and the reversible ground source heat 
pump, respectively. This corresponds to gains of 21 and 35 % in comparison to the 3 and 7 K 
cases, respectively. 

These values in summer become 10.3, 9.0 and 12.0, respectively, which corresponds to gains 
of14 and 26 % for the 3 and 7 K cases.  
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A noticeable result from the pressure drop investigation is that the test rig curve is similar to the 
borehole curve in terms of head losses; meaning that the pressure drop in the test rig can be as 
high as the pressure drop in the entire borehole. This may be due to the PHE which can lead to 
high pressure drops if not correctly dimensioned. However, no information could be gathered on 
the PHE design, hence no definitive conclusion can be drawn about the pressure drop in the 
PHE. 

Another noticeable result is that the borehole and heat pump curves are located at the far left 
hand of the pump curve. This may imply that the speed variation of the pump may not have as 
significant effect on the pressure drop as if the system curve showed lower pressure drop. 
Moreover, it would be interesting to investigate the pump automatic control, to check that it does 
not lead to laminar flow in the borehole. 

 

The COP values were compared before and after changing the thermostatic valve parameter, 
as well as before and after installing the electronic expansion valve. 

No clear tendency regarding the COP gains can be drawn from these two comparisons since 
they are positive for some conditions and negative for others. This may be due to the fact that 
the system was refilled with refrigerant between the tests with the thermostatic and electronic 
expansion valves. 

The refrigerant charge was found to be acceptable (no bubbles in the sight glass) as 2.5 kg. 

No clear tendency could be found regarding temperature differences in the PHEs either. Since 
the temperature difference between the two heat exchanging medium is quite high, the question 
on how to improve the heat transfer within the evaporator and condenser could be raised. A 
solution could be to change the PHEs design. Since they may also be responsible for high 
pressure drops, this may be a viable solution to consider. 

 

To make the heat pump suitable for a larger range of applications, i.e. of heating or cooling 
capacity, the installation of a frequency converter may be considered although the efficiency of 
the heat pump might decrease for non-nominal conditions. 
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Appendix 1: MATLAB programs 

 Floor heating 

function 
[T_out,Q_fh,R_fh]=SolvingToutFH(T_indoor,T_in,Q_v,A_floor,k_conc,THslab_GF,TH
slab_IF) 
    if T_indoor>T_in 
        T_out=(T_in+T_indoor)/2; %avoid having errors with the log function 
        a=-1; % for the derivative of q_foorheating (abs value that 
introduces a minus or plus) 
    else 
        T_out=(T_in+T_indoor)/2; 
        a=1; 
    end 
    Tav=(T_out+T_in)/2; 
    T_floor=(T_indoor+Tav)/2; 
    Cp=Cp_w(Tav); 
    rho=Density_w(Tav); 
    R_fh_GF=ResTH_fh(Q_v/2,Tav,A_floor,k_conc,THslab_GF,T_floor,T_indoor); 
%resistance of ground floor (GF) / divided by 2 because 2 floors (piping in 
parallel)! 
    R_fh_IF=ResTH_fh(Q_v/2,Tav,A_floor,k_conc,THslab_IF,T_floor,T_indoor); 
%resistance of intermediate floor (IF)    
    R_fh=1/(1/R_fh_GF+1/R_fh_IF); 
    err2=(T_in-T_out)/log((T_in-T_indoor)/(T_out-T_indoor))*1/R_fh-
q_floorHeating(T_floor,T_indoor)*A_floor; 
    it=1; 
    while abs(err2)>1e-4 
        %Newton's method 
        err=Q_v*Cp*rho*(T_in-T_out)-(T_in-T_out)/log((T_in-T_indoor)/(T_out-
T_indoor))*1/R_fh; 
        while abs(err)>1e-4 
            %Newton's method 
            drho_dT=-1000*(-0.00006427+0.0000085053*2*(Tav-273.15)-
0.0000000679*3*(Tav-273.15)^2)/(1-0.00006427*(Tav-273.15)+0.0000085053*(Tav-
273.15)^2-0.0000000679*(Tav-273.15)^3)^2; 
            dCp_dT=-80.4072879+0.309866854*2*Tav-5.38186884E-
4*3*Tav^2+3.62536437E-7*4*Tav^3; 
            % x_k+1=x_k-f(x_k)/f'(x_k) 
            T_out=T_out-(err)/(Q_v*(T_in*(drho_dT*Cp+rho*dCp_dT)-
(drho_dT*Cp+rho*dCp_dT)*T_out-rho*Cp)-1/R_fh*(log((T_out-T_indoor)/(T_in-
T_indoor))+(T_in-T_out)/(T_out-T_indoor))/(2*log((T_in-T_indoor)/(T_out-
T_indoor)))); 
            err=Q_v*Cp*rho*(T_in-T_out)-(T_in-T_out)/log((T_in-
T_indoor)/(T_out-T_indoor))*1/R_fh; % /!\ Resistance different depending on 
the floor considered 
            Tav=(T_out+T_in)/2; 
            Cp=Cp_w(Tav); 
            rho=Density_w(Tav); 
        end 
        T_floor=T_floor-err2/(-(2.12*1.31*(a*(T_floor-
T_indoor))^0.31+4*5.67e-8/1.307882*T_floor^3)*A_floor); 
        if a*T_floor<a*T_indoor || a*T_floor>a*T_out 
            T_floor=T_out-a*0.1*it; 
        end 
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        err2=(T_in-T_out)/log((T_in-T_indoor)/(T_out-T_indoor))*1/R_fh-
q_floorHeating(T_floor,T_indoor)*A_floor; 
        
R_fh_GF=ResTH_fh(Q_v/2,Tav,A_floor,k_conc,THslab_GF,T_floor,T_indoor); 
%resistance of ground floor (GF) / divided by 2 because 2 floors (piping in 
parallel)! 
        
R_fh_IF=ResTH_fh(Q_v/2,Tav,A_floor,k_conc,THslab_IF,T_floor,T_indoor); 
%resistance of intermediate floor (IF)    
        R_fh=1/(1/R_fh_GF+1/R_fh_IF); 
        it=it+1; 
    end 
    Q_fh=Q_v*Cp*rho*(T_in-T_out); 
    R_fh=1/(1/R_fh_GF+1/R_fh_IF); 
    clear it 
    clear T_indoor; 
    clear Q_v; 
end 
 
function R_fh=ResTH_fh(Q_v,Tav,A_floor,k_conc,THslab,T_floor,T_indoor) 
    Dpipe=0.02; 
    THpipe=0.005; 
    k_pipe=0.33; %thermal conductivity of pipe material (plastic) 
    Spacing=0.2; 
    L_side=sqrt(A_floor/2); 
    h=1; 
    L_pipe=L_side-Spacing; 
    L=Spacing+1; 
    while L>=Spacing*2 
        L=L_side-(h+mod(h,2))*Spacing; 
        L_pipe=L_pipe+L; 
        h=h+1; 
    end 
    h=h-1; 
    L_pipe=L_pipe+2*Spacing+L_side-(h-2+mod(h-2,2))*Spacing; 
    for j=h+3:2*(h-1); 
        L_pipe=L_pipe+L_side-(2*h-j+mod(2*h-j,2))*Spacing; 
    end 
    Re=4*Q_v*Density_w(Tav)/(pi*Dpipe*Viscosity_w(Tav)); 
    f=FrictionFactor(Re); 
    Pr=Prandtl(k_w(Tav),Cp_w(Tav),Viscosity_w(Tav)); 
    h=Nu_fh(f,Re,Pr)*k_w(Tav)/Dpipe; 
    
R_conc=Spacing/(A_floor/2*pi*k_conc)*log(1.22*Spacing/(pi*0.75*Dpipe)*(exp(pi
*THslab/Spacing)-exp(-pi*THslab/Spacing))/2); 
    % /!\ THslab varies 
    
R_fh=1/(pi*Dpipe*h*L_pipe)+log((Dpipe+THpipe/2)/Dpipe)/(2*pi*L_pipe*k_pipe)+R
_conc; 
    R_fh=R_fh+0.01/(0.15*A_floor/2)+(T_floor-
T_indoor)/(q_floorHeating(T_floor,T_indoor)*A_floor/2); 
end 
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function Qfh=q_floorHeating(Tp,Ta) % /!\ careful /!\ in W/m^2 
    Qfh=2.12*(abs(Tp-Ta))^0.31*(Tp-Ta); %convection part REF SEU 2012 
    Qfh=Qfh+5.67e-8*(Tp^4-Ta^4)/1.307882; %radiation part. REF INCROPERA (see 
Excel file) 
end 
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 Thermo-physical properties of water 

function C=Cp_w(T) 
    C=12010.1471-80.4072879*T^1+0.309866854*T^2-5.38186884E-
4*T^3+3.62536437E-7*T^4; 
end 
 
function rho=Density_w(T) 
    rho=1000/(1-0.00006427*(T-273.15)+0.0000085053*(T-273.15)^2-
0.0000000679*(T-273.15)^3); 
end 
 
function k=k_w(T) 
    k=-0.869083936+0.00894880345*T^1-1.58366345E-5*T^2+7.97543259E-9*T^3; 
end 
 
function dk=dk_wdT(T) 
    dk=0.00894880345-2*1.58366345E-5*T+3*7.97543259E-9*T^2; 
end 
 
function mu=Viscosity_w(T) 
    mu=1.3799566804-0.021224019151*T^1+1.3604562827E-4*T^2-4.6454090319E-
7*T^3+8.9042735735E-10*T^4-9.0790692686E-13*T^5+3.8457331488E-16*T^6; 
end 
 

 Thermo-physical properties of air 

function rho=Density_a(T) 
    rho=0; 
    d(1)=3.5562; % density for T=100K 
    d(2)=2.3364; % 150K 
    d(3)=1.7458; % 200K 
    d(4)=1.3947; % 250K 
    d(5)=1.1614; % ... 
    d(6)=0.9950; 
    d(7)=0.8711; 
    d(8)=0.7740; 
    d(9)=0.6964; 
    d(10)=0.6369; 
    d(11)=0.5804; % 600K 
    %Langrange polynomes 
    l=zeros(1,11); 
    T_=zeros(1,11); 
    for i=1:11 
        T_(1,i)=100+(i-1)*50; 
    end 
    for i=1:11 
        l(1,i)=1; 
        for j=1:11 
            if j~=i 
                l(1,i)=l(1,i)*(T-T_(1,j))/(T_(1,i)-T_(1,j)); 
            end 
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        end 
        rho=rho+d(i)*l(1,i); 
    end 
end 
function dDa=dDens_adT(T) 
    dDa=0; 
    d(1)=3.5562; % density for T=100K 
    d(2)=2.3364; % 150K 
    d(3)=1.7458; % 200K 
    d(4)=1.3947; % 250K 
    d(5)=1.1614; 
    d(6)=0.9950; 
    d(7)=0.8711; 
    d(8)=0.7740; 
    d(9)=0.6964; 
    d(10)=0.6369; 
    d(11)=0.5804; % 600K 
    %Langrange polynomes 
    l=zeros(1,11); 
    T_=zeros(1,11); 
    h=zeros(1,11); 
    for i=1:11 
        T_(1,i)=100+(i-1)*50; 
    end 
    for i=1:11 
        l(1,i)=0; 
        for j=1:11 
            if j~=i 
                h(1,j)=1; 
                for k=1:11 
                    if k~=i 
                        if k~=j 
                            h(1,j)=h(1,j)*(T-T_(1,k))/(T_(1,i)-T_(1,k)); 
                        end 
                    end 
                end 
                l(1,i)=l(1,i)+h(1,j)*1/(T_(1,i)-T_(1,j)); 
            end 
        end 
        dDa=dDa+d(i)*l(1,i); 
    end 
end 
 

 Dimensionless numbers 

function Pr=Prandtl(k,Cp,mu) 
    Pr=Cp*mu/k; 
end 
function fr=FrictionFactor(Re) 
    fr=(0.79*log(Re)-1.64)^-2; 
end 
function Nu=Nu_fh(f,Re,Pr) 
    Nu=(f/8*(Re-1000)*Pr)/(1+12.7*(f/8)^0.5*(Pr^(2/3)-1)); 
end  
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 House model (indoor temperature solving) 

function 
[T_ind,ToutFH,HeatFH,HeatFlow,Esto]=SolvingTind(t,Timestep,Q_v,T_inFH) 
    load('Loads.mat'); 
    i=t/Timestep+1; 
    % -------------- Outdoor temperature at time 't' -------------- 
    T_amb=interp1(Tamb_(:,1),Tamb_(:,2),t,'pchip')+273.15; 
%     T_amb=273.15; 
    % 
    % -------------- Ground temperature at time 't' -------------- 
    T_g=interp1(Tground(:,1),Tground(:,2),t,'pchip')+273.15; 
    % 
    % -------------- Wind speed at time 't' -------------- 
    WS=interp1(WindSpeed(:,1),WindSpeed(:,2),t,'pchip'); 
    % 
%     % 
    % -------------- House thermal characteristics -------------- 
    rhoCp_house=(Cp_air*Density_a(21+273.15)*(V_building-V_conc-
V_ins)+Cp_furn*A_floor_net+Cp_ins*rho_ins*V_ins+Cp_conc*rho_conc*V_conc)/V_bu
ilding; 
    % 
    % -------------- House loads -------------- 
    % > HeatGains 
    HG=interp1(HeatGains(:,1),HeatGains(:,2),t,'pchip'); 
%     HG=0; 
    % 
    % -------------- Main -------------- 
    T_ind(i,1)=t; 
    err3=1; %Newton-Raphson method 
    if t==0 
        T_indo=20+273.15; 
        
[T_outFH,Q_f,R_fh]=SolvingToutFH(T_indo,T_inFH,Q_v,A_floor_net,k_conc,THslab_
GF,THslab_IF); 
        E_sto=0; 
        rho_mean=Density_a((T_amb+T_indo)/2); 
        Q_inf=ELA*sqrt(f_w^2*WS^2+f_s^2*abs(T_indo-
T_amb))*Cp_air*rho_mean*(T_indo-T_amb); 
        Q_ven=V_ven*Cp_air*rho_mean*(T_indo-T_amb); 
        Q_tran=UA_house*(T_indo-T_amb)+UA_ground*(T_indo-T_g); 
    else 
        T_indoS=T_ind(i-1,2); 
        T_indo=T_indoS; 
        g=0; 
        while abs(err3)>1e-2 
            rho_mean=Density_a((T_amb+T_indo)/2); 
            Q_inf=ELA*sqrt(f_w^2*WS^2+f_s^2*abs(T_indo-
T_amb))*Cp_air*rho_mean*(T_indo-T_amb); 
            Q_ven=V_ven*Cp_air*rho_mean*(T_indo-T_amb); 
            Q_tran=UA_house*(T_indo-T_amb)+UA_ground*(T_indo-T_g); 
            E_sto=rhoCp_house*V_building*(T_indo-T_indoS)/Timestep; 
            rhoCp_house=(Cp_air*Density_a(T_indo)*(V_building-V_conc-
V_ins)+Cp_furn*A_floor_net+Cp_ins*rho_ins*V_ins+Cp_conc*rho_conc*V_conc)/V_bu
ilding; 
            if Q_v==0 
                T_outFH=T_indo; 



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Performance characterization of the reversible geothermal heat pump patented by SEEC 
-134- 

    %             R_fh=Inf; 
                Q_f=0; 
                Denom=0; 
            else 
                
[T_outFH,Q_f,R_fh]=SolvingToutFH(T_indo,T_inFH,Q_v,A_floor_net,k_conc,THslab_
GF,THslab_IF); 
                Denom=-1/R_fh*(T_inFH-T_outFH)^2/((T_outFH-T_indo)*(T_inFH-
T_indo))*1/(2*log((T_inFH-T_indo)/(T_outFH-T_indo))); 
            end 
            err3=Q_f+HG-Q_tran-Q_inf-Q_ven-E_sto; 
            Denom=Denom-UA_house-UA_ground; % 
            Denom=Denom-(ELA*Cp_air*(0.5*(T_indo-
T_amb)*f_s^2*1/sqrt(f_w^2*WS^2+f_s^2*abs(T_indo-T_amb))*rho_mean... 
                +sqrt(f_w^2*WS^2+f_s^2*abs(T_indo-
T_amb))*dDens_adT((T_amb+T_indo)/2)*(T_indo-T_amb)+rho_mean)); 
            Denom=Denom-V_ven*Cp_air*(dDens_adT((T_amb+T_indo)/2)*(T_indo-
T_amb)+rho_mean); 
            Denom=Denom-(Cp_air*(V_building-V_conc-
V_ins)*dDens_adT(T_indo)*(T_indo-
T_indoS)/Timestep+rhoCp_house*V_building/Timestep); 
            T_indo=T_indo-err3/Denom; 
            T_indo=real(T_indo); 
            if T_indo>T_outFH 
                if ~(Q_f<=0 || abs(Q_f)<100) 
                    T_indo=(T_outFH+T_amb)/2-g; 
                    g=g+0.2; 
                end 
            else 
                if ~(Q_f>=0 || abs(Q_f)<100) 
                    T_indo=(T_outFH+T_amb)/2+g; 
                    g=g+0.2; 
                end 
            end 
        end 
    end 
    % 
    % -------------- Results -------------- 
    Esto(i,1)=real(E_sto); 
    HeatFlow(i,1)=real(Q_tran+Q_inf+Q_ven); 
    HeatFH(i,1)=real(Q_f); 
    ToutFH(i,1)=real(T_outFH); 
    T_ind(i,2)=real(T_indo); 
    clear t; 
    clear T_indo 
    clear T_indoS 
    clear T_outFH 
    clear Timestep; 
    clear Q_v; 
    clear E_sto 
    clear T_inFH; 
    clear i; 
    clear Tavv; 
    clear g; 
    clear err3; 
    clear HG 
    clear T_amb 
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    clear T_g 
    clear WS 
    clear R_fh 
    clear coeff_E 
    clear rho_mean 
    clear Denom 
    clear Q_f 
    clear Q_inf 
    clear Q_tran 
    clear Q_ven 
    save('Loads.mat'); 
end 

 Hysteresis for the floor heating flow rate 

function [Qv]=Hyste_Qv(t,Timestep) 
    load('Loads.mat'); 
    p=t/Timestep; 
    LowerLimitH=19.5+273.15; 
    UpperLimitH=LowerLimitH+1; 
    LowerLimitC=26.5+273.15; 
    UpperLimitC=LowerLimitC+1; 
    if t==0 
        Qv=FlowRate; %initial value 
%         T_inFH3(1,1)=35+273.15; 
    elseif T_ind(p,2)<LowerLimitH % =heating 
        Qv=FlowRate; 
%         T_inFH3(p+1,1)=T_tank(p+1,1); 
    elseif T_ind(p,2)>UpperLimitC 
        Qv=FlowRate; 
%         T_inFH3(p+1,1)=T_tank(p+1,1); 
    elseif T_ind(p,2)>UpperLimitH && T_ind(p,2)<LowerLimitC 
        Qv=0; 
%         T_inFH3(p+1,1)=ToutFH(p,1); 
    else 
        Qv=Qv2; 
%         T_inFH3(p+1,1)=T_tank(p+1,1); 
    end %If the indoor temperature is in between the upper and lower limit 
the flowrate has the same value as at the previous timestep 
    clear t; 
    clear Timestep; 
    clear p; 
    save('Loads.mat'); 
end 
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 Hysteresis for the heat pump control 

function [M,QvHP]=Hyste_HP(t,Timestep,T_BH,TTank) 
    %M=0,OFF / M=1,HEATING MODE / M=2,COOLING MODE / M=3,DHW mode 
    load('Loads.mat'); 
    uw=t/Timestep+1; 
    LowerLimH=25+273.15; 
    UpperLimH=LowerLimH+10; 
    LowerLimC=5+273.15; 
    UpperLimC=LowerLimC+10; 
    DT=Density_w((T_HW+T_CW)/2)*Cp_w((T_HW+T_CW)/2)*(T_HW-
T_CW)*V_DHW/HeatingCapacity2(T_BH,T_HW); 
    clocktime=(t/(24*3600)-floor(t/(24*3600)))*24; 
    if clocktime<6 
        DT2=(clocktime+2)*3600; 
    elseif clocktime>22 
        DT2=(clocktime-22)*3600; 
    else 
        DT2=DT+1; 
    end 
    if t==0 
        M(1,1)=1; 
        QvHP=flowrateHP; 
    elseif DT2<DT 
        M(uw,1)=3; 
        QvHP=0; 
    elseif TTank<LowerLimH && T_ind(uw-1,2)<UpperLimitH % =heating 
        M(uw,1)=1; 
        QvHP=flowrateHP; 
    elseif TTank>UpperLimC && T_ind(uw-1,2)>LowerLimitC 
        M(uw,1)=2; 
        QvHP=flowrateHP; 
    elseif TTank>UpperLimH || TTank<LowerLimC 
        M(uw,1)=0; 
        QvHP=0; 
    elseif M(uw-1,1)==3 %If the heat pump was producing DHW and the DHW tank 
is filled (DT2>DT), then the HP stops. 
        M(uw,1)=0; 
        QvHP=0; 
    else 
        M(uw,1)=M(uw-1,1); 
        QvHP=Q_HP2; 
    end %If the indoor temperature is in between the upper and lower limit 
the flowrate has the same value as at the previous timestep 
    clear t; 
    clear Timestep; 
    clear uw; 
    clear T_BH; 
    clear TTank; 
    clear DT2 
    clear DT 
    clear clocktime 
    save('Loads.mat'); 
end 
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 Heat pump 

function [T_HS,COP,Capa]=HeatPump(T_BH,T_outHP,mode,t,Timestep,Qv_HP) 
    load('Loads.mat'); 
    th=t/Timestep+1; 
    if t==0 
        T_HS=35+273.15; 
        COP(1,1)=COPHeat(T_BH,T_HS); 
        Capa(th,1)=HeatingCapacity2(T_BH,T_HS); 
    elseif mode==0 
        T_HS=T_outHP; 
        COP(th,1)=0; 
        Capa(th,1)=0; 
    elseif mode==1 
        DiffTHS=1; 
        T_HS=T_HS2(th-1,1); 
        while DiffTHS>1e-3 
            
T_HS=T_outHP+HeatingCapacity2(T_BH,T_HS)/(Qv_HP*Density_w((T_HS+T_outHP)/2)*C
p_w((T_HS+T_outHP)/2)); 
            
T_HS2=T_outHP+HeatingCapacity2(T_BH,T_HS)/(Qv_HP*Density_w((T_HS+T_outHP)/2)*
Cp_w((T_HS+T_outHP)/2)); 
            DiffTHS=abs(T_HS-T_HS2); 
        end 
        Capa(th,1)=HeatingCapacity2(T_BH,T_HS); 
        COP(th,1)=COPHeat(T_BH,T_HS); 
    elseif mode==2 
        DiffTHS=1; 
        T_HS=T_outHP-5; 
        while DiffTHS>1e-3 
            T_HS=T_outHP-
CoolingCapacity2(T_BH,T_HS)/(Qv_HP*Density_w((T_HS+T_outHP)/2)*Cp_w((T_HS+T_o
utHP)/2)); 
            T_HS2=T_outHP-
CoolingCapacity2(T_BH,T_HS)/(Qv_HP*Density_w((T_HS+T_outHP)/2)*Cp_w((T_HS+T_o
utHP)/2)); 
            DiffTHS=abs(T_HS-T_HS2); 
        end 
        Capa(th,1)=CoolingCapacity2(T_BH,T_HS); 
        COP(th,1)=COPCool(T_BH,T_HS); 
    elseif mode==3 
        T_HS=T_HW; 
        COP(th,1)=COPHeat(T_BH,T_HS); 
        Capa(th,1)=HeatingCapacity2(T_BH,T_HS); 
    end 
    clear T_BH; 
    clear T_outHP; 
    clear mode; 
    clear t; 
    clear Timestep; 
    clear Qv_HP; 
    clear th; 
    clear DiffTHS 
    save('Loads.mat'); 
end 
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function CC=CoolingCapacity2(T_BH,T_HS) 
    CC=(0.0000826688423005227*T_BH^2+0.0524059775212313... 
        *T_BH-0.000140149518716416*T_HS^2+0.0452884437051646*T_HS-... 
        0.0244757065856329*T_BH*log(abs(T_BH-T_HS)/T_HS)+... 
        0.0116126826882132*T_HS*log(abs(T_BH-T_HS)/T_BH)-... 
        0.00024775189241885*T_BH*T_HS+0.00014922305516976)*1000; 
end 
 

function HC=HeatingCapacity2(T_BH,T_HS) 
    
HC=(0.00265518391171537*T_BH^2+0.0153726446115712*T_BH+0.00181545829835464*T_
HS^2+0.0120182168027379*T_HS-0.0831851025235588*T_BH*log(abs(T_BH-
T_HS)/T_HS)+0.0756315364722747*T_HS*log(abs(T_BH-T_HS)/T_BH)-
0.00433989597545452*T_BH*T_HS+0.462351151941807)*1000; 
end 
 

function copC=COPCool(T_BH,T_HS) 
    copC=0.000077694766671167*T_BH^2+0.0477401376573996*T_BH-
0.000137493178389502*T_HS^2+... 
    0.0440701457234097*T_HS-0.01749187874288*T_BH*... 
    log(abs(T_HS-T_BH)/T_HS)+0.0104981499944719*T_HS*... 
    log(abs(T_HS-T_BH)/T_BH)-
0.00029822170385025*T_BH*T_HS+0.000149222956120439; 
end 
 

function copH=COPHeat(T_BH,T_HS) 
    
copH=0.00261554665545591*T_BH^2+0.0151941144592043*T_BH+0.00173535672515316*T
_HS^2+0.0118929394483495*T_HS-... 
    0.0790248267149418*T_BH*log(abs(T_HS-
T_BH)/T_HS)+0.0810851374280545*T_HS*... 
    log(abs(T_HS-T_BH)/T_BH)-0.00428215376535653*T_BH*T_HS+0.461266115190407; 
end 
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 Buffer tank 

function [T_tank]=BufferTank3(t,Timestep,T_inB,T_inHP,Qv_B,Qv_HP) 
    load('Loads.mat'); 
    w=t/Timestep+1; 
    V_node=V_tank/NNodes; 
    H1=L1/NNodes; 
    
R_tank=(log((D1+2*(THSS_tank+THins_tank))/(D1+2*THSS_tank)))/(2*pi*k_ins*H1); 
    R_tank=R_tank+(log((D1+2*THSS_tank)/(D1)))/(2*pi*k_tank*H1); 
    R_tank=R_tank+1/(pi*h_cv_int*H1*(D1+2*(THSS_tank+THins_tank))); 
    if t==0 
        for r=1:NNodes 
            T_tank(1,r)=(T_inHP-T_inB)/(1-NNodes)*(r-1)+T_inHP; 
        end 
    else 
        kk1=0; 
        for r=1:NNodes 
            T_tank(w,r)=T_tank(w-1,r); 
            kk1=kk1+k_w(T_tank(w,r)); 
        end 
        Q_tank=Qv_B-Qv_HP; 
        kk1=kk1/NNodes; 
        R_tank=R_tank+1/(Nu_L*2*pi*H1*kk1); 
%         Diff3=1; 
        if Q_tank<0 %downward flow 
%             while Diff3>1e-2 
%               Diff2=T_tank; 
                kk1=0; 
                Cpp1=0; 
                rhoo1=0; 
                for r=1:NNodes 
                    kk1=kk1+k_w(T_tank(w,r)); 
                    Cpp1=Cpp1+Cp_w(T_tank(w,r)); 
                    rhoo1=rhoo1+Density_w(T_tank(w,r)); 
                end 
                kk1=kk1/NNodes; 
                Cpp1=Cpp1/NNodes; 
                rhoo1=rhoo1/NNodes; 
                %Tank top 
                b1=V_node*(Cpp1*rhoo1*(1/Timestep)-kk1/H1^2)+1/R_tank... 
                    +Qv_HP*Cpp1*rhoo1; 
                c1=-V_node*(Cpp1*rhoo1*(T_tank(w-1,1)/Timestep)+... 
                    (T_tank(w,3)-2*T_tank(w,2))/H1^2*kk1)... 
                    -T_ambT*(1/R_tank)-Qv_HP*Cpp1*rhoo1*T_inHP; 
                T_tank(w,1)=-c1/b1; 
                %intermediate nodes 
                for r=2:NNodes-1 
                    b1=V_node*(Cpp1*rhoo1/Timestep+2*kk1/H1^2)+1/R_tank-
Q_tank*Cpp1*rhoo1; 
                    c1=-V_node*(Cpp1*rhoo1*T_tank(w-1,r)/Timestep... 
                        +kk1*(T_tank(w,r-1)+T_tank(w,r+1))/H1^2)... 
                        -T_ambT/R_tank+Q_tank*Cpp1*rhoo1*T_tank(w,r-1); 
                    T_tank(w,r)=-c1/b1; 
                end 
                %bottom node 
                b1=V_node*(Cpp1*rhoo1*(1/Timestep)-kk1/H1^2)+1/R_tank... 
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                    +Qv_HP*Cpp1*rhoo1; 
                c1=-V_node*(Cpp1*rhoo1*(T_tank(w-1,NNodes)/Timestep)+... 
                    (T_tank(w,NNodes-2)-2*T_tank(w,NNodes-1))/H1^2*kk1)... 
                    -T_ambT*(1/R_tank)-Cpp1*rhoo1*(Qv_B*T_inB-
Q_tank*T_tank(w,NNodes-1)); 
                T_tank(w,NNodes)=-c1/b1; 
%                  
        else %upward flow 
%             while Diff3>1e-2 
%                 Diff2=T_tank; 
                kk1=0; 
                Cpp1=0; 
                rhoo1=0; 
                for r=1:NNodes 
                    kk1=kk1+k_w(T_tank(w,r)); 
                    Cpp1=Cpp1+Cp_w(T_tank(w,r)); 
                    rhoo1=rhoo1+Density_w(T_tank(w,r)); 
                end 
                kk1=kk1/NNodes; 
                Cpp1=Cpp1/NNodes; 
                rhoo1=rhoo1/NNodes; 
%                  
                %bottom nodes 
                b1=V_node*(Cpp1*rhoo1*(1/Timestep)-kk1/H1^2)+1/R_tank... 
                    +Qv_B*Cpp1*rhoo1; 
                c1=-V_node*(Cpp1*rhoo1*(T_tank(w-1,NNodes)/Timestep)+... 
                    (T_tank(w,NNodes-2)-2*T_tank(w,NNodes-1))/H1^2*kk1)... 
                    -T_ambT*(1/R_tank)-Cpp1*rhoo1*Qv_B*T_inB; 
                T_tank(w,NNodes)=-c1/b1; 
                %intermediate nodes 
                for r=2:NNodes-1 
                    
b1=V_node*(Cpp1*rhoo1/Timestep+2*kk1/H1^2)+1/R_tank+Q_tank*Cpp1*rhoo1; 
                    c1=-V_node*(Cpp1*rhoo1*T_tank(w-1,NNodes+1-r)/Timestep... 
                        +kk1*(T_tank(w,NNodes-r)+T_tank(w,NNodes+2-
r))/H1^2)... 
                        -T_ambT/R_tank-Q_tank*Cpp1*rhoo1*T_tank(w,NNodes+2-
r); 
                    T_tank(w,NNodes+1-r)=-c1/b1; 
                end 
                %top node 
                b1=V_node*(Cpp1*rhoo1*(1/Timestep)-kk1/H1^2)+1/R_tank... 
                    +Qv_B*Cpp1*rhoo1; 
                c1=-V_node*(Cpp1*rhoo1*(T_tank(w-1,1)/Timestep)+... 
                    (T_tank(w,3)-2*T_tank(w,2))/H1^2*kk1)... 
                    -T_ambT*(1/R_tank)-
Cpp1*rhoo1*(Qv_HP*T_inHP+Q_tank*T_tank(w,2)); 
                T_tank(w,1)=-c1/b1; 
        end 
    end 
    clear t; 
    clear r; 
    clear w 
    clear Timestep; 
    clear T_inB; 
    clear T_inHP; 
    clear Qv_B; 
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    clear Qv_HP; 
    clear b1; 
    clear c1; 
    clear R_tank; 
    clear H1 
    clear Diff2; 
    clear Diff3; 
    clear Q_tank; 
    clear Tmin; 
    clear Tmax; 
    clear max1; 
    clear kk1; 
    clear rhoo1; 
    clear Cpp1; 
    clear V_node; 
    save('Loads.mat'); 
end 

 Global Function 

function [T_inBH]=SolvingAll2(T_BH,t,Timestep,Q_v2) 
    load('Loads.mat'); 
    tr=t/Timestep+1; 
    if t==0 
        clear T_ind 
        clear T_tank 
        clear ToutFH 
        clear Esto 
        clear HeatFH 
        clear HeatFlow 
        clear T_HS2 
        clear T_inBH2 
        clear COP 
        clear M 
        clear QvHP 
        clear Q_HP2 
        clear Qv 
        clear Qv2 
        clear Capa 
        clear ans 
        save('Loads.mat'); 
        T_tank(1,5)=30+273.15; 
        T_HS2(1,1)=35+273.15; 
        T_tank(1,1)=T_HS2(1,1); 
        ToutFH(1,1)=T_tank(1,5); 
        Qv2=FlowRate; 
        [M,Q_HP2]=Hyste_HP(t,Timestep,T_BH,T_tank(1,3)); 
        
[T_HS2(1,1),COP,Capa]=HeatPump(T_BH,T_tank(1,5),M(tr,1),t,Timestep,Q_HP2); 
        T_tank=BufferTank3(t,Timestep,ToutFH(1,1),T_HS2(1,1),Qv2,Q_HP2); 
        
[T_ind,T_outFH,HeatFH,HeatFlow,Esto]=SolvingTind(t,Timestep,Qv2,T_tank(1,1)); 
    else 
        [M,Q_HP2]=Hyste_HP(t,Timestep,T_BH,T_tank(tr-1,3)); 
        Qv2=Hyste_Qv(t,Timestep); 
        [T_HS2(tr,1),COP,Capa]=HeatPump(T_BH,T_tank(tr-
1,5),M(tr,1),t,Timestep,Q_HP2); 
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        T_tank=BufferTank3(t,Timestep,ToutFH(tr-1,1),T_HS2(tr,1),Qv2,Q_HP2); 
        
[T_ind,ToutFH,HeatFH,HeatFlow,Esto]=SolvingTind(t,Timestep,Qv2,T_tank(tr,1)); 
    end 
    DiffTin=1; 
    if M(tr,1)==0 
        T_inBH2(tr,1)=T_BH; 
        T_inBH=T_BH; 
    elseif M(tr,1)==1 
        T_inBH=T_BH-2; 
        while DiffTin>1e-3 
            T_inBH2(tr,1)=T_BH-HeatingCapacity2(T_BH,T_HS2(tr,1))*(1-
1/COP(tr,1))/(Density_w((T_BH+T_inBH)/2)*Cp_w((T_BH+T_inBH)/2)*Q_v2); 
            T_inBH=T_BH-HeatingCapacity2(T_BH,T_HS2(tr,1))*(1-
1/COP(tr,1))/(Density_w((T_BH+T_inBH2(tr,1))/2)*Cp_w((T_BH+T_inBH2(tr,1))/2)*
Q_v2); 
            DiffTin=abs(T_inBH2(tr,1)-T_inBH); 
        end 
    elseif M(tr,1)==2 
        T_inBH=T_BH+2; 
        while DiffTin>1e-3 
            
T_inBH2(tr,1)=T_BH+CoolingCapacity2(T_BH,T_HS2(tr,1))*(1+1/COP(tr,1))/(Densit
y_w((T_BH+T_inBH)/2)*Cp_w((T_BH+T_inBH)/2)*Q_v2); 
            
T_inBH=T_BH+CoolingCapacity2(T_BH,T_HS2(tr,1))*(1+1/COP(tr,1))/(Density_w((T_
BH+T_inBH2(tr,1))/2)*Cp_w((T_BH+T_inBH2(tr,1))/2)*Q_v2); 
            DiffTin=abs(T_inBH2(tr,1)-T_inBH); 
        end 
    else 
        T_inBH=T_BH-2; 
        while DiffTin>1e-3 
            T_inBH2(tr,1)=T_BH-HeatingCapacity2(T_BH,T_HS2(tr,1))*(1-
1/COP(tr,1))/(Density_w((T_BH+T_inBH)/2)*Cp_w((T_BH+T_inBH)/2)*Q_v2); 
            T_inBH=T_BH-HeatingCapacity2(T_BH,T_HS2(tr,1))*(1-
1/COP(tr,1))/(Density_w((T_BH+T_inBH2(tr,1))/2)*Cp_w((T_BH+T_inBH2(tr,1))/2)*
Q_v2); 
            DiffTin=abs(T_inBH2(tr,1)-T_inBH); 
        end 
    end 
    clear T_outHP; 
    clear T_BH; 
    clear t; 
    clear Timestep; 
    clear Q_v2; 
    clear tr; 
    clear Mode; 
    clear DiffTin; 
    save('Loads.mat'); 
end 
 
function [A,D,L]=GetDnL(V_ta,ratio) 
    D=(4*ratio*V_ta/pi)^(1/3); 
    L=D/ratio; 
    A=pi*D^2/4; 
end  
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 Global Solver – first house model (energy efficient) 

clear all 
load('Loads.mat'); 
% --- Tanks properties --- 
V_tank=0.3; %buffer tank 
V_DHW=0.3; %DHW tank 
T_CW=10+273.15; %cold and hot DHW temperatures 
T_HW=50+274.15; 
[A1,D1,L1]=GetDnL(V_tank,0.4); %cross ssection area, Diameter, height of the 
buffer tank 
k_tank=15.1; %thermal cond. of the buffer tank (stainless steel) 
NNodes=5; %number of nodes for tank simulation 
T_ambT=21+273.15; %Surronding temperature 
THSS_tank=0.03; %buffer tank material (stainless steel) thickness 
THins_tank=0.1; %buffer tank insulation thickness (glass fiber) 
% --- 
% --- Simulation time --- 
TStep=1800; %time step 
Nweeks=52; %Number of week to simulate 
% --- 
% --- House characteristics --- 
    % General properties 
    NFloors=2; %number of floors 
    FHeight=2.5; %Floor height (slab-to-slab) 
    A_floorTOT=120; 
    Npeople=4; 
    % --- 
    % Structure material 
    THslab_IF=0.1; %Intermediate slab thickness 
    THslab_GF=0.2; %Ground ' ' 
    THslab_TF=0.2; %Roof ' ' 
    k_conc=1.1; %thermal conductivity 
    ConcWallTH=0.1; %wall thickness 
    Cp_conc=880; %specific heat capacity 
    rho_conc=2300; %density 
    % --- 
    % Windows 
    perW=0.2; %percentage of windows in the the total vertical surface 
    U_windows=2.5; 
    % --- 
    % Insulation material (glass fiber) 
    THins_IF=0.1; %Intermediate insulation thickness 
    THins_GF=0.15; %Ground insulation thickness 
    THins_TF=0.2; %Roof insulation thickness 
    k_ins=0.036; %thermal conductivity 
    InsWallTH=0.1; %wall thickness 
    Cp_ins=795; %specific heat capacity 
    rho_ins=105; %density 
    % --- 
    % Infiltration 
    ELA=0.1; %Effective leakage area 
    f_s=0.12; %stack effect factor 
    f_w=0.13; %wind factor 
    % --- 
    % Ventilation 
    V_ven=0.01*Npeople; %Air flow ventilation (10 l/s per person) 
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    % --- 
    % Calculated values / Structure 
    L_side=sqrt(A_floorTOT/NFloors); % wall length 
    S_tot=4*L_side*(NFloors*FHeight+THslab_IF+THslab_TF); %total vertical 
losses surface 
    S_wall=4*L_side*(NFloors*FHeight+THslab_IF+THslab_TF)*(1-perW); % opaque 
vertical losses surface (area) 
    S_win=S_tot-S_wall; % Windows area 
    S_roof=L_side^2; %roof surface 
    S_ground=S_roof; 
    A_floor_net=A_floorTOT-4*(ConcWallTH*(L_side-ConcWallTH)+... 
        InsWallTH*(L_side-ConcWallTH-InsWallTH))*NFloors; % Net area of floor 
= living floor 
    V_conc=4*ConcWallTH*(L_side-ConcWallTH)*FHeight*NFloors+... 
        A_floorTOT/NFloors*(THslab_GF+THslab_IF+THslab_TF)-S_win*ConcWallTH; 
% concrete volume 
    V_ins=4*InsWallTH*(L_side-ConcWallTH-InsWallTH)*(NFloors*FHeight-
THins_IF-THins_TF)... 
        +(A_floorTOT/NFloors-4*ConcWallTH*(L_side-
ConcWallTH))*(THins_GF+THins_IF+THins_TF)-S_win*InsWallTH; % Volume 
insulation 
    
V_building=A_floorTOT/NFloors*(FHeight*NFloors+THslab_GF+THslab_IF+THslab_TF)
; %total volume of the building 
    % --- 
% --- 
% --- Heat transfer --- 
h_cv_int=8; %indoor convection ehat transfer coefficient 
h_cv_out=18; %outdoor convection ehat transfer coefficient 
U_wall=1/(ConcWallTH/k_conc+InsWallTH/k_ins+1/h_cv_int+1/h_cv_out); %U-coeff 
wall 
U_roof=1/(THslab_TF/k_conc+THins_TF/k_ins+1/h_cv_int+1/h_cv_out); %U-coeff 
roof 
U_ground=1/(THslab_GF/k_conc+THins_GF/k_ins+1/h_cv_int); % /!\ ground temp. 
U-coeff ground 
UA_house=(U_wall*S_wall+U_windows*S_win+S_roof*U_roof); %UA value relative 
tot he outdoor temp. 
UA_ground=U_ground*S_ground; %UA value relative to the ground temp. 
Nu_L=4.36; %Nusselt number for laminar flow with constant heat flux 
% --- 
% --- Flow rates --- 
FlowRate=2.73e-4; %Floor heating flow rate 
flowrateHP=2/3600; %House side of theheat pump flow rate 
flowrateBH=2/3600; %Borehole side of the HP flow rate 
% --- 
% --- Control parameters --- 
LowerLimitC=26.5+273.15; %Lower limit for the indoor air hysteresis control 
in cooling mode 
LowerLimitH=19.5+273.15; %Lower limit for the indoor air hysteresis control 
in heating mode 
UpperLimitC=LowerLimitC+1; %Upper ' ' ' ' cooling mode 
UpperLimitH=LowerLimitH+1; %Upper ' ' ' ' heating mode 
LowerLimC=5+273.15; %Lower limit for the tank temperature hysteresis control 
in cooling mode 
LowerLimH=25+273.15;%Lower limit for the tank temperature hysteresis control 
in heating mode 
UpperLimC=LowerLimC+10; %Upper ' ' ' ' cooling mode 
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UpperLimH=LowerLimH+10; %Upper ' ' ' ' heating mode 
% --- 
% --- Other properties 
Cp_air=1007; %specific heat capacity of air 
Cp_furn=10000; %specific heat capacity of furnitures /!\ unit: J/(m^2 of 
floor area * K) 
% --- 
clear t 
save('Loads.mat'); 
for o=1:Nweeks*24*7*3600/TStep+1 
    SolvingAll2(8+273.15,(o-1)*TStep,TStep,flowrateBH); 
    display(o); 
end 
load('Loads.mat'); 
clear TStep 
clear o 
clear ans 
clear A1 
clear A_floor_net 
clear A_floorTOT 
%complete 
save('Loads.mat'); 
clear all 
load('Loads.mat'); 
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 Global Solver – second house model (less energy efficient) 

clear all 
load('Loads.mat'); 
% --- Tanks properties --- 
V_tank=0.9; %buffer tank 
V_DHW=0.9; %DHW tank 
T_CW=10+273.15; %cold and hot DHW temperatures 
T_HW=50+274.15; 
[A1,D1,L1]=GetDnL(V_tank,0.4); %cross ssection area, Diameter, height of the 
buffer tank 
k_tank=15.1; %thermal cond. of the buffer tank (stainless steel) 
NNodes=5; %number of nodes for tank simulation 
T_ambT=21+273.15; %Surronding temperature 
THSS_tank=0.03; %buffer tank material (stainless steel) thickness 
THins_tank=0.1; %buffer tank insulation thickness (glass fiber) 
% --- 
% --- Simulation time --- 
TStep=1800; %time step 
Nweeks=52; %Number of week to simulate 
% --- 
% --- House characteristics --- 
    % General properties 
    NFloors=2; %number of floors 
    FHeight=2.5; %Floor height (slab-to-slab) 
    A_floorTOT=400; 
    Npeople=4; 
    % --- 
    % Structure material 
    THslab_IF=0.1; %Intermediate slab thickness 
    THslab_GF=0.2; %Ground ' ' 
    THslab_TF=0.2; %Roof ' ' 
    k_conc=1.1; %thermal conductivity 
    ConcWallTH=0.1; %wall thickness 
    Cp_conc=880; %specific heat capacity 
    rho_conc=2300; %density 
    % --- 
    % Windows 
    perW=0.2; %percentage of windows in the the total vertical surface 
    U_windows=2.5; 
    % --- 
    % Insulation material (glass fiber) 
    THins_IF=0.1; %Intermediate insulation thickness 
    THins_GF=0.2; %Ground insulation thickness 
    THins_TF=0; %Roof insulation thickness 
    k_ins=0.036; %thermal conductivity 
    InsWallTH=0; %wall thickness 
    Cp_ins=795; %specific heat capacity 
    rho_ins=105; %density 
    % --- 
    % Infiltration 
    ELA=0.1; %Effective leakage area 
    f_s=0.12; %stack effect factor 
    f_w=0.13; %wind factor 
    % --- 
    % Ventilation 
    V_ven=0.01*Npeople; %Air flow ventilation (10 l/s per person) 
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    % --- 
    % Calculated values / Structure 
    L_side=sqrt(A_floorTOT/NFloors); % wall length 
    S_tot=4*L_side*(NFloors*FHeight+THslab_IF+THslab_TF); %total vertical 
losses surface 
    S_wall=4*L_side*(NFloors*FHeight+THslab_IF+THslab_TF)*(1-perW); % opaque 
vertical losses surface (area) 
    S_win=S_tot-S_wall; % Windows area 
    S_roof=L_side^2; %roof surface 
    S_ground=S_roof; 
    A_floor_net=A_floorTOT-4*(ConcWallTH*(L_side-ConcWallTH)+... 
        InsWallTH*(L_side-ConcWallTH-InsWallTH))*NFloors; % Net area of floor 
= living floor 
    V_conc=4*ConcWallTH*(L_side-ConcWallTH)*FHeight*NFloors+... 
        A_floorTOT/NFloors*(THslab_GF+THslab_IF+THslab_TF)-S_win*ConcWallTH; 
% concrete volume 
    V_ins=4*InsWallTH*(L_side-ConcWallTH-InsWallTH)*(NFloors*FHeight-
THins_IF-THins_TF)... 
        +(A_floorTOT/NFloors-4*ConcWallTH*(L_side-
ConcWallTH))*(THins_GF+THins_IF+THins_TF)-S_win*InsWallTH; % Volume 
insulation 
    
V_building=A_floorTOT/NFloors*(FHeight*NFloors+THslab_GF+THslab_IF+THslab_TF)
; %total volume of the building 
    % --- 
% --- 
% --- Heat transfer --- 
h_cv_int=8; %indoor convection ehat transfer coefficient 
h_cv_out=18; %outdoor convection ehat transfer coefficient 
U_wall=1/(ConcWallTH/k_conc+InsWallTH/k_ins+1/h_cv_int+1/h_cv_out); %U-coeff 
wall 
U_roof=1/(THslab_TF/k_conc+THins_TF/k_ins+1/h_cv_int+1/h_cv_out); %U-coeff 
roof 
U_ground=1/(THslab_GF/k_conc+THins_GF/k_ins+1/h_cv_int); % /!\ ground temp. 
U-coeff ground 
UA_house=(U_wall*S_wall+U_windows*S_win+S_roof*U_roof); %UA value relative 
tot he outdoor temp. 
UA_ground=U_ground*S_ground; %UA value relative to the ground temp. 
Nu_L=4.36; %Nusselt number for laminar flow with constant heat flux 
% --- 
% --- Flow rates --- 
FlowRate=2.73e-4; %Floor heating flow rate 
flowrateHP=2/3600; %House side of theheat pump flow rate 
flowrateBH=4/3600; %Borehole side of the HP flow rate 
% --- 
% --- Control parameters --- 
LowerLimitC=26.5+273.15; %Lower limit for the indoor air hysteresis control 
in cooling mode 
LowerLimitH=19.5+273.15; %Lower limit for the indoor air hysteresis control 
in heating mode 
UpperLimitC=LowerLimitC+1; %Upper ' ' ' ' cooling mode 
UpperLimitH=LowerLimitH+1; %Upper ' ' ' ' heating mode 
LowerLimC=5+273.15; %Lower limit for the tank temperature hysteresis control 
in cooling mode 
LowerLimH=25+273.15;%Lower limit for the tank temperature hysteresis control 
in heating mode 
UpperLimC=LowerLimC+10; %Upper ' ' ' ' cooling mode 



 Performance characterization of a reversible geothermal heat pump – Phase 2 

Performance characterization of the reversible geothermal heat pump patented by SEEC 
-148- 

UpperLimH=LowerLimH+10; %Upper ' ' ' ' heating mode 
% --- 
% --- Other properties 
Cp_air=1007; %specific heat capacity of air 
Cp_furn=10000; %specific heat capacity of furnitures /!\ unit: J/(m^2 of 
floor area * K) 
% --- 
clear t 
save('Loads.mat'); 
for o=1:24*7*Nweeks*3600/TStep+1 
    SolvingAll2(8+273.15,(o-1)*TStep,TStep,flowrateBH); 
    display(o); 
end 
load('Loads.mat'); 
clear TStep 
clear o 
clear ans 
clear A1 
clear A_floor_net 
clear A_floorTOT 
%complete 
save('Loads.mat'); 
clear all 
load('Loads.mat'); 
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 Workspace – List of parameters 
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Appendix 2: House, buffer tank and heat pump coupled model validation 

In this appendix, the results from test simulations are shown. The test simulations were 
performed with given input to check the accuracy and validity of the mentioned models. 

The assumptions that are different from the final simulation assumptions are reminded for each 
figure. 

 House model: no floor heating, no heat gains, constant outdoor temperature of 0°C 

 
Indoor temperature decrease in time 

The house behaves as a first order system which is expected in this condition according to the 
heat equation. The heat balance over the house shows this decrease from another perspective. 

 
Storage and heat losses component of the energy balance equation 
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 House model: no floor heating 

 
Outdoor and indoor temperature variation in time, no floor heating 

The indoor is still decreasing but less than in the previous graph, because of the heat gains and 
higher outdoor temperatures. The indoor temperature variation follows the outdoor temperature 
variation with a slight delay which is due to the thermal mass of the house. 

 House model: floor heating with constant inlet temperature of 32°C 

 
Outdoor and indoor temperature variation in time, floor heating with 32°C as constant inlet 
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The indoor temperature keeps increasing which is expected since the floor heating provides 
constant heating. As it possible to see in the next figure, the heating rate of the floor heating 
system decreases with time which is expected since the efficiency of the heat exchange 
decrease when the temperatures on both sides of the heat exchanger become closer to one 
another. 

 
The different components of the energy balance equation, floor heating with 32°C as constant 

inlet temperature 
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 Buffer tank model: constant flow rates, inlet on the heat pump side: 35°C, inlet on the 
house side: 30°C 

 
Evolution of the tank temperatures with time – heating mode 

All the nodes temperatures converge towards the inlet on the heat pump side, because the flow 
is higher on the heat pump side and, hence, the temperatures moves down within the tank. Only 
the bottom node temperature stays lower than the other ones. This is due to the mixing between 
the inlet on the house side and the fourth node temperature. 

 Buffer tank model: constant flow rates, inlet on the heat pump side: 5°C, inlet on the 
house side: 10°C 

 
Evolution of the tank temperatures with time – cooling mode  
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 Buffer tank model: no flow rates 

 
Evolution of the tank temperatures with time – no flow rates 

When there are no flows coming in or out the tank, the temperatures decrease according to the 
thermal resistance of the tank and the ambient temperature. 

 Buffer tank model: no flow rate on the heat pump side, inlet on the house side, 30°C 

 
Evolution of the tank temperatures with time – heating mode  
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 Buffer tank model: no flow rate on the house side, inlet on the heat pump side: 35°C 

 
Evolution of the tank temperatures with time – heating mode 

From the two previous figures, where one of the flow rates is equal to zero, we can see the 
temperatures converge towards the temperature of the unique inlet. 

In the second figure, the temperatures converge faster, which can be explained by the fact that 
the flow rate is higher than in the first figure. 
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Appendix 3: Details of the tests performed with the new setting of the thermostatic expansion 
valve 
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Unit Value Standard deviation Uncertainties

inlet (°C) 28,86 0,13 0,05

outlet (°C) 35,38 0,12 0,05

inlet (°C) 8,60 0,06 0,05

outlet (°C) 2,94 0,06 0,05

House loop ‐ hot side m
3
.h

‐1 2,39 0,02 0,05

Borehole loop ‐ cold side m
3
.h

‐1 2,12 0,01 0,04

Heating capacity House side kW 18,22 0,16 0,65

Cooling capacity Borehole side kW 14,30 0,10 0,54

Compressor power kW 3,69 0,01 0,07

COP ‐ 4,94 0,05 0,27

Superheating K 8,80 ‐ ‐

Subcooling K 2,33 ‐ ‐

COPCarnot,eq ‐ 8,30 ‐ ‐

Carnot efficiency ‐ 0,60 ‐ ‐

Av. evaporation temperature °C ‐0,69 ‐ ‐

Av. condensation temperature °C 36,63 ‐ ‐
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Unit Value Standard deviation Uncertainties

inlet (°C) 39,06 0,20 0,05

outlet (°C) 45,03 0,19 0,05

inlet (°C) 8,06 0,05 0,05

outlet (°C) 3,10 0,05 0,05

House loop ‐ hot side m
3
.h

‐1 2,19 0,01 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,10 0,01 0,04

Heating capacity House side kW 15,20 0,13 0,56

Cooling capacity Borehole side kW 12,38 0,09 0,50

Compressor power kW 4,57 0,02 0,09

COP ‐ 3,33 0,04 0,19

Superheating K 4,48 ‐ ‐

Subcooling K 2,47 ‐ ‐

COPCarnot,eq ‐ 6,86 ‐ ‐

Carnot efficiency ‐ 0,49 ‐ ‐

Av. evaporation temperature °C ‐0,51 ‐ ‐

Av. condensation temperature °C 45,95 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Unit Value Standard deviation Uncertainties

inlet (°C) 49,44 0,08 0,05

outlet (°C) 55,13 0,07 0,05

inlet (°C) 8,13 0,19 0,05

outlet (°C) 3,93 0,18 0,05

House loop ‐ hot side m
3
.h

‐1 2,22 0,01 0,05

Borehole loop ‐ cold side m
3
.h

‐1 2,06 0,01 0,04

Heating capacity House side kW 14,62 0,10 0,55

Cooling capacity Borehole side kW 10,32 0,09 0,45

Compressor power kW 5,73 0,02 0,11

COP ‐ 2,55 0,02 0,15

Superheating K 1,56 ‐ ‐

Subcooling K 2,54 ‐ ‐

COPCarnot,eq ‐ 6,00 ‐ ‐

Carnot efficiency ‐ 0,43 ‐ ‐

Av. evaporation temperature °C 0,76 ‐ ‐

Av. condensation temperature °C 55,46 ‐ ‐

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Heating mode

Heating mode
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Unit Value Standard deviation Uncertainties

inlet (°C) 27,86 0,12 0,05

outlet (°C) 35,30 0,12 0,05

inlet (°C) 11,16 0,26 0,05

outlet (°C) 5,01 0,26 0,05

House loop ‐ hot side m
3
.h

‐1 2,18 0,06 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,09 0,02 0,04

Heating capacity House side kW 18,95 0,38 0,64

Cooling capacity Borehole side kW 15,25 0,14 0,56

Compressor power kW 3,62 0,01 0,07

COP ‐ 5,23 0,10 0,28

Superheating K 10,58 ‐ ‐

Subcooling K 2,50 ‐ ‐

COPCarnot,eq ‐ 8,72 ‐ ‐

Carnot efficiency ‐ 0,60 ‐ ‐

Av. evaporation temperature °C 0,93 ‐ ‐

Av. condensation temperature °C 36,40 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side
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Unit Value Standard deviation Uncertainties

inlet (°C) 39,01 0,07 0,05

outlet (°C) 45,29 0,08 0,05

inlet (°C) 11,07 0,05 0,05

outlet (°C) 5,71 0,05 0,05

House loop ‐ hot side m
3
.h

‐1 2,20 0,01 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,08 0,01 0,04

Heating capacity House side kW 16,07 0,11 0,58

Cooling capacity Borehole side kW 13,25 0,10 0,52

Compressor power kW 4,56 0,01 0,09

COP ‐ 3,52 0,03 0,20

Superheating K 8,09 ‐ ‐

Subcooling K 2,55 ‐ ‐

COPCarnot,eq ‐ 7,11 ‐ ‐

Carnot efficiency ‐ 0,50 ‐ ‐

Av. evaporation temperature °C 1,31 ‐ ‐

Av. condensation temperature °C 46,17 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Unit Value Standard deviation Uncertainties

inlet (°C) 43,83 0,10 0,05

outlet (°C) 49,97 0,11 0,05

inlet (°C) 11,02 0,11 0,05

outlet (°C) 6,10 0,09 0,05

House loop ‐ hot side m
3
.h

‐1 2,25 0,01 0,05

Borehole loop ‐ cold side m
3
.h

‐1 2,14 0,01 0,04

Heating capacity House side kW 16,03 0,11 0,59

Cooling capacity Borehole side kW 12,49 0,12 0,51

Compressor power kW 5,06 0,01 0,10

COP ‐ 3,17 0,02 0,18

Superheating K 6,16 ‐ ‐

Subcooling K 2,49 ‐ ‐

COPCarnot,eq ‐ 6,63 ‐ ‐

Carnot efficiency ‐ 0,48 ‐ ‐

Av. evaporation temperature °C 1,82 ‐ ‐

Av. condensation temperature °C 50,60 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Unit Value Standard deviation Uncertainties

inlet (°C) 27,65 0,14 0,05

outlet (°C) 34,70 0,11 0,05

inlet (°C) 13,93 0,09 0,05

outlet (°C) 7,35 0,09 0,05

House loop ‐ hot side m
3
.h

‐1 2,18 0,02 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,05 0,01 0,04

Heating capacity House side kW 18,02 0,26 0,62

Cooling capacity Borehole side kW 16,03 0,12 0,57

Compressor power kW 3,59 0,01 0,07

COP ‐ 5,02 0,08 0,27

Superheating K 12,32 ‐ ‐

Subcooling K 2,32 ‐ ‐

COPCarnot,eq ‐ 9,08 ‐ ‐

Carnot efficiency ‐ 0,55 ‐ ‐

Av. evaporation temperature °C 1,92 ‐ ‐

Av. condensation temperature °C 35,96 ‐ ‐

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side

Flow rates

Heating mode
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Unit Value Standard deviation Uncertainties

inlet (°C) 38,56 0,09 0,05

outlet (°C) 45,23 0,10 0,05

inlet (°C) 14,25 0,09 0,05

outlet (°C) 8,43 0,07 0,05

House loop ‐ hot side m
3
.h

‐1 2,16 0,01 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,10 0,01 0,04

Heating capacity House side kW 16,73 0,11 0,59

Cooling capacity Borehole side kW 14,48 0,11 0,54

Compressor power kW 4,55 0,01 0,09

COP ‐ 3,68 0,03 0,20

Superheating K 10,60 ‐ ‐

Subcooling K 2,43 ‐ ‐

COPCarnot,eq ‐ 7,47 ‐ ‐

Carnot efficiency ‐ 0,49 ‐ ‐

Av. evaporation temperature °C 3,37 ‐ ‐

Av. condensation temperature °C 46,10 ‐ ‐

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side

Flow rates
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Heating mode
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Unit Value Standard deviation Uncertainties

inlet (°C) 48,93 0,10 0,05

outlet (°C) 55,38 0,12 0,05

inlet (°C) 14,18 0,09 0,05

outlet (°C) 9,18 0,09 0,05

House loop ‐ hot side m
3
.h

‐1 2,07 0,01 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,10 0,01 0,04

Heating capacity House side kW 15,46 0,13 0,55

Cooling capacity Borehole side kW 12,46 0,13 0,50

Compressor power kW 5,70 0,02 0,11

COP ‐ 2,71 0,02 0,15

Superheating K 7,04 ‐ ‐

Subcooling K 2,40 ‐ ‐

COPCarnot,eq ‐ 6,43 ‐ ‐

Carnot efficiency ‐ 0,42 ‐ ‐

Av. evaporation temperature °C 4,52 ‐ ‐

Av. condensation temperature °C 55,54 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode
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Appendix 4: Details of the tests performed with the electronic expansion valve – setting 4K 
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Unit Value Standard deviation Uncertainties

inlet (°C) 27,31 0,09 0,05

outlet (°C) 34,89 0,10 0,05

inlet (°C) 8,03 0,15 0,05

outlet (°C) 2,20 0,12 0,05

House loop ‐ hot side m
3
.h

‐1 2,00 0,02 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,08 0,01 0,04

Heating capacity House side kW 17,79 0,14 0,60

Cooling capacity Borehole side kW 14,47 0,12 0,54

Compressor power kW 3,64 0,01 0,07

COP ‐ 4,89 0,04 0,26

Superheating K 6,76 ‐ ‐

Subcooling K 4,32 ‐ ‐

COPCarnot,eq ‐ 8,24 ‐ ‐

Carnot efficiency ‐ 0,59 ‐ ‐

Av. evaporation temperature °C ‐1,43 ‐ ‐

Av. condensation temperature °C 36,12 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Unit Value Standard deviation Uncertainties

inlet (°C) 46,05 0,22 0,05

outlet (°C) 52,09 0,24 0,05

inlet (°C) 8,09 0,34 0,05

outlet (°C) 3,44 0,30 0,05

House loop ‐ hot side m
3
.h

‐1 2,24 0,01 0,05

Borehole loop ‐ cold side m
3
.h

‐1 2,08 0,01 0,04

Heating capacity House side kW 15,71 0,14 0,58

Cooling capacity Borehole side kW 11,51 0,15 0,48

Compressor power kW 5,45 0,03 0,11

COP ‐ 2,88 0,03 0,16

Superheating K 6,86 ‐ ‐

Subcooling K 6,30 ‐ ‐

COPCarnot,eq ‐ 6,05 ‐ ‐

Carnot efficiency ‐ 0,48 ‐ ‐

Av. evaporation temperature °C ‐0,67 ‐ ‐

Av. condensation temperature °C 53,36 ‐ ‐

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side

Flow rates

Heating mode

Heating mode
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Unit Value Standard deviation Uncertainties

inlet (°C) 26,34 0,10 0,05

outlet (°C) 35,08 0,11 0,05

inlet (°C) 11,04 0,22 0,05

outlet (°C) 4,65 0,20 0,05

House loop ‐ hot side m
3
.h

‐1 1,79 0,01 0,04

Borehole loop ‐ cold side m
3
.h

‐1 2,05 0,01 0,04

Heating capacity House side kW 18,36 0,15 0,58

Cooling capacity Borehole side kW 15,59 0,12 0,56

Compressor power kW 3,68 0,01 0,07

COP ‐ 4,99 0,04 0,26

Superheating K 3,15 ‐ ‐

Subcooling K 3,34 ‐ ‐

COPCarnot,eq ‐ 8,69 ‐ ‐

Carnot efficiency ‐ 0,57 ‐ ‐

Av. evaporation temperature °C 0,66 ‐ ‐

Av. condensation temperature °C 36,29 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Unit Value Standard deviation Uncertainties

inlet (°C) 25,48 0,12 0,05

outlet (°C) 35,09 0,15 0,05

inlet (°C) 13,93 0,18 0,05

outlet (°C) 7,06 0,15 0,05

House loop ‐ hot side m
3
.h

‐1 1,68 0,01 0,03

Borehole loop ‐ cold side m
3
.h

‐1 2,04 0,01 0,04

Heating capacity House side kW 18,93 0,19 0,58

Cooling capacity Borehole side kW 16,62 0,14 0,58

Compressor power kW 3,70 0,02 0,07

COP ‐ 5,12 0,05 0,26

Superheating K 1,75 ‐ ‐

Subcooling K 3,06 ‐ ‐

COPCarnot,eq ‐ 9,19 ‐ ‐

Carnot efficiency ‐ 0,56 ‐ ‐

Av. evaporation temperature °C 2,68 ‐ ‐

Av. condensation temperature °C 36,37 ‐ ‐

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Water temperature ‐ inlet PHE BH (cold side)
Water temperature ‐ outlet PHE BH (cold side)
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Unit Value Standard deviation Uncertainties

inlet (°C) 44,92 0,30 0,05

outlet (°C) 51,90 0,29 0,05

inlet (°C) 13,90 0,12 0,05

outlet (°C) 8,24 0,10 0,05

House loop ‐ hot side m
3
.h

‐1 2,23 0,01 0,05

Borehole loop ‐ cold side m
3
.h

‐1 2,10 0,01 0,04

Heating capacity House side kW 18,00 0,13 0,62

Cooling capacity Borehole side kW 14,11 0,13 0,54

Compressor power kW 5,46 0,04 0,11

COP ‐ 3,30 0,03 0,18

Superheating K 2,20 ‐ ‐

Subcooling K 5,81 ‐ ‐

COPCarnot,eq ‐ 6,67 ‐ ‐

Carnot efficiency ‐ 0,49 ‐ ‐

Av. evaporation temperature °C 4,42 ‐ ‐

Av. condensation temperature °C 53,37 ‐ ‐

Flow rates

Heating mode

Heating mode

Water temperatures ‐ Heating 

mode

House loop ‐ hot side

Borehole loop ‐ cold side
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Appendix 5: Results from the Carel product selection software – courtesy of Kylma 
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