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Abstract

A dynamic model of a ground source heat pump system is a very useful tool in order to optimize its
design and operation. In order to fairly predict the performance of such a system, the dynamic evolution
of the fluid entering the heat pump and coming from the borehole heat exchanger (BHE) must be
accurately reproduced not only in the long term but also in the short-mid term operating conditions, as

it directly affects the coefficient of performance of the heat pump unit.

In this context, the B2G model was developed to reproduce the short-term dynamic evolution of the
fluid temperature inside the BHE. This work presents the new upgraded version of the B2G dynamic
model for a coaxial BHE, which includes several new features to better reproduce not only the short-
term but also the mid-term behaviour of the BHE. For that purpose, the model of the surrounding

ground has been improved: vertical heat conduction in the grout and ground, heterogenous ground



with different layers, and a higher number of ground nodes in the thermal network considered in the
model were added, which are automatically located by means of polynomial correlations for any type
of ground, geometry and operating conditions. This novel approach has been implemented in TRNSYS
for accurately modelling the dynamic behaviour of a coaxial BHE with low computational cost (2.5

seconds for a 24 hour simulation period in a modern computer).

The model has been validated against experimental data from a dual source heat pump installation in
Tribano (Padua, Italy) and has proven capable of accurately reproducing the short-mid term (up to five

days) behaviour of the BHE, with a deviation lower than 0.12 K.
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1 Introduction

The global warming, oil dependency and carbon emissions are important environmental problems to
address, leading to a growing research in alternative and renewable energy sources, as well as the
improvement of the energy effiency of the systems. In the building sector, heating and cooling systems
represent an important and growing part of the total energy consumption [1]. In this context, Ground
Source Heat Pump (GSHP) systems represent an efficient alternative to conventional systems [2,3].
They contribute to energy savings in comparison with air-to-water heat pumps [4], since the ground
temperature is more constant than that of the air during the year and, in most cases, it is more favorable

than the air as a source.

This advantage should not be spoiled with a low efficiency of the system components and their
operation. Thus, it is important to optimize them in order to achieve the highest possible efficiency of
the entire system. Among all the components of a GSHP systems, the Ground Source Heat Exchanger
(GSHE) is one of the most important and relatively expensive, as it implies the drilling in the ground
and the installation of long pipes in order to extract/inject heat from/to the ground. For this reason, the
correct design of this GSHE field, as well as the optimization of the whole system is of outmost
importance in order to compete with other conventional technologies. Hence, the design of this heat
exchanger must be optimized in order to obtain a good efficiency, at a reasonable cost, in the heat
transfer process with the ground. In practice, this trade-off between efficiency and cost means that the

GSHE should not be under-sized (low efficiency) or over-sized (high cost).

Inside the GSHE market, there exist different configurations [5], but the most common is the vertical
heat exchanger, also known as Borehole Heat Exchanger (BHE). In this configuration, a vertical heat
exchanger is drilled into the soil. Among the common types of BHES, the most widespread is the single
U-pipe, but it is not the most efficient from a heat transfer point of view. Other configurations of BHES

have been studied in order to obtain a low thermal resistance and thus, improve the heat transfer



efficiency between the fluid and the ground. One of the configurations that have presented an increase
in the current research and development activities is the coaxial BHE [6]. For example, Kurevija et al.
[7] studied the suitability of coaxial BHES for active and passive cooling, determining that they need
to be designed with active cooling option; Acufia [8] studied different configurations (U-pipes, coaxial,
multi-pipe and multi-chamber BHES) in order to reduce the temperature difference between the fluid
and the surrounding ground, carrying out several experimental tests with these configurations. Other
improvements have also been studied, like the immersion of the vertical probes in an artificial fluid

inside a case, increasing the heat transfer within the borehole due to natural convection [9].

Regarding the design and optimization of the GSHP systems, dynamic models are a very useful tool,
as they are able to predict the behaviour of the whole integrated system. Focusing on the most
important component in GSHP systems, the BHE, an accurate short-term dynamic model is necessary,
especially in an ON/OFF operation GSHP system, where it is key to reproduce accurately the cycling
of the system, because its performance will strongly depend on the return temperature coming from
the ground loop. Against this background, there exist several BHE models with different level of
complexity, starting from the common analytical onesmedels, focused on the prediction of the ground
temperature variation: Infinite Line Source (ILS), Infinite Cylindrical Source (ICS) or Finite Line
Source (FLS), based on the work of Carslaw and Jaeger [10]. With these models it is possible to
calculate the ground temperature outside the BHE, simulating the heat conduction in a homogeneous
soil mass with a constant heat flow rate from a BHE, under different assumptions and levels of
complexity. These models have been used as the base to develop a great part of the current analytical
and semi-analytical methodsmedels [11]. On the other hand, several numerical and analytical models
with a higher level of detail have been developed, modelling not only the surrounding ground, but also
the behaviour of the borehole in terms of the fluid temperature evolution. Numerical models, most of
them based on the finite difference and the finite element (FEM) methods[11], are usually more precise

and flexible than analytical models, but they have a higher computational cost and it is more difficult



to couple them with dynamic simulation programs. On the other hand, analyitical and semi-analyitical
methods are limited to some assumptions and simplifications that reduce their accuracy. However,
they present a lower computational cost and they can be coupled into design/simulation programs more
easily [12]. Several of these models use a thermal network based on thermal resistances and
capacitances in order to model the heat transfer between the borehole and the surrounding ground [13—
17]. Among them, Zarrella et al. [18] presented the CaRM (Capacity and Resistance) model,
considering the thermal capacitance of the borehole: grout and fluid. Also the TRCM (Thermal
Resistance Capacity Model) developed by Bauer et al. [15], integrating the thermal capacitance of the
heat carrier fluid and pipe and later improved by Pasquier and Marcotte [16]. In addition, short-term
analytical solutions have also been developed, for example the one developed by Li and Lai [19],
which can be used in time scales greater than one hour (-up to several years), but not in very short-
term scales (in the range of minutes) needed to reproduce the dynamic behaviour of an on/off GSHP;
or the short-term analytical solution developed by Javed and Claesson [20], who studied the BHE heat
transfer and the boundary conditions in the Laplace domain by using a thermal network, but also

developing a numerical solution.

Apart from these models, there also exist some other computer programs that can be used in order to
assist in the design and simulation of GSHP systems and BHEs. Among them, GLHEPRO[21],
EED[22], EnergyPlus[23] or TRNSYS[24]. In order to simulate the behaviour of, not only the BHE
itself, but the entire GSHP system and the coupling between the different components, a transient
simulation program (like TRNSYYS) is a powerful tool, since it is able to connect the models of the
different components and solve the simultaneous equations of the system model, displaying the
results[25]. It is possible to find several BHE models already implemented in TRNSYS, two of the
most commonly used are the Superposition Borehole Model (SBM), developed by Eskilson[26,27]
and implemented in TRNSYS by Pahud[28,29]; and the Duct Storage model (DST), developed by

Hellstrom[30,31] and implemented in TRNSY'S by Pahud[32,33]. The main drawback of these models



is that they neglect the heat capacity of the fluid and the grout existing in the BHE, and show a low

accuracy during the short-term injection period[34].

In this context, the B2G dynamic model [35,36] was developed for a U-tube Borehole Heat Exchanger
(BHE) configuration and implemented in TRNSYS environment. This model consists of a thermal
resistance and capacity model and has been validated against experimental data. It is able to predict
with high accuracy (absolute error within 0.15K) the short-term behaviour of a U-tube BHE. It is also

possible to couple it with a long-term ground response model in order to reproduce the ground

temperature evolution on the long-term and consider the interactions between BHEs in a field.

Therefore, the B2G model can be used in the modelling of an entire GSHP system for long periods

(one year or more), coupling it with a heat pump model and the rest of the system components. An

example of the coupling between the B2G model and a g-function model applied in a real installation

can be found in-a

model-as-the-g-function-model-[37]._The prediction of the behaviour of an entire GSHP system using

the B2G model coupled to a heat pump model and the rest of the components can be found in [38].

In this work, the new upgraded B2G dynamic model adapted to a standard coaxial BHE configuration
and then implemented in TRNSYS is presented and described. The novelty of this upgraded version
relies on the improvement of the modelling of the surrounding ground in order to be able to accurately
reproduce the very short-term, short-term and mid-term behaviour of the BHE with a low
computational cost. For this purpose, several new features were included. Among them, the vertical
heat transfer in the ground and grout, different thermal properties in a heterogeneous layered ground,
the use of three ground nodes, instead of only one (that was considered in the former version of the U-
tube B2G), to accurately model the short-mid term behaviour of the local surrounding ground. For a
widespread use of this B2G new upgraded model, these three ground nodes were obtained by means

of polynomial correlations, which determine their optimal location for any type of ground, geometry



and operating conditions. Thus, enhancing the widespread use of the B2G model among the research

community and other stakeholders in GSHP applications.

A preliminary version of the upgraded B2G model was experimentally validated using data from a

thermal response test (TRT) and presented in [39,40] for a standard coaxial configuration, as well as

was for an innovative coaxial configuration with spiral flow inside the framework of the GEOTeCH

project [40—42]. This preliminary version considered two ground nodes, different ground layers and

vertical conduction in ground and grout.

This research work presents_for the first time the complete final version of the new upgraded B2G

model as well as its experimental validation using the monitored data from an installation located in
Tribano (Padua, Italy), under normal operating conditions. For this purpose, different days have been
selected, accounting for summer and winter periods, as well as several following days. The simulated
results show a good agreement with the experimental data, with a Root Mean Square Error (RMSE)
lower than 0.08 K for a winter day, lower than 0.09 K for 5 days in winter and around 0.12 K for a

summer day. The difference in the calculated heat transfer is lower than 4% in all the cases.

The main new contributions introduced in this final upgraded version with respect to previous ones

are: the use of three ground nodes instead of only two in order to also account for the undisturbed

ground, the optimal location of the position of these ground nodes by means of polynomial correlations

and the experimental validation under real operating conditions of a heat pump system for heating and

cooling.

2 B2G model

The B2G (Borehole-to-Ground) model was originally developed to predict the thermal interaction
between a BHE and the surrounding ground, focused on the short-term evolution of the fluid

temperature. It is based on a thermal network approach together with a vertical discretization of the



BHE in a way that the radial heat transfer between the different parts of the borehole (fluid inside the
pipes, grout and ground) is modelled by a 2D thermal network at each depth. The advection of the
fluid is modelled, so the vertical temperature distribution is calculated. In order to reproduce the
thermodynamics of the fluid with a computational cost as low as possible, the simplest thermal network
that is able to reproduce the BHE behaviour with accuracy enough (RMSE < 0.1K) was used. For this
purpose, only the portion of surrounding ground that is affected by the heat injection/extraction period

is considered in the thermal network.

The thermal network consists of different nodes, representing each part of the BHE and considering
their thermal properties. The thermal interaction between nodes is calculated by the use of thermal
resistances. These thermal resistances model the conductive and convective heat transfer between the
different parts involved. Furthermore, the thermal inertia of the fluid, the grout and the ground is

represented by a thermal capacitance in each node.

In order to predict not only the short-term behaviour of the BHE (daily operation), but also the long-

term behaviour, the B2G model can be coupled to a more detailed long-term ground model, which

considers the BHESs field history and the interaction between BHES. In this way, the B2G model is

used in order to predict the temperature evolution of the fluid coming from the BHE during a day (the

relevant temperature in order to couple it with a heat pump model). Then, the heat injected or extracted

in the ground is integrated and used in a long-term ground response model in order to recalculate the

ground temperatures and reset them in the B2G model at the start of each operating day.

The B2G model (coupled to a long-term model) can be used in the modelling of an entire GSHP system

for the prediction of the system performance for both short and long periods of time (one year or more).

For this purpose, the BHES outlet temperature can be used as an input in a heat pump model, so the

performance of the heat pump is correctly reproduced, as well as the return temperature from the heat

pump to the BHESs, used as an input in the B2G model. It is possible to test different BHEs designs or




system control strategies and check the effect on the system performance (performance of the heat

pump and the entire system, influence in the return temperature from the ground, etc.). Therefore, it is

necessary an accurate prediction of the dynamic evolution of the fluid temperature coming from the

BHE.

2.1 U-tube B2G model

The B2G model was initially created for a single U-tube BHE configuration and previously presented,
together with its experimental validation under different conditions [35,36]. The 2D thermal network
consists of five thermal capacitances and six thermal resistances, forming a 5C6R-n model, where n is
the number of vertical divisions. This system can be solved numerically, solving the system of ordinary
differential equations[35]. The thermal network is presented in Figure 1, where T; and T, represent the
upward and downward fluid inside the pipe, T, and T, represent the grout (it is divided in two
regions) and T, represents the surrounding ground affected by the heat injected/extracted in the daily

working period of the BHE.

“

Figure 1. Thermal network model adopted: (a) 2D model; (b) 3D model [35].



The vertical conduction (axial transport) is neglected, but the fluid advection in the vertical direction

is taken into account in the transient energy balance equations.

The model was able to calculate the short-term behaviour of different BHEs with a high accuracy
(absolute error within 0.15°C) under different conditions [35,36], as well as predicting the dynamic
behaviour of a BHE during the operation of a GHSP facility when coupled with a long-term BHE

model, as the g-function model [37].
2.2 Coaxial B2G model

In order to obtain a new coaxial BHE model, and aid in the design and the operation of a GSHP system
with this kind of BHEs, the B2G model was adapted to a standard coaxial BHE. A first approach to
this configuration was previously presented [39,40], as well as the approach to a coaxial helical
configuration [40-42]. In this work, the thermal network has been extended in order to include three
ground nodes: close ground (ground node 1), further ground (ground node 2) and undisturbed ground
(undisturbed ground node). In addition, a new methodology for the calculation of the ground nodes

position has been used.

The new thermal network consists of five nodes with their five thermal capacitances; together with an
additional node, that represents the undisturbed ground (therefore, presenting an infinite capacitance
and constant temperature). Each node represents one part of the BHE: T; represents the fluid flowing
inside the inner pipe, T, represents the fluid in the outer pipe, T, represents the grout of the borehole,
T, represents the first ground node, T, represents the second ground node and T,,, represents the
undisturbed ground node. In this model, three ground nodes are used instead of only one (as in the U-
tube B2G model). With these three ground nodes, it is possible to have a higher accuracy of the BHE
thermal response during the different heat injection periods, without greatly incrementing the

complexity of the model:

10



e The first ground node (T,,) represents the closer ground region in contact with the borehole,
which has a higher influence in the short-term response of the BHE.

e The second ground node (T,;) represents the further ground region, with a lower influence in
the short-term response but a higher influence in the mid-term response.

e The undisturbed ground node (T,,) represents the far surrounding ground, which keeps a

constant temperature, as it remains undisturbed during the heat injection period assumed in the

model.

The convective and conductive heat transfer between the different nodes was calculated by the use of
radial thermal resistances between nodes (R;,, Rop, Rpg1, Rg1g2 @and Rgyzy,4). The heat conduction

between the vertically adjacent grout and ground nodes has also been considered by the use of vertical

thermal resistances (R, Ryg1 and Ry, 4,)_in order to provide a more realistic reproduction of the heat

transfer along the BHE. However, it was checked that this phenomenon presents a small influence in

the calculation of the outlet temperature from the BHE, with a deviation in the simulated outlet

temperature less than 0.5%.

This thermal network is depicted in Figure 2, while the vertical discretization of the BHE is shown in

Figure 3.

- Spiratrib |/
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Figure 2. Thermal network of the coaxial configuration model: borehole layout
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Figure 3. Thermal network of the coaxial configuration model: vertical discretization

The energy balance equations composing the system are described in the following:

e For the fluid nodes, the axial heat conduction is neglected, but the advection in the vertical
direction is considered. In the case of the fluid inside the inner pipe, the transient energy balance
equation will consider not only the vertical advection (represented by its vertical velocity, v;),
but also the heat exchange with the fluid in the outer pipe (equation (1)). In the case of the fluid
inside the outer pipe, the transient energy balance equation will consider its vertical advection

(v,) and also the heat exchange with the fluid in the inner pipe and the grout (Equation (2)).

dTi(z)  0Ti(z) 1 (Ti(z) —T,(2) 1)
at oz _Ei( Ri )
0Ty(2) T, (z2) 1 (T,(z) —Ti(z)  To(2) — Ty(2)
ot ° oz c_o< R, R, ) 2)

e For the grout node, the heat exchange with the adjacent nodes in the same vertical depth is

considered (fluid inside the outer pipe and first ground node), but also the vertical heat

12



exchange between the vertically adjacent grout nodes (at the depths immediately above and

below), as shown in equation (3).

0Ty(z) To(2) — Tp(2) + Ty1(2) — Tp(2) + Tp(z—1) —Ty(2) + Ty(z+1) —Ty(2)
b ot B Rob Rbgl va va

@)

e For the first and second ground nodes, the heat exchange with the adjacent nodes in the same
vertical depths is considered, as well as the vertical heat conduction with the vertically adjacent

nodes, as shown in equations (4) and (5).

aTgl(Z) Tb(z) - Tgl(z) ng(z) - Tgl(z) Tgl(z - 1) - Tgl(z) Tgl(z + 1) - Tgl(z)
1 = + + +
at Rbgl Rglgz Rvgl Rvgl

(4)

aTgZ(Z) _ Tgl(z) - ng(z) + Tug(z) - ng(z) + ng (Z - 1) - ng(z) + ng (Z + 1) - ng (Z)
g2 -
ot Ry1g2 Rgaug Rygz Ryg2

()

e The undisturbed ground node is assumed to maintain the far-field temperature (undisturbed

ground temperature) at each depth: T,,4(z,t) = T (2).
2.3 Parameter Calculation

The main parameters of the model are the thermal capacitances and the thermal resistances, which can
be determined based on the thermo-physical properties and the geometrical characteristics of the
borehole. Furthermore, it is possible to consider different thermo-physical properties (thermal
conductivity and thermal capacity) for the grout and ground at different depths in a heterogeneous
layered ground. Therefore, the thermal resistances and thermal capacitances may be different at

different depths.

2.3.1 Thermal Capacitances
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The thermal capacitances (C) are calculated considering the volumetric thermal capacitance at the
corresponding depth (c) and the volume of the zone in each vertical division (dz). The grout and
ground capacitances are calculated according to Egs.(6), where D,, represents the borehole diameter

and D,,, represents the external diameter of the outer pipe.

VA T T
Cyr = Z(D5P1 —Df)cgdz ; Cpp = Z(Dgp2 —D2,1)cgdz ; Cp= Z(Dg —D2)c,dz (6)

The thermal capacitance of the fluid nodes is calculated based on the fluid heat capacity (C,), the fluid
density (p) and the volume, according to Equation(7). Here, D.; represents the inner diameter of the
inner pipe, D,; represents the inner diameter of the outer pipe and D, represents the outer diameter of
the inner pipe.

I

C, =
iT %

T
Dc?i Cp,i pidz ; C,= % (Dezi - Dczo) Cp,o Podz (7)

All the fluid properties (heat capacity (C,), density (p), dynamic viscosity (u) and thermal conductivity
(1)) are calculated according to the correlations presented in [43], depending on the temperature of the

fluid, the type of fluid (water or MPG and water mixture) and in the second case, the percentage of

MPG in the mixture.
2.3.2 Thermal resistances

Thermal resistances are calculated as an addition of conductive and convective cylindrical thermal
resistances. For the calculation of the conductive resistance, the nodes are located at an equivalent
diameter. The equivalent diameter is calculated as the mean diameter of the zone according to Equation
(8), where D, is the grout node diameter, Dy, corresponds to the short-term node diameter and Dy,

corresponds to the mid-term node diameter.
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_Do+Deo  _Dgpu+Dy _ Dgpat Doy

Dx T ’ g1 2 ’ g2 2 (8)

Regarding the convective thermal resistance, -isthey are calculated using the average convective heat

transfer coefficient (h) of the fluid inside each pipe using Equation (9). The average convective heat

transfer coefficient in the inner pipe_is denominated by {h;} and the one in the outer pipe is denominated

byth,yusirg-Equation{9). The thermal conductivity of the fluid is represented by k, and the Nusselt
number (Nu) is calculated depending on the flow regime (laminar or turbulent) and the geometrical
configuration (circular tube in the inner pipe and concentric annular in outer pipe) [44]. These

properties are calculated at the average temperature of the fluid inside each pipe (inner or outer pipe).

h=—"p~ )

The internal diameter is considered in the inner pipe (D.;). Regarding the outer pipe, it is considered

an equivalent hydraulic diameter (D, = Do; — D).

Concerning the conductive thermal resistances, they are calculated considering the conductivities of
the inner pipe (k;;,), the outer pipe (k,,), the grout (k) and the ground (k) at the corresponding depth.

The total thermal resistances between the different nodes in the thermal network are described in Egs.

(10) -(14).
1 In(D,,/D,; 1
Rio — + ( CO/ Cl) + (10)
nwDgdzh;  2mky,dz  mwD, dzh,
R = 1 n In(Deo/Dei)  In(Dy/Deo)
> T mDydzh, 2m kopdz =~ 2mky,dz (11)

_ In(Dp/Dy) 4 In(Dg1/Dy)
P91 2k, dz 2mkydz (12)
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ln( 1)

Ro192 = 2m k dz (13)
ln(Dug /Dy2) 14
g2ug T oq ky dz

Regarding the vertical thermal resistances between adjacent nodes, they are calculated according to
Eqgs (15)-(16), depending on the thermal conductivity at the corresponding depth, the vertical distance
between nodes (dz) and the annulus surface. The thermal conductivity considered is the same in the

vertical and radial direction.

R dz
vh = T
7 (D = D2) - ke (15)
dz dz
Rvgl ) Rng (16)

( gp1 le) ) kg ( ap2 ;pl) ) kg

2.3.3 Numerical resolution

The energy balance equations (1)-(5) can be implemented in any simulation software once the
parameters have been calculated. In order to solve the system, it is necessary to solve the equations
numerically. In this work, the Lax-Wendroff method [45] has been used. In this way, the temperatures
of each node of the thermal network are calculated at a certain time (t+1), considering the temperature
values at the previous instant (t), for each vertical section of the borehole (j), according to the Eqgs.
(17)-(21). Where j=1 represents the surface of the borehole and j=n represents the bottom of the

borehole.
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T”I(])—T(])+ ((T(}+1)—T(}—1))+ (T(]+1)—2T(])+T(]—1)))

(17)
At (1)) - TEQ)
_?l< Rio )
1 At v, . , . ; ;
) =150 - e (T80 + 0 - S+ D= 2750) + 750 - 1))
(18)

At (T;() =TE(G) | T5G) =Ty ()
_C_o< Rio * ROb )

TEH () = TEG) + At<T (DT, 0 Tpn()-Ty (1) ,G-D-T,() N ,G+1) - Tbt(i)) (19)

Rob Rbgl va va

T,() - 1(1) Tg2() = T5: () N TG =D —T5H0) N TG+ 1) - Tgtl(i)> (20)

Rbgl Rglgz Rvgl Rvgl

Tgi () = Tg () +—<

() = T4 () T = TS () N TG — 1) = TS () . THG +1) — T;z(i)) 1)

O =10 + o (2

glg2 RgZug Rvgz Rvgz

In these equations, At represents the time-step used for the calculations. This value should be lower
than the maximum fixed by the Courant-Friedrichs-Lewy (CFL) condition. This condition should be
fulfilled in order to assure that the fluid displacement in the time-step is lower than the distance
between nodes, according to the equation (22), where dz represents the vertical division length and v

the fluid velocity inside the pipe.

At dz

Atyax

Therefore, if the time-step of the simulation is greater than the maximum value Aty ,x, the internal
time-step in the BHE model (At) will be subdivided into smaller time-steps that satisfy the CFL

condition. For this purpose a maximum value of CFL = 0.99 is fixed, assuring a small error margin,
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and the minimum At,, 4 is calculated, considering the velocity of the fluid in the inner pipe (v;) and

in the outer pipe (v,). Then, the internal time-step is calculated as expressed in the equation (23):

dz dz
At = 0.99 - min (—,—)

Vi Vo

(23)

2.4  Optimal location of the ground nodes

Regarding the thermal response of the ground and the amount of soil that is affected by the heat
injection during a specific time period, it is usually addressed by adding a number of radial ground
nodes and discretizing the soil mass in small radial steps until the far-field radius, where the effect of
the heat injection vanishes. This far-field radius calculation has been addressed by several authors, for
example, Hart and Couvillion [46] defined it as ., = 4v/at, which depends on the ground thermal
diffusivity (a) and the injection period (t). The addition of ground nodes inevitably leads to an increase
in the complexity of the model and therefore, an increase in the computational cost. Therefore, only
three ground nodes are used in the coaxial B2G model in order to model the affected surrounding
ground. In this context, the location of the ground nodes position is key in order to accurately reproduce

the thermal behaviour of the surrounding ground affected by the heat exchange with the BHE.

The position of the three ground nodes is defined by three penetration radii: R, for the first ground
node (short-term), R,,, for the second ground node (mid-term) and R,,, for the undisturbed ground
node. The calculation of these penetration radii is not straightforward, as they will influence in the
calculation of the ground temperature and thus, in the fluid temperature calculation. For example, for
the first ground node, the higher the value of the penetration radius, the greater the amount of ground
that the model will consider, and as a consequence, the greater will be the heat capacity of this ground
section. In the case of a greater heat capacity, the temperature of this node will vary more slowly, and

it will have an influence on the short-term evolution of the water temperature. Analogously, the same
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will occur with the second ground node. However, the position of the undisturbed ground node will
only have an influence in the heat transfer between the second ground node and the undisturbed ground
node (increasing or decreasing the thermal resistance), as it only represents a temperature boundary,

with no temperature variation.

The optimal position of the three ground nodes will depend on the thermo-physical properties of the
ground (effective thermal conductivity and capacity), the operating conditions (heat injection period
in a day) and the borehole geometry (borehole diameter), according to the equation (24). In the
determination of the effective thermal conductivity and capacity the weighted average of the different
layers has been calculated in the case of a layered ground with different materials; in the case of

groundwater flow, an increased thermal conductivity would be considered to account for this effect.

Rgplf Rng’ Rug = f(kg, Cg, t, Db) (24)
In the B2G model thermal network, the ground nodes position was defined by the penetration

diameters. These diameters are defined by the penetration radii, as it is presented in the equation (25).

Dgp1 =2 Rgp1; Dgpz =2 Rgpa; Dyg=2-Ryg4 (25)

2.4.1 Methodology

In order to calculate the optimal location of the ground nodes that reproduces with the highest possible
accuracy the temperature variation of the ground nodes and the heat transfer along the ground, a new
methodology is proposed and described in [47]. It consists in comparing the B2G model with the
Infinite Cylindrical Source (ICS) model, trying to minimize the difference between the results of the

two models when calculating the temperature of the first and second ground nodes.
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In this comparison, a constant heat flux on the borehole wall during all the heat injection period is
assumed, and the ground temperature variation is calculated for the ground nodes position and the heat
transfer rate between them, for each time step. The ground nodes position (penetration radii Rg;,1, Rgp

and R, 4; corresponding to the ground nodes T4, Ty, and T4, respectively) will be optimized, so the

ug»
difference between the results calculated by the two models is minimum.

For this purpose, the B2G thermal network has been adapted in order to consider a constant heat flux
on the borehole wall instead of the fluid through the BHE tubes. Therefore, a node on this surface is
considered (T,), and a constant heat flux (q,) is imposed. Figure 4 shows the thermal network
corresponding to this problem. The ground nodes T,; and Ty, are located, each one, at the average
distance between the two concentric circumferences that form each annulus region. These positions

are defined by the radii r,; and ,, respectively, according to the equation (26).

Ryp1 + 7 R;p2 + R
__gp1 Vb | _ 'gp2 gpl
rgl - 2 ) ng - 2 (26)

where 13, represents the borehole wall radius. On the other hand, g, represents the heat transfer between

the ground nodes T, and T,,, while g, represents the heat transfer between T, and T,,4.
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Figure 4. Thermal network used for the calculation of the penetration radii

The main parameters used in the models are the borehole radius (13,), the ground thermal conductivity
(4), the ground volumetric heat capacity (c,) and the heat flux (q,). The main inputs are the three
penetration radii (Ryp1, Rgp2 and R,4). The initial ground temperature is assumed to be zero, as only

the temperature variation is calculated.

An optimization algorithm implemented in MATLAB® is used to find the optimal position of the three
ground nodes that minimizes the difference between the B2G and the ICS models. Finally, in order to
make the use of the B2G more general, polynomial correlations will be calculated to define these
ground nodes positions and implemented inside the TRNSYS B2G model, so the position of the ground
nodes can be calculated internally depending on the soil thermal properties, the BHE geometry and the
system operating conditions. This way, the use of the B2G model can be extended to any BHE
configuration, type of soil and operating conditions (total equivalent daily operating hours), enhancing
its widespread use, as the user only needs to introduce these parameters as inputs to the TRNSY'S type
instead of estimating the ground penetration diameters. Furthermore, this methodology can be
implemented for the U-tube B2G model, as the penetration diameters are calculated considering the

heat injection on the borehole wall.
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2.4.1.1 B2G model

In the B2G model, the temperature of the ground nodes T, and Ty, is calculated using the main BHE
parameters and penetration radii. First, the thermal capacitances (C) of the two ground nodes are
calculated according to equation (27), together with the UA values, which represent the thermal

resistance between ground nodes, as shown in equation (28).

Cop=m(RZyy —12)cy 5 Coa=m(R2y, —RZp1) Cy (27)
UA 2mwA - _ 2mwA - _ 2mwA 28
bgl ln(rgl/rb) ’ 9192 = ln(rgz/rgl) ’ g2ug — ln(Rug/rgz) (28)

Second, the ground nodes temperatures (Ty; and T,,) are calculated using the energy balance

equations. The undisturbed ground temperature is defined as zero (T,,; = 0).

o
Cy1 %11:(15) =qo + UAg14; (ng(t) - Tgl(t)) (29)
o,
Co2 %zt(t) = Ulgigz (Tor(t) = Tya(0)) + UAgaug (Tug(®) = Tya(0)) (30)

2.4.1.2 Infinite Cylindrical Source model

The Infinite Cylindrical Source (ICS) model calculates the heat transfer in the region bounded
internally by a hollow circular cylinder and constant heat flux in its surface. In this case, the internal
circular cylinder would correspond to the BHE, with radius 7, and the constant heat flux through its
surface would be g,. The solution for the calculation of the ground temperature along the radial
distance was provided by Carslaw and Jaeger [10]. This solution is presented in equation (31), where

the initial ground temperature is zero, and a represents the thermal diffusivity of the ground (a =
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A/c, ). Joand J; represent Bessel functions of the first kind of order zero and one, respectively, and Y,

and Y; represent Bessel functions of the second kind of order zero and one, respectively.

TS (r,t) = —

do foo(l - e—auZt)]o (ur) Yy (urp) — Yo (ur) Jy (ury) du 31)

21y u?[JE(ury) + YZ (ury)]

Therefore, the temperature in the ground nodes will be calculated by the equation (32).

TIS@®) =T'S(rgnt) 5 TES(®) =TI (rgp t) (32)
2.4.2 Calculation of the ground nodes position
Both the B2G and ICS models were implemented in MATLAB®, so it is possible to calculate for each
time step the temperature of the ground nodes and the heat transfer rates for a given set of parameters:

borehole radius (13,), ground properties (thermal conductivity, A and volumetric heat capacity, c,), heat

flux (go) and heat injection time_during one operational day (t). The time (t) to be considered

corresponds to the time during which the heat pump is in operation and using the ground as a source

or sink. The penetration radii (to be optimized) are introduced as inputs in the models: R, R, and

Ryg.

In order to compare the two models, the temperatures of the first and second ground nodes (T4
and T, respectively) are calculated by each model. So, the optimization solver will calculate the set

of radii that minimizes the RMSE between these temperatures, calculated by the B2G and the ICS
models. The total RMSE is defined as the sum of the RMSEs for each temperature, as shown in the

equation (33).

B2G 1cs)? B2G 1cs?
YRMSE = J (Tt = Ty + \/ i=1(Tgd — Tos (33)
n n
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In order to find the optimal penetration radii, an optimization algorithm is used. For this study, a pattern
search optimization methodology was used, using the solver patternsearch already implemented in the
Global Optimization Toolbox in MATLAB® [48]. In this solver, initial values for the penetration radii
are provided, and it will search the values of the radii that minimize the sum of RMSEs (};RMSE),
subject to the constraint that each ground node penetration radius must be lower than the next one,

according to the equation (34).

Rgp1 < Rgp2 < Ryg (34)

The new methodology was tested for a real BHE using data from a Thermal Response Test (TRT)
carried out in Houten, The Netherlands [47]. However, in order to facilitate this calculation for any
type of soil, BHE and system operating conditions, a parametric calculation was carried out for a wide
range of values of the different variables in order to obtain a polynomial correlation, easy to handle, to
be implemented inside the B2G model. Therefore, it can automatically calculate the ground nodes
position, introducing the values of the influencing variables as inputs. The values that were used for

the parametric study are shown in Table 1.

Table 1. Parameters values to calculate the penetration radii correlations

Parameter Values Units
Ground thermal conductivity (1) [12 3 4] W/(m-K)
Ground volumetric heat capacity (c,) [1000 2000 3000 4000] kj/(m3 - K)
Borehole radius (73) [0.03 0.05 0.07 0.09] m
Heat injection time during one day (t) [6 12 18 24] h

It should be mentioned that the calculation of the ground nodes position was carried out with different
values of heat flux, g, (15, 30 and 90 W/m), producing the same optimal position of the ground nodes.

Therefore, it can be concluded that this position is independent of the heat injected, but only depends
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on the parameters mentioned above. As a consequence, this optimal position will be valid when used
inside the B2G model for a variable heat load in the BHE, also along the borehole depth. So it can be
used for the modelling of a whole ground source heat pump system, where the heat load into the ground

will vary.

A combination of the different parameters shown in Table 1 was used as an input to the MATLAB®
optimization method, considering a time step (At) of 1 minute. Several preliminar studies were carried
out in order to find an appropriate expression that better correlates the different parameters in a single
equation for each penetration radius. The optimization algorithm implies difining an initial point. As
a first approach, different initial points in the algorithm ([Ryp1, Rgp2, Rug,] = [0.1 0.2 0.3] m and
[Rgp1, Rgp2, Rug,] = [0.3 0.6 0.8] m) were defined for the penetration radii. It was found that an
expression that fitted with a good accuracy the calculated points is one correlating each penetration
radius divided by the borehole radius as a function of the Fourier number (using the borehole radius

as the representative length), as shown in the equations (35)-(38).

R
9P — A, + B, - Fo-* (35)
Ty
R
gp2 = AZ + BZ . Fogz (36)
Ty
R
Y9 — Ayg + Bug - Fo," (37)
Ty
a-t
FOb = — (38)
Ty

where A;, B;, C; are constants to be calculated, « is the ground thermal diffusivity, t is the total heat

injection time during one operational day and r;, is the borehole radius.
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Once the type of correlation is identified (equations (35)-(37)), it can be used to better define the initial
points of the penetration radii [Rg,1, Rgpz2, Rug,] in the optimization algorithm. In Figure 5, it is shown
the preliminary results obtained with the MATLAB® algorithm, used to obtain the preliminary
correlations for setting this initial point. Considering the coefficients presented in Table 2 in the
equations (35)-(37), it is possible to provide initial points for the different combination of variables,
closer to the global optimum, rather than using a constant starting point for all the values of the
parameters as it was initially carried as a first approach. Therefore, it was decided to use these
preliminary correlations to set the initial points in the optimization algorithm in MATLAB®, for the

determination of the final correlations.

Table 2. Coefficients of the preliminary correlations used as initial point [49]

Rgp1, Rgp2, Rug,
4; 1.268325 0.663032 0.922542
B; 0.482196 1.621079 2.265936
C; 0.502414 0.470611 0.487034
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Figure 5. Preliminary correlations for setting the intial point [Ryy1, Rgp2, Rug,]

The results of the final parametric study are shown in Figure 6 (plotted markers), together with the
values obtained with the final correlations (plotted in solid lines). The coefficients of these correlations

are shown in Table 3.

Table 3. Calculated coefficients for the final penetration radii correlations

Rgpl Rgzﬂ Rug
4; 0.976794 0.926305 0.767003
B; 0.611236 1.416714 2.312549
C; 0.420103 0.451364 0.466674

Figure 6 shows that the correlations fit with a good accuracy the calculated points, the RMSE for each
of the penetration radii correlation was calculated, comparing the values of the 256 points calculated

by the optimization algorithm with the values calculated with each correlation, obtaining a RMSE of
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0.0017 m for Rg;,q, 0.0049 m for R, and 0.0077 m for R,,4. So the correlations calculate with a good

accuracy the penetration radii and are fitted to be used inside the B2G model.

The polynomial correlations were implemented inside the B2G model in order to automatically
calculate the penetration radii that define the ground nodes positions. The suitability of these
correlations will be proved in the following section, where the whole B2G model will be

experimentally validated.
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b }'b - - b

Figure 6. Comparison between the penetration radii correlations and calculated points

3 Experimental validation
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3.1 Installation in Tribano

In this work, experimental measurements under the normal operation of a demonstration installation
in Tribano have been used to validate the BHE model. The Tribano demo-site is one of the
demonstration facilities installed in the framework of the H2020 European project GEOTeCH [50],
located at the factory of the company HiRef S.p.A. [51] in the municipality of Tribano, in the province
of Padua (Italy). It consists of a Dual Source Heat Pump (DSHP) system, able to work with the ground
or the air as a source/sink. It provides heating and cooling to four rooms in the office building located
at the factory. It is able to produce DHW as well. The DSHP system was installed in the second half
of the year 2017 and it started working around January 2018. The DSHP installed in the system is a
prototype developed inside the framework of the GEOTeCH project by HiRef S.p.A., with a nominal

capacity of 16 kW for heating and 14 kW for cooling, working with a variable speed compressor. The

heat pump is located outside of the building and connected to the BHES field 20 m far from the heat
pump. The BHEs field consists of eight coaxial BHES with a length of 30 m each. The DHW tank, the
distribution of the pipes, as well as the control and data acquisition system are located inside a technical

room next to the DSHP [52]. The system is fully monitored since the beginning-

3.1.1 BHEsfield

The BHEs field is located around 20 m far from the DSHP under the parking of the factory. It consists
of eight coaxial BHEs with a length of 30 m each, distributed in a rectangular configuration of 2x4
with a separation of 6 m between each other (see Figure 7). The different BHES are connected in
parallel in eight different hydraulic lines, using water as the circulating fluid; the connecting pipes
length to each BHE from the collector are different and the hydraulic circuit is not balanced. The water
flow coming from the heat pump is distributed in the eight BHESs hydraulic lines from a collector. The

ground loop circulation pump is continuously running 24 hours a day. The BHEs present a coaxial
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configuration, with a PE100 SDR17 OD90 outer pipe and a PP SR11 OD63 inner pipe. The connecting
pipes are PE100 SDR11 DN32. The BHEs were not grouted, as a hydrogeological study proved that it
was not necessary and the hollow stem auger drilling developed in the GEOTeCH project was not
equipped with the grouting devices at the moment of the installation. The absence of grouting caused
the surrounding ground to collapse around each BHE when the drilling rods that contained it were
removed. The geology of the site consists of unconsolidated, alluvial soil, with very fine grain size

(silt and clay) and a low permeability, with sandy layers in between at different depths [53].

The eight coaxial BHEs are connected in parallel in eight different hydraulic lines that are distributed
and collected in the collector pit. Since there are no balancing valves in the hydraulic system, the mass
flow rate through each BHE will be different, due to the different pipes length between the collector

and each BHE.

3.1.2 Monitoring system

The system incorporates a magnetic flowmeter (with an accuracy around 0.5-1.0%) in the ground loop,
measuring the total mass flow rate, so there are no measurements of the flow through each BHE. As
the BHESs hydraulic circuit is not balanced, the mass flow rate through each BHE might be different
due to different pipe lengths. The inlet and outlet temperature of the ground loop are measured with
PT100 sensors (with an expected accuracy of +0.1K). Additionally, some other temperature sensors
were installed in the BHE field, in order to analyse the temperature of the surrounding ground and the
inlet and outlet temperatures of one of the BHESs [53]. On one hand, the inlet and outlet temperature
values of BHES (see Figure 7) and the collector are measured with PT100 sensors. On the other hand,
three observation boreholes were installed (OB1, OB2 and OB3 in Figure 7) with the purpose of
studying the thermal evolution of the surrounding ground at different depths due to the climatic
influence, as well as the heat injected/extracted by the BHESs. They consist of three pipes (PE100

SDR11 OD63) installed at different distances and orientations from the BHES in a straight line. One
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of them was installed between BHE8 and BHE6 (OB1), and two out of the BHEs field, west to the
BHES, at distances of 1 m (OB2) and 3 m (OB3). In this way, the thermal interaction between the two
BHESs can be observed at OB1, while the OB2 and OB3 are mostly influenced only by BHE8. OB2
was installed as close to BHES as possible in order to study the influence of heat injection/extraction
of one BHE in the local closest surrounding ground. On the contrary, the temperature measured in

OB3 represents better the undisturbed ground temperature evolution.

Each observation borehole is filled with water and four temperature sensors are placed at depths of 2,
5, 10 and 15 meters each. The temperature sensors that were used are Therm Links, based on Modular
Underground Monitoring System (MUMS) technology developed by ASE S.r.l. The accuracy of the

Therm Links is £0.5K, and the PT100 sensors have a tolerance of 0.15K at 0°C [53].

The map with the localization of the eight BHES, the distribution system and the monitoring boreholes

OBs, is presented in Figure 7.
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Figure 7. Map of the BHE field in the Tribano demo-site. Temperature sensors are located in OB 1,
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OB 2 and OB 3 (blue), as well as on the head of BHE8 and COL (yellow) [53]

3.2 Calculation of mass flow rates

The mass flow rate through each BHE line was estimated assuming that the total pressure drop through
each line (distribution pipes and BHE) would be the same in the eight lines. So, the pressure drop was
calculated depending on the mass flow rate for the BHE and the connecting pipes. An extra pressure
drop of 310 Pa was considered for the head assembly and foot inversion in the BHE, based on internal
studies carried out in the GEOTHEX® BHE by the company Groenholland BV [54]. The calculation
of the pressure drop through each line as a function of the mass flow rate was implemented in an Excel
spreadsheet and then, using the Solver tool, the mass flow rate of each line is calculated by means of
a mathematical algorithm in order to obtain the same pressure loss in all the lines. The total mass flow
rate that was estimated corresponds to the near constant mass flow rate at which the system was
working at that moment. The solution obtained by this methodology is shown in Table 4. The flowing
time through each entire line is also shown in the table. It can be seen that this time will be considerably

different in the different BHE lines, because of the different length and water velocity.

Table 4. Mass flow rate calculation

Mass flow | Percentage | Lengthof | Pressure Pressure Total Flowing

BHE rate of total flow | onepipe | drop pipes | drop BHE | pressure time

(kg/h) rate (m) (Pa) (Pa) drop (Pa) (min)
1 564 14.2% 11 1272 809 2081 14
2 765 19.3% 5 1042 1039 2081 10
3 463 11.6% 17 1371 710 2081 18
4 565 14.2% 11 1274 807 2081 14
5 400 10.1% 23 1431 651 2081 21
6 463 11.6% 17 1371 710 2081 18
7 356 9.0% 29 1474 608 2081 25
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Mass flow | Percentage | Lengthof | Pressure Pressure Total Flowing
BHE rate of total flow | onepipe | drop pipes | drop BHE | pressure time
(kg/h) rate (m) (Pa) (Pa) drop (Pa) (min)
8 400 10.1% 23 1431 651 2081 21
X 3975 100.0% 2081

The mass flow rate through each line would be quite different depending on the length of the
distribution pipes, as the pressure loss will increase with the pipe length and then, the mass flow rate
will decrease in order to compensate this effect vertical discretization; as a result, the BHE lines with
longer pipes would present a lower flow rate. Focusing on the BHES8, the mass flow rate would be

around a 10% of the total.

For the validation of the B2G coaxial model with the BHES data in different days, a constant flow rate
of 400 kg/h was assumed, together with the monitored inlet and outlet temperature values on the head

of the BHES.

3.3 Validation of the model under daily operating conditions

The validation of the B2G model was performed by implementing it as a new TRNSYS type. The
geometrical characteristics and the thermal properties of the BHE and surrounding ground were set as
parameters and the inlet temperature measured for the BHES, together with the calculated mass flow
rate were introduced as inputs in the model. Therefore, the result of the TRNSY'S simulation was the
outlet temperature, to be compared with the experimental values collected by the monitoring system.
The RMSE between the simulated and experimental outlet temperature was calculated according to

the equation (39), the relative RMSE (RRMSE) was calculated as the quotient of the RMSE divided

by the average temperature difference between the experimental inlet and outlet during all the

simulation period, according to the equation (40); while the equation (41) was used to obtain the heat

transfer in the fluid and then to -compare the experimental and simulated results.
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2
\/Z?=1(TBZG,L“ - Texperimental,t) (39)

RMSE =
n
RRMSE = —RMSE 100
|Tm - Toutl '(40)'
Q)= fm Cp (Tour — Tin)dt (41)

For validating the B2G coaxial model under different operating conditions, two representative days
were selected: one for the summer season (cooling mode) and one for the winter season (heating
mode), so the model was validated with the system injecting heat into the ground and extracting heat
from the ground, respectively. Additionally, a simulation of the BHE during five days of operation
was carried out in heating mode. The day selected for the summer season was the 13" of September
2018, for the winter season the 19" of November 2018 was selected and for the five days period it was

selected from the 191 to 23" of November 2018.

The soil in Tribano presented different layers of wet clay and sand_[55], so the ground thermal
properties were assumed as the average values of these materials at the different depths, in five layers,

with values extracted from the norm UNI 11466:2012 [56]. The assumed values for the ground thermal

conductivity and volumetric heat capacity are presented in Table 5.

Table 5. Ground thermal properties at different depths used in the B2G model

Thermal conductivity Volumetric heat
Depth (m)
(W/(m-K)) capacity (kJ/(m*-K))
0-8 1.8 2400
8-18 2.4 2500
18-21 1.8 2400
21-26 2.4 2500
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Thermal conductivity Volumetric heat
Depth (m)
(W/(m-K)) capacity (kJ/(m3-K))

26-30 1.8 2400

Considering these values presented in Table 5, the weighted average was calculated in order to
determine the penetration diameters for the whole BHE depth. These average values are shown in

Table 6, together with the main parameters used in the model.

Table 6. Main parameters used in the B2G coaxial model for the Tribano BHE

Thermo-physical properties Geometrical characteristics
Inner pipe conductivity 0.2 W/(m-K) Length 30 m
Outer pipe conductivity 0.4 W/(m-K) Borehole diameter 0.135m
Average ground thermal Inner/Outer diameter of
2.1 W/(m-K) 0.063/0.0514 m
conductivity the inner pipe

Average ground
Inner/Outer diameter of
volumetric thermal 2450 kJ/(m3-K) 0.09/0.0792 m
the outer pipe
capacity

Being no grout in the gap between the outer pipe and the borehole wall, the properties of the ground
were considered in the theoretical grout region of the B2G model. The number of vertical divisions

considered in the model wereas 150. A big number of vertical divisions was considered because the

simulation period was small (one to five days), nevertheless, a sensitivity study was carried out and a

good accuracy could be obtained with a lower number of vertical nodes. For example, reducing the

number of nodes from 150 to 50 means a 2% lower accuracy when calculating the RMSE, but the

simulation time is reduced from 2.1 seconds to 1.3 seconds. The simulations were carried out in a

computer with a processor Intel Core i7-7700 CPU @ 3.6 GHz 3.6 GHz and 8 GB of RAM and a

simulation time step of 1 minute, according to the sampling data.
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As the circulation pump of the ground loop and the heat pump in the system did not stop during the
night, the initial ground temperatures were not straightforward to determine. For the summer day, an
undisturbed ground temperature vertical profile was used, based on the work presented in [53]; the
increment of temperature due to all the heat injected and extracted during the operation of the system
from the start in February was calculated using an Infinite Line Source solution approach, described
in [49]. With this approach it was possible to calculate the ground temperature change at different
distances from the BHE, considering all the heat injection and extraction during a determined period.
So, the vertical temperature profile was determined based on the undisturbed ground profile, adding
the calculated temperature increase at the different ground nodes distances (determined by the
penetration diameters shown in Table 7). This solution considers the total heat transfer in the entire
BHE field (calculated from the monitored data) and the interaction between the BHES in the specified

field configuration.

However, it was not possible to apply this methodology for the winter day due to the fact that there

were some gaps in the monitored data and the total heat injected and extracted with the ground was

not known. Therefore, it was decided to consider Regarding-the initial and undisturbed ground

temperatures as for-the-winter—day,—an estimation was—earried—eut-based on the monitoring data

measured inside the observation boreholes described in section 3.1.2.

4  Results and discussion

The penetration diameters calculated inside the model, according to the correlations presented in
section 2.4.2, are shown in Table 7 for the different heat injection periods: one day or five days,

considering the average thermal properties of the ground.

Table 7. Penetration diameters for the Tribano BHE model at different heat injection times

Heat injection time () D gy (m) D gy, (m) D, (m)
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24 hours 0.40 0.80 1.25

120 hours 0.66 1.52 2.53

The simulations were carried out with a time step of 1 minute, the inlet temperature measured at the
head of the BHES8 was introduced as an input in the model and a constant flow rate of 400 kg/h was
assumed. The simulated outlet temperature was compared with the measured outlet temperature at the
head of the BHES8. The results of the different simulations are shown in Figure 8 for the summer day,
in Figure 9 for the winter day and in Figure 10 for the simulation of the operation during five days.
The simulation time for the daily simulations was around 2.5 seconds, while the simulation time of the

five days operation was around 7.2 seconds.
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Figure 8. B2G coaxial summer day operation (13/09/2018): simulation results
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The simulated results have confirmed a good agreement with the experimental measurements in all the

cases. The RMSE, the RRMSE, the highest temperature error and the difference in the heat transfer

between the simulated and experimental results are shown in Table 8. The RMSE are-is lower than 0.1
K in the winter days simulation, while it is around 0.12 K for the summer day simulation. The RRMSE

is lower than 10% in all the cases, while-F the difference in the heat transfer is lower than 4% in all

the cases.

Table 8. B2G coaxial daily operation in Tribano: calculated errors

Simulated-heattransfer
Galeulated
Highest outlet (% -of
Experimental
RMSE (K) RRMSE temperature experimental)Simulated
heat transfer
difference (K) heat transfer (deviation
from-data-(k])
from experimental
Summer day 0.1209 9.5 % 0.4530 51140 +0.91%
Winter day 0.0747 72% 0.2857 41716 +3.43%
5 winter days 0.0875 8.9 % 0.4177 198087 -2.06%

Regarding the experimental validation figures, it should be mentioned that, as the ground loop

circulation pump is continuously running during the whole day, there is always a temperature

difference between the fluid inlet and outlet temperatures in the BHE, with a consequent continuous

heat injection/extraction, which takes greater values when the heat pump is working with the ground.

5 Conclusions

A-new-dynamic-modek The final upgraded version of the B2G model implemented in TRNSYS is able

to accurately reproduce the short-mid term (up to five days) behaviour of a Borehole Heat Exchanger

(eoaxial-BHE) with a low computational time. The main innovation relies on the modelling of the

local surrounding ground by using three ground nodes, whose optimal position is automatically

determined depending on the thermo-physical properties of the ground, the BHE geometry and the
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operating conditions of the system (heat injection period during a day). -was-developed(B2G-medel)

period-during-a-day)—The B2G model can be coupled to a long-term model, able to simulate the long-

term ground response, and so considering the BHEs field history and the interaction between BHES.

As aresult, the B2G model can be used as a black box in an integrated GSHP-ground source heat pump

system model in TRNSY'S to predict the short-mid term behaviour of the ground loop and provide an
accurate inlet to the heat pump in order to simulate its performance and the coupling with the rest of

the system.

The model validation with the dual source heat pump installation of Hiref headquarters in Tribano
(ltaly) presented a good agreement (RMSE<0.12 K) between the simulated results and the
experimental data, confirming that the B2G model correctly reproduces the short-mid term response

of the coaxial BHE under system real operating conditions.-
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AbbreviationsNomenclature

a thermal diffusivity (m?/s)

A area (m?)

c volumetric thermal capacity (J/m*-K)
C thermal capacitance (J/K)

Cp heat capacity (J/kg-K)

D diameter (m)

h convective heat transfer coefficient (W/m?-K)
k conductivity (W/m-K)

A thermal conductivity (W/(m-K))

m mass flow rate (kg/s)

n number of nodes (-)

q heat flux (W/m)
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r radial distance (m)

R thermal resistance (K/W) / penetration radius (m)

p density (kg/m?3)

t time (s)

T temperature (°C)

U overall heat transfer coefficient (W/(m?-K))
v velocity (m/s)

z borehole depth coordinate (m)

Abbreviations

B2G Borehole-To-Ground (BHE dynamic model)
BHE Borehole Heat Exchanger

DSHP Dual Source Heat Pump

GSHE Ground Source Heat Exchanger

GSHP Ground Source Heat Pump

OB Observation Borehole

RMSE Root Mean Square Error

RRMSE relative Root Mean Square Error
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Subscripts

bgl

co

ei

€o

gl

g2

9192

gpl

gp2

initial point

borehole / grout

borehole node to short term ground node

inner diameter of the inner pipe

outer diameter of the inner pipe

inner diameter of the outer pipe

outer diameter of the outer pipe

ground

ground node (short term)

ground node (mid-term)

short term to mid-term ground nodes

ground penetration for short term ground node

ground penetration for mid-term ground node

convection

inner pipe zone

inner pipe

inlet

inner pipe node to outer pipe node
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] j-node

0 outer pipe zone

op outer pipe

out outlet

ob outer pipe zone to borehole backfilling node
ug undisturbed ground

X borehole node position
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