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ABSTRACT

Ground source heat pump (GSHP) systems for heating and cooling represent an efficient alternative to conventional air source heat pump systems, always
provided that they present an efficient design and operation. In this context, the development of energy optimization strategies becomes essential, with the aid
of integrated dynamic models of the system, specially the ground source heat excchanger.

In previous works, a single U borehole heat exchanger (BHE) dynamic model, called Borehole-to-Ground (B2G), was developed and experimentally
validated. The B2G model is based on the thermal network approach, combined with a vertical discretization of the borehole. However, the thermal
properties of the surrounding ground were modelled as an average, constant with depth. For homogeneous type of soils, this assumption might be acceptable

but, when considering heterogeneous type of soils, modelling the presence of different layers with different materials could provide more accurate results.

In this work, the B2G model has been adapted in order to account for the effect of a heterogeneons ground profile on the fluid temperature evolution along
the borehole depth. Experimental data corresponding to a Thermal Response Test (TRT) performed in a real BHE existing at the Universitat Politécnica
de Valéncia, were used to validate this new feature of the B2G model. Finally, it is concluded that the model can serve as a ground thermal properties

estimation tool.

INTRODUCTION

Ground properties needed for the design of Ground-Source Heat Pump (GSHP) systems are estimated with a
standard method, the Thermal Response Test (TRT). After injecting or extracting a constant heat power, the test
analyzes the ground thermal response with a few measurements, inlet and outlet temperatures of the fluid at the top of
the borehole heat exchanger (BHE) and fluid mass flow rate. Effective ground thermal conductivity, borehole thermal
resistance and undisturbed ground temperature are outputs of this test. In this context, models able to predict the BHE
thermal performance can contribute to analyze this type of tests and to determine such outputs. In the last years, several
approaches have been proposed in order to reproduce the thermal behavior of different BHE configurations (a
complete review is reported by Yang, et al. (2010)). In general, models analyzing this data assume that ground
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thermophysical properties are homogeneous and isotropic; therefore, this approach is only able to estimate an effective
ground thermal conductivity representing an average of the thermal conductivity of the different layers crossed by the
perforation. As pointed in Aranzabal, et al. (2010), if a thermal conductivity profile of the ground as a function of depth
is to be estimated, two additional inputs are needed; first, a measurement of the borehole temperature profile and,
second, an analysis procedure taking into account that the ground is not homogeneous. In Aranzabal, et al. (2016) an
analysis procedure, complementing the standard TRT analysis, was presented to estimate the thermal conductivity
profile from a temperature profile along the borehole during the test. The analysis procedure was implemented by a 3D
Finite Element Model (FEM) in which depth depending thermal conductivity of the subsoil was estimated by fitting
simulation results with experimental data. The methodology was evaluated by the recorded temperature profiles
throughout a TRT in a BHE monitored facility.

It should be noted that the influence of the different conductivity layers might be relevant for the short-term, and
it has less influence in the modelling of the long term behaviour, as pointed out by Lee (2011) who stated that the
adoption of an effective ground thermal conductivity and an effective ground volumetric heat capacity for a multi-layer
ground determined from a TRT analysis led to very little error in the simulated long term system performance with
differences lower than 0.5K. This effect will also be investigated in the present research work.

On the other hand, recent studies highlight the possibility of using dynamic simulation models to assist the
determination of the ground effective thermal conductivity. In this context, Pasquier (2015) presented a program
designed to analyze thermal response tests by deterministic or stochastic inversion, for single U BHEs with a thermal
resistance and capacity model, which aims to foster investigation of new testing strategies with a possible reduction in
the tests duration. The present contribution shows an alternative analysis procedure based on the recently developed
borehole-to-ground (B2G) model, which is a thermal resistance and capacity model (5COR), specially addressed to
describe short term thermal processes in BHEs (Ruiz-Calvo, et al. (2015)). A new feature was included in the model to
consider different ground layers in non homogeneous type of soil. Using the same experimental data analyzed in
Aranzabal, et al. (2016), and the thermal conductivity profile estimated in that contribution, the purpose of this analysis
is to experimentally validate and check the ability of the B2G model to reproduce the evolution of the measured ground
temperature profile. This analysis is a first step towards the use of the B2G model as a complementary method to
analyze TRT data in shorter time periods and adapted to non homogeneous type of soils.

B2G MODEL

Model Description

The Borehole-to-Ground(B2G) dynamic model was developed at the Instituto de Ingenieria Energética (I1E) —
Universitat Politécnica de Valencia in order to reproduce the short-term performance of a single U-tube BHE during
the daily injection/extraction of heat in an on/off GSHP system operation. It is able to calculate the instantaneous
evolution of the fluid temperature taking into account the geometrical characteristics of the BHE and the thermo-
physical properties of the grout and the surrounding ground. This model has been presented and validated against
experimental TRT data from different BHEs located at Universitat Politecnica de Valencia, Spain (De Rosa, et al. 2015)
and in Stockholm, Sweden (Ruiz-Calvo, et al. 2015). It has also been validated against experimental data from a GSHP
system on/off operation during one month (Ruiz-Calvo, et al. 2016) and one year (Ruiz-Calvo 2015). For this putrpose,
the B2G model was coupled with the g-function model in order to also predict the long-term response of the BHE.

The BHE is discretized vertically in several divisions; in each z-depth, a 2D thermal network represents the heat
transfer between the different parts of the BHE. This thermal network is made of five nodes, each node represents one
part of the BHE: T; represents the downward pipe fluid, T, represents the upward pipe fluid, the grout of the borehole
is divided in two zones (Tp; and T)) and the surrounding ground is represented by Ty. The nodes are interconnected
with thermal resistances that consider the conductive and convective heat transfer between the different parts of the
BHE and each node includes the thermal capacitance of its part, representing its thermal inertia. Figure 1 (a) shows the



thermal network of the BHE,where the different nodes and thermal resistances are represented.

Initially, the B2G model was developed to reproduce the instantaneous behavior of the BHE, for this purpose,
only the portion of ground directly affected duting the desired heat injection/extraction time is considered (around 10
hours for a normal on/off GSHP system operation). However, it is able to reproduce longer periods of
injection/extraction of heat if a larger portion of ground is considered (and thus a higher thermal capacity of the ground).
In this case, the accuracy of the short-term behavior decreases. In order to consider the corresponding amount of
ground, a ground penetration diameter (Dgp) is set and it defines the position of the ground node.

The original B2G model neglected the vertical conduction, although the advection in vertical direction for the
fluid nodes was taken into account in the transient energy balance equations (Ruiz-Calvo, et al. 2015). The entire model
results in 7 thermal networks (7 represents the number of vertical divisions of the BHE). At each depth, 5 thermal
capacitances and 6 thermal resistances are considered (a 5C6R-n model), the thermal properties of the ground, the grout
and the pipes are also taken into account. The model can be solved by numerical procedures, solving the system of
ordinary differential equations as described in (Ruiz-Calvo, et al. 2015), where the model is described in more detail.

Adaptation to heterogeneous ground

Initially, the B2G dynamic model considered a homogeneous ground, so it used an effective ground thermal
conductivity and an effective ground volumetric heat capacity if the ground was heterogeneous. This work is focused
on the adaptation of the B2G model in order to consider different thermal conductivities in a multi-layer ground. In
order to achieve this, an array of ground thermal conductivities depending on the depth is introduced in the model.
Furthermore, the vertical conduction in the grout and ground zones is taken into account by means of vertical thermal
resistances between the nodes of adjacent thermal networks, as it is shown in Figure 1 (b). The vertical thermal resistance
of the grout nodes is described in equation (1). It depends on the vertical thermal conductivity of the grout (ky,,,), the
vertical distance between nodes (dz) and the grout horizontal surface (D, represents the borehole diameter and Dy,  is
the external pipe diameter of the U-tube).

dz
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Analogously, the vertical thermal resistance of the ground nodes is described in equation (2). In this case, the
vertical thermal conductivity of the ground (kg ;) varies with the depth.
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Figure1  Thermal network of the B2G model: a) 2D model; b) 3D model

Now, the energy balance equations corresponding to the different nodes of the thermal network are presented in
equations (3)-(7).
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The ground penetration diameter that sets the position of the ground nodes is calculated using an effective ground
thermal conductivity and volumetric thermal capacity. For this purpose, the heat transfer equation for a region bounded
internally by a circular cylinder and constant heat flux in its surface (Carslaw and Jaeger 1959) is used; this equation
considers the period of time of heat injection/extraction and the thermal properties of the ground. The ground node
(Dg) is placed at the mean diameter between the penetration diameter (Dgp,) and the borehole diameter (D)) Regarding

the position of the grout nodes (D,,), they can be placed between the equivalent diameter of the pipes (Deg) and the
borehole diameter (Dj). To calculate the equivalent diameter, the Pasquier and Marcotte (2012) approach is used.

Deg = +1 ®)

pe
Dy e

In this equation, W represents the shank space between pipes.



THE BOREHOLE HEAT EXCHANGER AND EXPERIMENTAL DATA

At the Universidad Politécnica de Valencia campus there exists a BHE of 40 m depth, 160 mm drill diameter and
two geothermal independent pipes, ALB GEROtherm PE-100 of 40 mm diameter and 29 and 39 m long, respectively.
The pipes are disposed with a turn of 90° between them; keeping uniform the distance between the pipes of the
geothermal probes with separators of polyethylene distributed every meter depth. A scheme of the facilty is shown in
Figure 2. Further information about the facility can be found in Aranzabal, et al. (2016).

THERMAL RESPONSE DATA

Same data analyzed in Aranzabal, et al. (2016) are used in this contribution. The TRT started on 9th March 2011
at 11:00 with 1 kW heat injection, using the geothermal pipe of 29 meters deep, and leaving the one of 39 meters filled
with water in order to use it as an observer pipe and to measure the temperature profile during the TRT. From the
beginning of the TRT, the temperature profile was obtained in one of the 39 meters pipe, which was not used in this
TRT for heat exchanging. Details of the measured data can be found in the work by Aranzabal, et al. (2016).
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Figure 2 Scheme of the borehole heat exchanger facility, vertical layout on left figure and horizontal section on the right
figure (Aranzabal, et al. 2016).

EXPERIMENTAL VALIDATION FOR HETEROGENEOUS GROUND

In order to validate the adaptation of the B2G dynamic model to consider a multi-layer ground, the test conducted
in the borehole located at Universitat Politecnica de Valencia (explained in the previous sections) was used. Furthermore,
the ground conductivities along the borehole depth calculated in Aranzabal, et al. (2016) were used as inputs in the
model. The B2G model has been developed for a single U-tube BHE configuration while the borehole used for the
experiments is a double U-tube BHE. However, only one tube is used in the TRT, while the other one is used as an
observer tube to measure the temperature evolution along the borehole depth. So, the B2G model is used to calculate
the temperatures along the borehole depth on the grout nodes and to compare them with the measured temperatures
from the observer tube. The position of the grout nodes has been set based on the grout temperature distribution maps
in Esen, et al. (2009) to simulate the position of the observer tube. Regarding the observer tube, a maximum of 2K
temperature difference along the depth of the BHE was observed. Therefore, the natural convection flows due to the
temperature difference between the top and the end of the BHE are considered negligible. The main parameters adopted



in the simulations ate shown in Table 1. The number of vertical nodes that have been used is 117, in order to obtain a
good accuracy and a low computational time. The same ground thermal conductivity is considered in the vertical and
radial direction for each depth. The mass flow rate and the temperature of the inlet fluid is introduced in the model as
an input. The model calculates the temperature of the outlet fluid and the temperature in all the grout nodes for each
simulation step.

Table 1 Main Parameters Adopted In The Model

Thermo-physical properties Geometrical characteristics
Ground thermal conductivity (See Figure 4) Depth 29 m
Grout thermal conductivity 1W/m'K Borehole diameter 0.16 m
Ground volumetric thermal capacitance 3600 kJ /m>-K Inner diameter of the pipes 0.0326 m
Grout volumetric thermal capacitance 2500 kJ/m>-K Outer diameter of the pipes 0.04 m
Fluid water Shank space 0.1 m

In order to compare the results obtained by the B2G model with the experimental measurements, four simulations
have been carried out: for an injection time of 2.5 hours (9t March 2011 13:30h), 24 hours (10th March 2011 11:00h),
48 hours (11t March 2011 11:00h), and 72 hours (122 March 2011 11:00h). The TRT results for the simulation of 72
hours of heat injection are presented in Figure 3, considering a homogeneous ground with a single fixed effective
conductivity and initial temperature (Figure 3 (a)) and considering a multi-layer ground with different conductivities and
initial temperatures (Figure 3 (b)). It can be seen that the outlet temperature calculated by the B2G model is very similar
to the experimental one in both cases, although the accuracy in case (b) is slightly higher (the root mean square etrror of
case () is 0.16 K and in case (b), it is 0.13 K). The accuracy of the results is lower during the first hours of the simulation
due to the fact that it has been used a penetration diameter according to a heat injection of 72 hours, losing accuracy in
the first hours of the simulation, because the amount of ground considered (and thus the ground thermal capacity) is
too high for the short-term response.

29 29
a
) 5 b) >g
27 27
— 26 B SIS — 26 B
Pl tacs Q . <
< 25 < 25 /,.—w«
L 24 g 24 /
>
= 23 . = 23
g 22 1 S|mu|€ated oultlet 'Icemperature g 22 ’ Simulated outlet temperature
g' 21 I Experimental outletemperature 2'21 ! Experimental outlet temperature
3 20 |f Inlet temperature v 20 Inlet temperature
- il - i
19 19
18 18
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
time (h) time (h)

Figure 3  Comparison between the experimental measures and the results calculated by the B2G model for a TRT during
72 hours of heat injection. a) homogeneous ground; b) heterogeneous multi-layer ground.

Figure 4 shows a comparison between the experimental temperature measurements inside the observer tube and
the simulated temperature of the grout nodes that has been calculated in the four simulations, as well as the initial
temperature profile for these two cases considered (homogeneous ground and heterogeneous multilayer ground). It can
be observed that, in case (b), with different ground layers, the evolution of the simulated temperatures is very similar to
the experimental ones. However, along the first 3-5 meters, the difference between the simulations and the experimental
measurements is higher. This result is due to the fact that the physical phenomena that occur between the ground
surface and the top of the BHE are not well known (all the instrumentation equipment is placed in the space between



the BHE and the surface) and have not been modeled. So the simulated temperature evolution along the first meters is
not very accurate. Moreover, the temperature difference in the region located at 25 m deep is also higher, this fact may
be explained because of groundwater advection effects, as it has been explained in Aranzabal, et al. (2016).

On the other hand, in case (a), the calculated temperature along the borehole depth is almost constant for a given
time, because a homogeneous ground has been considered.
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Figure 4  Comparison between the observer tube temperature profile along the borehole depth and the simulated grout
nodes’ temperatures; experimentally measured (marked lines) and calculated by the B2G model (continuous
lines). Values at different heat injection times (initial temperature, 2.5 hours, 24 hours, 48 hours and 72 hours).
a) homogeneous ground; b) heterogeneous multi-layer ground.

Taking into account the results presented in this contribution, it is concluded that the B2G dynamic model could
be a useful tool to assist the calculation of the ground thermal conductivities along the borehole depth from the
measured temperatures along the observer tube, by using an estimated initial conductivity and an approximation
algorithm, and applying the same methodology as the one explained in Aranzabal, et al. (2016). Thus, leveraging the low
computational cost of the B2G dynamic model which allows making a great number of simulations in a short period of
time (20 seconds for a 72 hours TRT, 6 seconds for a 24 hours TRT on a modern PC). This way, it would be possible



to obtain an estimation of the ground thermal conductivity and the overall borehole thermal resistance with a reduction
in injection times needed to calculate the ground conductivity. This would mean a reduction of the cost of the TRT and
a consequent increase in its economic feasibility. On the other hand, the calculation of the ground thermal conductivity
layer by layer can help in the future design of BHEs for the same type of ground, as it is possible to identify substratums
with higher thermal conductivity and then size the borehole depth taking advantage of the different layers.

CONCLUSIONS

This contribution presents the B2G dynamic model as a tool to assist the TRT analysis. The model is able to
reproduce a TRT test with a low computational cost (less than 20 seconds for a 72 hours TRT). A new feature was
included in the model to consider different ground layers in non homogeneous type of soil, as well as the vertical
conduction between the ground and grout nodes. The model was experimentally validated in two different ways: 1)
analyzing the temperature evolution along a 72 hours TRT; and 2) analyzing the evolution of the water temperature
profile in a multi-layer heterogeneous ground. In 1) the difference between considering a homogeneous ground with a
single effective conductivity and initial temperature or a multi-layer ground with different thermal conductivities and
initial temperatures, is analyzed. It is concluded that considering an effective ground thermal conductivity is a good
estimation presenting a root mean square error of 0.16 K for a TRT simulation without the need of determining the
conductivities layer by layer. In 2) the same effect is analyzed for the water temperature profile along the BHE’s depth.
In this case, the influence of considering the conductivity of each ground layer results of a higher relevance, specially in
order to identify the layers with highest conductivities and to be able to assist in the design of the BHE’s depth.

In conclusion, the B2G dynamic model is able to reproduce the behavior of a single U-tube BHE in a multi-layer
heterogeneous ground with a low computational cost. This means that it could be a helpful tool in order to estimate the
thermal conductivity of different layers in a heterogeneous ground and to assist in the design of future BHE’s for a
given site.
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NOMENCLATURE

C = Thermal capacitance (J/K)

D = Diameter (m)

k£ = Conductivity (W/(m'K))

R Thermal resistance (/W)

t Time (s)

T Temperature (°C)

v = Velocity (m/s)

g = Borchole depth coordinate (m)
Subscripts

bb = Borehole node to borehole node

f = Fluid

h = Convection

pp = Pipe to pipe node
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