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ABSTRACT 

The design of borehole fields for ground coupled-heat pump systems is often based on so-called g-functions, a pre-calculated dimensionless 
temperature response to a step heat load. The g-function is specific to the borehole field geometry. For a long-term analysis of a particular borehole 
field, the average borehole wall temperature is obtained from the g-function and a temporal superposition of its thermal load steps. There are two 
accepted provisions for the g-function regarding the boundary condition used at (and along) the borehole wall: a constant heat flux at every instant 
of time, or a uniform temperature at constant total heat flow to the borehole field, respectively. In this paper, a numerical model is built up 
according to the geometrical characteristics and ground thermal properties of a 2x3 borehole demo site at the Universitat Politècnica de València, 
Spain. The model is separately studied with regard to the two boundary conditions. The models are first compared in terms of their g-function, 
which are verified against reference solutions. Then, the daily fluid temperatures are obtained from each of these models with measured daily loads 
during a six year period. The results are compared with measured daily fluid temperatures for the sixth year of operation. The simulated values 
present, in general, a good agreement with the measured data. The results show that there are no significant differences with regard to the boundary 
conditions at the borehole wall, which for this specific case is due to the fact that the system is thermally balanced. The simulated temperatures are 
more accurate during cooling periods.  

INTRODUCTION  

Environmental benefits and high energy efficiency have characterized Ground-Source Heat Pump (GSHP) systems 
for heating and cooling purposes in buildings. These systems are mainly based on an energy exchange from the building to 
the ground, or vice versa. A heat pump normally connects the indoor circuit of a building with the outdoor circuit on the 
ground side.  The heat pump performance depends among other things on a proper design of the outdoor circuit, which 
commonly consists of a set of vertical heat exchangers buried in the ground. There are several tools that allow the 
characterization of the long term thermal response of the Ground Heat Exchanger (GHE). Some of these tools are based 
on a library of pre-calculated dimensionless temperature response factors, so-called g-functions. As regards to g-function 
calculation, there are at least two accepted solutions which basically differ on how the boundary condition is defined along 
the borehole (BH) walls, i.e. either  assuming a constant heat flux or a uniform temperature at all BH walls with a constant 
total heat flow. 

A library of hundreds of g-functions for different BH field configurations, which were generated using the Finite 
Difference Method (FDM) presented in Eskilson (1987), is implemented in commercial software such as EED (Hellström 



and Sanner, 1997) and GLHEPRO (Spitler, 2000). These g-functions are apparently calculated using the uniform BH wall 
temperature approach. These two software codes are limited today in terms of defining user’s own BH geometries. 
Moreover, the users cannot impose variable monthly heat loads over different years, nor daily or hourly loads. Due to 
restrictions at available drilling areas, many real installations require specific and unique designs of BH field configurations, 
which are not implemented in the library of the above mentioned software. The constant heat flux approach at the BH wall 
allows to the rapid generation of the g-function of any BH field geometry through the use of spatial superposition of single 
analytical finite line sources. However, a uniform BH wall temperature condition may be more correct since it allows the 
heat flux at each borehole to change in time while keeping the total heat flow constant. 

The aim of this paper is to validate simulated daily temperatures obtained from a numerical model with the daily 
temperatures measured at a 2x3 BH demo site at the Universitat Politècnica de València (UPV), Spain. The model is built 
using the commercial finite element method (FEM) software COMSOL Multiphysics© and applying the geometrical 
characteristics of the site and its thermal properties. The solutions from imposing the two aforementioned boundary 
conditions at the BH wall are evaluated. 

BACKGROUND 

The concept of the g-function was introduced by Eskilson (1986), which gives a dimensionless BH wall temperature 
(Tb) response to a constant heat step beginning at t = 0. The g-function is specific to each BH field configuration and is 
characterized by four non-dimensional parameters, as shown in Equation 1. One of these non-dimensional parameters 

describes the characteristic time (𝑡∗ = 𝑡 𝑡𝑠� ) in terms of the Fourier number, 𝐹𝑜𝐻 = 𝛼𝑡
𝐻2 , where the steady-state time is 

defined as  𝑡𝑆 = 𝐻2

9𝛼
. The remaining parameters represent the BH field geometry as ratios with the active borehole length, H. 

These are defined as B/H and rb/H, where B is the spacing between boreholes and rb the borehole radius. The fourth 
parameter is the aspect ratio of the upper insulated part of the borehole field (D/H). A value of D equal to four or five 
meters is implicit in Eskilson’s solutions, but is not clearly specified in his work (Claesson and Eskilson, 1987). 

𝑇𝑏 = 𝑇𝑔 + �̇�′
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For a prescribed BH field, the borehole wall temperature can be quickly calculated from its g-function using temporal 
superposition of the thermal loads (�̇�′) transferred to or from the ground. The g-functions may be calculated by numerical 
or analytical methods. Eskilson developed an analytical solution but he opted for the numerical one to be included in the 
Superposition Borehole Model (SBM) (Eskilson, 1986). SBM is able to generate g-functions for a number of boundary 
conditions. One of the solutions allows to thermally connect the BHs so that all the BHs share a uniform temperature at 
their walls at each instant of time. This is logical if the BHs are hydraulically connected in parallel, allowing the heat flux to 
be naturally distributed in the ground domain. Other (such as the FLS approach) that assume a constant and equal heat flux 
along the wall of all BHs, which neither represents the varying heat load distribution between inner and outer BHs, nor the 
increased heat flux towards the BH ends. 

Zeng et al. (2002) have, from Eskilson FLS solution, done some work to this method comparing the differences 
between g-functions when the BH wall temperature is averaged at the middle height and when the mean BH temperature 
results from integration over the BH length. The integration gave better results; however, it was impractical due to excessive 
computing times. Later, Lamarche and Beauchamp (2007) introduced a simplification by converting the crucial expression 
into a simple integration, which resulted in a significant decrease in the computing time. The g-function obtained with the 
FLS approach presents a small but acceptable deviation in comparison with Eskilson solution (Cauret and Bernier, 2009; 
Fossa, 2011a and 2011b). However, it tends to overestimate the g-function, especially when the number of BHs increases 
and for longer times. The difference is attributed to the different boundary condition imposed at the BH wall. Recently, 



Cimmino et al. (2013) propose an analytical approach based on the FLS solution that takes into account the interaction 
between the BHs. Even though their g-function results in a better approximation to Eskilson solution, there are still some 
differences, which are also attributed to the different boundary conditions at the BH wall. A network-based methodology, 
presented in Lazzaroto (2014), allows the calculation of the heat distribution between the BHEs, keeping the constant heat 
flux condition at each BH using the analytical approach presented in (Lamarche and Beauchamp, 2007). 

DESCRIPTION OF THE GROUND SOURCE HEAT PUMP INSTALLATION  

The GSHP installation analyzed in the present work was built in the framework of a European FP5 project called, 
GeoCool at the UPV. The system has been in operation since February 2005 for the air conditioning of a set of offices at 
the Department of Applied Thermodynamics at this University. The installation has been fully monitored since then. The 
system is programmed to operate between 07:00 and 22:00 h in summer and between 06:00 and 21:00 h in winter, 5 days 
per week. The heating season starts in November and ends in April, while the cooling season comprises the period from 
May to October. A more detailed description of this GSHP system has been presented in previous publications Montagud 
et al. (2011), Corberán et al. (2011a). 

The system consists of a reversible water to water heat pump, with a nominal cooling capacity of 16 kW (54 MBtu/hr) 
and a nominal heating capacity of 19 kW (66 MBtu/hr). The heat pump allows the heat exchange between two main 
circuits: the internal circuit, consisting of a series of 12 parallel connected fan coils, a water storage tank and an internal 
hydraulic loop; and the external circuit consisting of a set of single Borehole Heat Exchangers (BHE) and an external 
hydraulic loop. The thermal loads and water temperature data used in this paper are collected from sensors in the external 
circuit. 

The GHE consists of 6 vertical BHs, arranged in a 2x3 rectangular grid, with a separation between BHs of 3 m (10 ft). 
Each BH is 51 m (164 ft) deep with 1 m (3 ft) of header depth, and has a diameter of 150 mm (5.91 in). The groundwater 
level is about 3.5 m (11.5 ft). The BHs contain a single HDPE U-tube 32x3.3 mm (1.26/0.13 in) with a 70 mm (2.76 in) 
separation between the upward and downward tubes. The BHs are different since they are filled with various grouting 
materials such as sand of different coarseness, and finished with a bentonite layer at the top in order to avoid intrusion of 
pollutants into the BH, as described in Ground-Med (2011).  

Regarding the ground thermal properties, some laboratory analyses were performed on soil samples. Those analyses 
provided values of 1.43 W/mK (0.826 Btu/hr-ft-ºF) for the conductivity and 2250 kJ/m3K (33.549 Btu/ºF-ft3) for the 
volumetric heat capacity. A high uncertainty (around 20%) was found in the estimation of the ground thermal conductivity, 
confirmed with a thermal response test which resulted in 1.6 W/mK, (Montagud et al., 2011). The undisturbed ground 
temperature and the borehole resistance at the facility are around 18.5ºC (65.3ºF) and 0.1178 mK/W (0.20387 hr-ft-
ºF/Btu), (Urchueguía, 2006). The reliability of the latter two values is uncertain. 

Temperatures, mass flow rate and power consumption were measured during operation of the system. For the 
temperature, four-wire PT100 resistance thermometers with inaccuracy ±0.1ºC are used. The mass flow meters are Danfoss 
Coriolis meters, model MASS 6000 with signal converter Compact IP 67 and inaccuracy <±0.1%. 

Two temperature sensors are placed at the inlet and outlet of the heat pump. Additionally, there are sensors placed at 
the inlet and outlet of each BH, and seven measuring ground temperatures at different depths in three of the six BHs. Data 
obtained from this sensor network are registered every minute and collected by a data acquisition unit Agilent HP34970A 
with plug-in modules HP34901A. The temperature of the fluid is obtained from the average of the inlet and outlet 
temperature of all BHEs and corrected by a factor that accounts for the switching on/off time of the heat pump. The 
temperatures are registered every minute and grouped in daily values for the measurements presented in this paper.  

In order to analyze the collected data and calculate all the parameters used for the characterization of the system’s 
performance, a tool was developed using Excel macros. The heat rate injected or extracted from the ground can be 
calculated from the inlet and outlet water temperatures, the mass flow rate, and the circulating fluid properties. The thermal 
loads at the installation are provided every minute and these are averaged in order to obtain hourly loads. For the purpose 



of this work, the hourly loads will be grouped in daily load steps, obtained as the average of the hourly loads for each day. 

NUMERICAL MODEL AND METHODOLOGY 

The numerical model tackles the transient heat transfer conduction problem from the BH walls to the surrounding 
ground in a FEM software.The approach used is a continuation of previous work (Monzó et al. 2013a, 2013b), where one 
type of boundary condition at the borehole wall for the design of the BH field geometries, meshing, solver features and 
optimization strategies was studied. Table 1 shows the aspect ratios among the geometrical characteristics of the demo site 
modelled in this paper.  

Table 1 Geometrical Characteristics Ratios- UPV demo site 
Geometrical Characteristics Ratio Value 

D/H 0.074 
rb/H 0.0016 
B/H 0.063 

In order to reduce the computing time, we take advantage of the symmetry in the BH field and insert an adiabatic wall 
between the mirror halves. The heat transfer problem is then reduced to half of the entire domain, i.e. to half of the total 
number of BHs. Concerning the volume of the surrounding domain, it is built in such a way that the solution does not 
change with the domain size. The total dimension of half of the BH field and the surrounding volume is about 200x200 m 
on the horizontal plane with 300 m depth (656x656 ft with 984 ft depth) while the volume of the BH field itself (excluding 
the surrounding ground) is only 1.57x6.15 m with 51 m depth (5.15x20.18 ft with 167.32 ft). The thermal  properties of the 
ground are defined considering the values of lab measurements and their uncertainty. Thus, in the present study, the 
thermal conductivity is defined as 1.6 W/mK (0.924 Btu/hr-ft-ºF) and the volumetric heat capacity is 2250 kJ/m3K (33.549 
Btu/ºF-ft3), as described in the previous section.  

The thermal response of the ground is studied by considering two different cases, defined as “Constant q” and 
“Uniform T”. The difference between these is basically how the boundary condition is set at the BH wall. The “Constant 
q” model assumes a constant heat flux along the BH length and the model defined as “Uniform T” takes into account that 
the BHs are thermally connected imposinguniform temperature along the BH length, and the total heat flow to the BH 
field is held constant. This uniform temperature assumption is applied in one of the SBM solutions to generate the g-
functions, which are contained in the EED and GLHEPRO library. Both “Constant q” and “Uniform T” models are firstly 
validated against reference g-functions. The reference solutions are obtained from the analytical FLS solution (constant heat 
flux case) and from the database contained in the GLHEPRO software (uniform temperature). The latter is labeled as 
“FDM-Database”. Figure 1 shows the g-functions generated with our numerical model, named as “FEM- Constant q” and 
“FEM- Uniform T” in accordance with the boundary condition set at the BH wall, including the aforementioned reference 
g-functions. The g-function obtained from “FEM- Constant q” agrees, as expected, with the “FLS” generated g-function. It 
can also be observed that all g-functions except the “FDM-Database” present a similar short term behavior. From times 
equivalent to ln (9FoH) ≈-2, i.e about 550 days for the UPV demo site characteristics, the implications of using the different 
boundary conditions are clearly observed in the resulting g-functions.  

At short times, the g-function from the “FDM-Database” presents higher values than those generated from both 
“FEM-Constant q” and “FEM-Uniform T” models. The differences between “FDM-Database” and “FEM-Uniform T” 
are about 0.2 units. Translating these into temperature and time dimensions for a case of 20W/m constant injection, the 
temperature differences between “ FDM-Database” and “FEM-Uniform T” is 0.39 K (0.07°F), at an instant after about 45 
days (ln9FoH=-4.5). These deviations may be related to an approximation, probably an interpolation (Yang et al., 2010; 
Malayappan and Spitler, 2013), that the software carries out from the g-functions contained in the library in order to obtain 



an approximate solution for the specific geometrical characteristics of the UPV demo site. The differences may also be 
attributed to the new parameters accounted for the g-function generation, especially the ratio D/H. 

In the asymptotic part of the curves (after about ln (9FoH)>2, that is around 82 years for the UPV demo site 
characteristics), the g-function “FEM-Uniform T” presents very similar values to “FDM-Database”, whereas the g-function 
from the “FEM-Constant q” model overestimates it. 

 

 

Figure 1 Validation of the numerical model: g-functions generation and comparison with its reference solutions. 

Once the models are validated, the daily fluid temperatures are simulated for the real input daily loads measured at 
UPV. In both models, “Constant q” and “Uniform T”, the input data corresponds to measured daily loads during 6 years, 
estimated as described above. The initial condition is set to the undisturbed temperature of the ground. For the simulations, 
it has been defined as the annual average ambient temperature in Valencia, which is about 19.5°C (67.1°F), somewhat 
higher than presented in Urchueguía (2006). A TRT result would likely be the optimum input. Moreover, a temperature 
boundary condition equal to 19.5°C (67.1°F) is set at the outer boundary of the GHE domain. The geothermal heat flux is 
not taken into account in this paper.  

The computational mesh is identical in “ Constant q” and “Uniform T” models. Radial elements are selected in the 
surrounding of the BHs. The smallest elements are chosen in the proximity of the BHs, their size increasing as the distance 
from the BHs grows. Tetrahedral elements are chosen in the surrounding domain located under the BH field, which is 
about 200x249 m on the horizontal plane with 200 m depth (656x816 ft with 656 ft depth), and in the inactive upper part 
(having thickness D according to table 1) at the top of the BH field. Concerning the solver, its features are specified 
according to the input data. Special treatment has been taken with regards to the time stepping of the solver calculations. 
Since the input comprises heating and cooling loads, the duration of the loads becomes a restriction for the maximun time 
stepping of the calculation. By computing the solution, the BH temperature is generated for the two different models 
considered in this paper.  

Finally, the temperature of the fluid is calculated by assuming the average BH thermal resistance presented in the 
previous section. The fluid temperatures resulting from both simulations, “Constant q” and “Uniform T” models, are 
compared with the temperatures measured at the demo site as well as with a calculation based on the commercial software 
EED, labeled as Commercial Software. To calculate the monthly fluid temperatures in the commercial software, average 
monthly loads are repeatedly implemented during 6 years. 



RESULTS AND DISCUSSION 

Although the simulation was carried out for 6 years of operation, only the results of the sixth year are presented in this 
paper. Figure 2 shows the comparison of the simulated and measured fluid temperatures. The measured values are labeled 
as “Measured Daily Temp.”. The values obtained from the simulation are referred to as “Simulated Daily Temp.-Constant 
q” and “Simulated Daily Temp.-Uniform T” for the “Constant q” and “Uniform T” models, respectively. The monthly 
temperature values calculated with the aforementioned commercial software are labeled as “Simulated Monthly Temp.-
Commercial Software”. The daily average heat flow is also presented as a bar graph in Figure 2. 

As observed in Figure 2, the differences between the simulated fluid temperatures in “Constant q” and “Uniform T” 
models are virtually insignificant. However, the differences should be more pronounced in unbalanced packed BH fields 
and after longer time, in which the “FEM- Uniform T” model may give a better approximation to the reality, as shown in 
(Malayappan and Spitler, 2013) and (Monzó et al., 2013b). In comparison with the measured values, there is better 
agreement in heating (heat drawn from the ground) than during the cooling period in both cases. With regards to the 
simulated monthly values, the commercial software gives a simplified description of the operation during most of the 
period and also seems to overestimate the temperatures to some extent, which is perhaps related to the fact that the average 
monthly loads over the whole simulation period have been repeated. A more extensive comparison between all these 
solutions will be addressed in future work. 

 

Figure 2 Daily average heat flow and fluid temperature: measured and simulated values during the 6th year of operation. 

The average temperature difference between the measured and simulated values is about 0.5 K, varying within a range 
of -1 and 2 K. There are also a few points that fall way outside the trend lines and they are attributed to errors in the 
measurements. The differences become greater in cooling periods as shown in Figure 2. This result may indicate that the 
simulation is not fully representative for the actual prescribed input properties at the site. A change in the undisturbed 
ground temperature or the borehole resistance, as well as the inclusion of the geothermal heat flux would shift the 
simulated temperatures. The simulated results could likely be improved by adjusting a few input parameters and further 
work will be done in this direction.  



CONCLUSIONS 

A numerical heat conduction model has been built according to the geometrical characteristics of a 2x3 BH field 
located at the UPV. The daily fluid temperatures are simulated from these models for real daily loads over 6 years of 
operation and compared with measured data. Two different boundary conditions at the BH wall are tested separately, 
constant heat flux and uniform temperature. To validate the models for constant heat flux and uniform temperature at the 
BH wall, the g-functions are generated and compared with reference solutions, i.e. the analytical FLS approach and the one 
contained in the database of a commercial software, respectively. The results show good agreement.  

The results for the sixth year of operation are shown in this paper. In general, the simulated daily values present a 
good agreement with the measured temperaturess for both boundary conditions. Due to the fact that the system is almost 
fully balanced thermally over the year, i.e. the cooling and heating loads are nearly the same, the differences between 
“Constant q” and “Uniform T” models become insignificant. However, the “Uniform T” model may present better 
agreement than “Constant q” model for unbalanced packed BH fields and after longer time. The best agreement with the 
measured data is found during the heating periods, where the differences are within a 0.5 K range all time. Further work will 
be aimed at to improving the simulated values by adjusting a few uncertain input parameters. 

NOMENCLATURE 

 𝛼 = Thermal diffusivity (m2/s or ft2/s) 
 B = Borehole spacing (m or ft) 

 BH = Borehole  
 BHE = Borehole Heat Exchanger 
 D = Buried depth of the borehole field (m or ft) 
 EED = Earth Energy Design Software 
 𝐹𝑜𝐻 = Fourier number, characteristic length H 

FDM = Finite Different Method 
  FEM = Finite Element Method 

 FLS = Finite Line Source 
 GHE = Ground Heat Exchanger 
 GLHEPRO = Professional Ground Loop Heat Exchanger Software 
 GSHP = Ground-Source Heat Pump 
 H = Active borehole length (m of ft) 

Q̇′ = Heat flux per unit length (W/m or BTU/hr-ft) 
 rb = Borehole radius (m or ft) 
 SBM = Superposition Borehole Model 
 t = Time (s) 
 𝑡𝑆 = 𝐻2 9𝛼⁄  ; Steady –state time 
 𝑡∗ = 𝑡 𝑡𝑆⁄  
 T = Temperature (ºC or ºF) 
 UPV = Universitat Politècnica de València 

Subscripts 

 b = Borehole  
 g = Undisturbed  
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