
Chapter 4

Close loop systems

4.1 Description

The basic idea of this system is to dissipate excessive heat into the ground
(geothermal energy) and to utilize it by means of suitable systems integrated
into the building. The most suitable system for Barcelona are the so-called
energy pillars. These pillars, apart from being the foundation of the building,
play a role as heat interchanger.

High density Polyethylene(HDPE) piping forming closed circuits is incorpo-
rated in the concrete. This is used to circulate the heat transfer medium and
transport the thermal energy to the central building services control system.
Providing that the conditions are right, the fluid used can be water or mixture
of water and antifreeze. The piping units are attached to the reinforcing cages.
Then, the right cages are placed in the locations determined by the structural
engineer and cast in concrete. The pipe spacing is derived from the calculation of
energy use. As a rule, a pipe circuit(water circuit) will have a length of 150-300
m. from manifold to header block.

The heat pump produces temperatures between 25◦C and 35◦C in the heat
transfer medium. These medium is then circulated through the piping and it
dissipates thermal energy in the aquifer through the concrete. The temperature
of the medium has decreased, and then it is driven to the heat pump again,
where it is warmed again.

4.2 Single GHE model

A first approximation to the problem was conceived as an idealization of the
working of a single heat exchanger. This model may be helpful to:

Estimate the potential of this system We will be able to know how much
thermal energy will dissipate one of this GHE. This way, a latter extrap-
olation to its application for a whole building is quite straight-forward.
A rough approximation of the number of energy pillars needed will re-
sult as the division of the amount of power required to dissipate and the
dissipation capacity of each pillar.
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..

Figure 4.1: Close loop layout

Estimate the variation of temperatures in the pipe In order to transfer
energy from the heat pump to the medium, it is essential to guarantee a
minimum temperature gradient. If not, the efficiency of the system will
decrease.

4.2.1 Description

A heat pile of 0.5 m. diameter rigged with 1 loop of 0.05 m. diameter is modelled
in this first approach to the problem. Since the code we are using only works
with 2D geometries, we ought to split the pillar into three different layers:

1. A first layer containing the concrete foundation and the x-sections of the
inlet and outlet pipes.

2. An intermediate layer in which we consider a horizontal pipe as the junc-
tion between the inlet and outlet pipes.

3. A third layer to simulate that there is a certain thickness of concrete at
the bottom of the foundation protecting the pipe.

The code requires the existence of 1D element layers in order to ensure the
continuity of the model. These 1D elements link nodes of different layers that
have the same (X,Y) coordinates.

4.2.2 Boundary and initial conditions

In order to create a water flux inside the pipe, two boundary conditions are
chosen:

Prescribed flow(Neumann condition) A flow of 24 m3/d is prescribed in
the inlet pipe of the pile.
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Prescribed head(Dirichlet condition) A head of 0.5 m. is prescribed in the
outlet pipe of the pile.

Note: So as to avoid the flux matrix to be singular, neither two flows nor
two heads are prescribed in the pipe.

When it comes to the transport problem, three different boundary conditions
have been taken into account:

Heat flow(Robin/Neumann condition) 1 A heat flow with constant tem-
perature of 25◦C is assumed in the inlet pipe. Since the water is leaving
the system in the outlet pipe, the heat flow will be calculated with the
actual temperature of the water in that moment.

Prescribed temperature(Dirichlet condition) The outer and the bottom
surfaces of the pillar are supposed to remain to a constant temperature of
19◦C.

In order to provide an initial condition to the heat transport problem, the
whole system is assumed to be in thermal equilibrium of 19◦C.

Instead of creating a very long transient problem involving more compu-
tational cost, a steady-state has been studied. This is a way to analyze the
long-term temperature distribution. The steady-state implies that no heat is
stored in the pillar.

4.2.3 Results

Table 4.1: Energy balance
Inlet Outlet Dissipation

Temp(◦C) 25 24.73 0.27
Power(Kw) 29.03 28.71 0.32

Figure 4.2: Temperature distribution in layer 1

The first picture shows the temperature distribution in the first layer. There
are no important changes in the temperature of the fluid that circulates through

1See Appendix 7.1 Boundary conditions
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the pipe. The color scale has a step of 0.5◦C and the temperature variation
between the inlet and the outlet was approximately 0.3◦C.

Figure 4.3: Temperature distribution in layer 2

The second picture show the horizontal pipe that links the vertical ones. The
pipe is so short that no change in temperature is noticeable.

Figure 4.4: Temperature distribution in layer 3

The third picture clearly shows that no heat is transferred to the base of
the pile. This is coherent with our boundary conditions since a temperature of
19◦C was prescribed there.
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4.3 Plan model

The first local model of this study consist of an application of the heat pile
considered in the former section in a portion of the Besos river aquifer.

Now there will be water flux inside the pipe and in the aquifer. Heat transport
will take place from the pipe to the aquifer by means of conduction. Once there,
not only conduction but also advection caused by the water flux and dispersion
will be the processes responsible of dissipating the thermal energy.

4.3.1 Description

The pile has a diameter of 0.6 m. and is rigged with one loop. The spacing
existing between the two pipes is approximately 0.3 m. The dimensions of the
aquifer are 50x10x20 m. The picture below depicts the general scheme of the
model:

Figure 4.5: Plan model general view

A multilayered model was created in order to simulate the existing geology
of the area and take into account the modelling of the pile. A brief description
of the contents and thickness of each layer is given below:

Table 4.2: Layer description
Layer Thickness(m) Content

1 3 Aquifer+pile+pipes
2 1 Aquifer+pile+pipes
3 5 Aquifer+pile+pipes
4 1 Aquifer+pile+pipes
5 5.35 Aquifer+pile+pipes
6 0.05 Aquifer+pile+hor.pipes
7 0.2 Aquifer+pile
8 4.4 Aquifer

A time period of 3 years has been simulated. Instead of a continuous inter-
change of heat between the heat pile and the aquifer, it has been assumed that
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the piles only work 6 months a year. The point in doing this is to see if the
aquifer is capable of returning to its original situation. If don’t, a heat plume
will grow and it will reach a steady state eventually.

Figure 4.6: Pile working cycle

4.3.2 Boundary and initial conditions

The flux boundary conditions in the pipe are exactly the same than before,
that is, a Neumann and a Dirichlet condition at the inlet and oulet pipes. The
flow circulating in the pipe is then 24m3/d and a head is prescribed in order to
prevent the flux matrix from being singular.

In terms of the aquifer, the boundary conditions are:

Null water flux(Neumann condition) North and South contours of the aquifer
are assumed to have a null water flux condition because the gradient is
parallel to them.

Prescribed heads(Dirichlet condition) Western and Eastern contours have
a prescribed head creating the natural gradient (0.15%) of the aquifer.

The transport boundary conditions consist of several mass flow conditions.
Since our transport problem is a heat problem instead of a solute problem, our
condition may be called heat flow. It requires a concentration and the code calcu-
lates the flow as the product of the water flux of the zone and the concentration.
If the water is leaving the system, the code considers the actual concentration
in the balance instead of the prescribed one. In our case, this heat flow would
be a sort of energy since we only need to take into account the specific heat of
water to make the conversion.

Heat flow(Robin condition) A heat flow with temperature of 25◦C is pre-
scribed in the inlet pipe.

Heat flow(Neumann condition) A heat flow with temperature of 19◦C is
assumed in the outlet pipe. Since water is leaving the system at this point,
the code will not take into account the prescribed temperature as explained
before.
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Heat flow(Neumann/Robin condition) 2 Only eastern and western con-
tours have transport boundary conditions. Northern and southern con-
tours have null flux boundary condition and the resulting heat flow would
be 0.

Figure 4.7: Boundary and initial conditions

4.3.3 Results

A sensitivity analysis has been carried out so as to determine the importance
of the dispersivity since it is an uncertain parameter. It is known that is a
scale-dependant parameter but it also has something to do with the numerical
stability of the model. The Peclet criterion establishes the condition that must
be satisfied to guarantee numerical stability of the model:

Pe =
∆L
αL

≤ 2 (4.1)

where:

∆L nodal distance in the flux direction

αL longitudinal dispersivity

Null dispersivity(αL = 0m.)

The first picture shows the temperature distribution in a low permeability layer.
As a result, the Darcy velocity q will be also low and consequently, advection
and dispersion will not be very important. Then, the main heat transfer process
will be conduction. Since the porous media is isotropic, heat would transfer
equally in all directions. That explains the round shape of the heat plume in
this layer.

In contrast to the first picture, a long heat plume can be seen in the second
picture. This is a high permeability layer and the velocity of the flux here is

2See Appendix 7.1 Boundary conditions
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Figure 4.8: Temperature distribution in layer 3 for zero dispersivity

Figure 4.9: Temperature distribution in layer 5 for zero dispersivity

important. As a result, advection is the dominant process and conditions the
shape of the plume showing how the water flux cools the upstream surface of
the pile.

Some instabilities can be noted at the end of the plume. These instabilities
result from a null dispersivity. The Peclet condition for the mesh is not being
satisfied and the results oscillate.

Table 4.3: Energy balance for αL = 0m.
Inlet Outlet Dissipation

Temp(◦C) 25 24.78 0.22
Power(Kw) 29.03 28.78 0.25
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Constant dispersivity (αL = 10m.)

Figure 4.10: Temperature distribution in layer 3 for αL = 10m.

Again, a round shaped plume denotes the supremacy of conduction in this
low permeability layer depicted in the first picture.

Figure 4.11: Temperature distribution in layer 5 αL = 10m.

Surprisingly, no heat plume can be seen in the second picture. Only the
pile has a different temperature than the rest of the aquifer. Dispersion is so
important here that heat entering the aquifer is almost instantly dissipated. The
main process here is dispersion since the Darcy velocity of the flux is high and
the longitudinal dispersivity is 10m.

Table 4.4: Energy balance for αL = 10m.
Inlet Outlet Dissipation

Temp(◦C) 25 24.67 0.33
Power(Kw) 29.03 28.65 0.38

Taking a look at the energy balance we can infer that higher values of disper-
sivity improve the efficiency of the system since the amount of heat dissipated
increases. This is coherent with our deductions because higher dispersivity val-
ues cause that the thermal difference between the pipe and the surface of the
pile decreases. Then, the heat flux by means of conduction between the pipe
and the aquifer increases and more power is dissipated.
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Linear dispersivity (αL = 0.1x m.)

Figure 4.12: Temperature distribution in layer 3 for linearly growing αL

Layer 3 has a low hydraulic permeability(2.8m/d). This means that advec-
tion will not be a very important heat transport since the Darcy velocity will
be low. Then, taking into account that the porous media is assumed to be ho-
mogeneous in terms of thermal conductivity, it is easy to understand why the
heat plume is roughly round.

Figure 4.13: Temperature distribution in layer 5 for linearly growing αL

In contrast to the first picture, a long and thin heat plume is shown here.
The hydraulic permeability of this layer is high(130m/d). As a result, the Darcy
velocity will also be high and advection and dispersion will be the dominant
processes. But dispersion is rather small at this distance(α = 0.1x) so advection
will be more important. All these facts explain the shape of the heat plume.

Table 4.5: Energy balance for αL = 0m.
Inlet Outlet Dissipation

Temp(◦C) 25 24.78 0.22
Power(Kw) 29.03 28.77 0.26
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Comparison between different dispersivities

A compilation of all the pictures showed before will help to better understand
the effect of dispersion on the temperature distribution of the model.

Without dispersion, layer 3 temperature distribution is round because of heat
conduction. On the other hand, considering dispersion to be constant, the shape
of the heat plume is elliptical. This happens because longitudinal dispersivity is
always several times larger than transverse dispersivity.

In layer 5, where the flow velocity was higher, higher dispersion values result
in shorter plume lengths.

.. ..

Figure 4.14: Temperature distribution in layers 3 and 5 for zero α

.. ..

Figure 4.15: Temperature distribution in layers 3 and 5 for linearly growing α

.. ..

Figure 4.16: Temperature distribution in layers 3 and 5 for constant α

”Steel” pile

Another parameter has been changed so as to proof the behavior of the model.
Then, a new analysis with a pillar with the thermal conductivity of steel has been
calculated. The change results in a different thermal diffusion since it depends
on the thermal conductivity of the material.

Table 4.6: Energy balance
Inlet Outlet Dissipation

Temp(◦C) 25 24.51 0.49
Power(Kw) 29.03 28.46 0.57
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4.4 Vertical X-section model

The second local model of this study is similar to the plan one. In this case, only
half of the model has been considered and the pipes plane is taken as a symmetry
plane. This is a more visual approach to the problem because the differences in
thermal behavior of the materials of the aquifer are easily noticeable.

Again, there will be water flux inside the pipe and in the aquifer. Heat
transport will take place from the pipe to the aquifer by means of conduction.
Once there, not only conduction but also advection caused by the water flux and
dispersion will be the processes responsible of dissipating the thermal energy.

4.4.1 Description

The pile has a diameter of 0.6 m. and is rigged with one loop. The spacing
existing between the two pipes is approximately 0.3 m. The dimensions of the
aquifer are 100x20x35.2 m. The picture below depicts the general scheme of the
model:

Figure 4.17: Vertical X-section model general view

A multilayered model was created in order to simulate the existing geology
of the area and take into account the modelling of the pile. A brief description
of the contents and thickness of each layer is given below:

Table 4.7: Layer description
Layer Thickness(m) Content

1 3 Aquifer+pile+pipes
2 1 Aquifer+pile
3 5 Aquifer
4 1 Aquifer
5 5.35 Aquifer

A time period of 3 years has been simulated. Instead of a continuous inter-
change of heat between the heat pile and the aquifer, it has been assumed that
the piles only work 6 months a year. The point in doing this is to see if the
aquifer is capable of returning to its original situation. If don’t, a heat plume
will grow and it will reach a steady state eventually.
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Figure 4.18: Pile working cycle

4.4.2 Boundary and initial conditions

The flux boundary conditions in the pipe are exactly the same than before, that
is, a Neumann and a Dirichlet condition at the inlet and oulet pipes. The flow
circulating in the pipe is then 24m3/d and a head is prescribed in order to
prevent the flux matrix from being singular.

Note: Since the model is only half of the GHE, only half of the flow has been
considered(12m3/d).

In terms of the aquifer, the boundary conditions are:

Null water flux(Neumann condition) North and South contours of the aquifer
are assumed to have a null water flux condition because the gradient is
parallel to them.

Prescribed heads(Dirichlet condition Western and Eastern contours have
a prescribed head creating the natural gradient (0.15%) of the aquifer.

The transport boundary conditions consist of several mass flow conditions.
Since our transport problem is a heat problem instead of a solute problem, our
condition may be called heat flow. It requires a concentration and the code calcu-
lates the flow as the product of the water flux of the zone and the concentration.
If the water is leaving the system, the code considers the actual concentration
in the balance instead of the prescribed one. In our case, this heat flow would
be a sort of energy since we only need to take into account the specific heat of
water to make the conversion.

Heat flow(Robin condition) A heat flow with temperature of 25◦C is pre-
scribed in the inlet pipe.

Heat flow(Neumann condition) A heat flow with temperature of 19◦C is
assumed in the outlet pipe. Since water is leaving the system at this point,
the code will not take into account the prescribed temperature as explained
before.
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Heat flow(Neumann/Robin condition) 3 Only eastern and western con-
tours have transport boundary conditions. Northern and southern con-
tours have null flux boundary condition and the resulting heat flow would
be 0.

Figure 4.19: Boundary and initial conditions

4.4.3 Results

A sensitivity analysis has been carried out so as to determine the importance
of the dispersivity since it is an uncertain parameter. It is known that is a
scale-dependant parameter but it also has something to do with the numerical
stability of the model. The Peclet criterion establishes the condition that must
be satisfied to guarantee numerical stability of the model:

Pe =
∆L
αL

≤ 2 (4.2)

where:

∆L nodal distance in the flux direction

αL longitudinal dispersivity

There are two different ways to satisfy the Peclet condition for the mesh:

� Refine the mesh so as to reduce the nodal distance

� Increase the dispersivity

The mesh of this model is very refined in the pile because it is a small element
in comparison with the rest of the aquifer. If we intend to reduce the size of the
mesh elements, we will increase the CPU cost. The problems appear when it
comes to dispersivity since it is not a randomly chosen parameter.

Null dispersivity

The picture represents the temperature distribution in the aquifer at the end
of the third working period. In upper layers where the permeability is lower,

3See Appendix 7.1. Boundary conditions
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Figure 4.20: Temperature distribution at 875 days for zero dispersivity

conduction is the main heat transport process. Then, heat is transferred in all
directions. In contrast, a different shape of the heat plume can be observed in
lower layers where the permeability is higher. As it has been explained in the
former section, advection is more important here. The upstream surface of the
GHE is being cooled by the water flux and heat is transported downstream
(from W to E).

Dispersivity is not accounted for since it was assumed to be null.

Table 4.8: Energy balance
Inlet Outlet Dissipation

Temp(◦C) 25 24.55 0.45
Power(Kw) 14.51 14.25 0.26
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Constant dispersivity(αL = 10m.)

Figure 4.21: Temperature distribution at 875 days for constant dispersivity

The picture included here illustrates the temperature distribution at the end
of the third cycle. While the shape of the plume is similar to the null dispersivity
analysis in low permeability layers(conduction more important), the plume is
smaller in the constant dispersivity analysis for high permeability layers.

A value of 10 m. has been assumed for the longitudinal dispersivity. In a
high permeability layer, where the Darcy velocity is also high, dispersion plays
the most important role.

Table 4.9: Energy balance
Inlet Outlet Dissipation

Temp(◦C) 25 24.45 0.55
Power(Kw) 14.51 14.19 0.32

Linear dispersivity (αL = 0.1x)

This profile depicts the temperature distribution at the end of the third working
period. It can be seen how advection is more important in the bottom layer due
to its higher permeability. In this case the influence area of the GHE has an
approximate length of 3m.

This second picture shows how a certain amount of heat is stored in the
upper layers of the aquifer. The water flux of the aquifer has been unable to
dissipate all the heat injected before. Taking into account that the Darcy velocity
is proportional to the hydraulic permeability it is obvious to understand why
the heat stored is in the upper layers, where the permeability is lower.

At the end of the third year of simulation, the amount of heat stored in the
upper layers of the aquifer has increased. In the long term, this plume will reach
a steady state and will not grow anymore. A longer simulation time would be
needed to see the maximum extension of the heat plume and the temperature
in the surface of the pile.
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Figure 4.22: Temperature distribution at 180 days for linearly growing α

Figure 4.23: Temperature distribution at 360 days for linearly growing α

Another parameter has been changed so as to proof the behavior of the
model. Then, a new analysis with a pillar with the thermal conductivity of steel
has been calculated. The change results in a different thermal diffusion since it
depends on the thermal conductivity of the material.

Taking a look at the energy balance of this analysis, heat dissipation is re-
markably higher with an imaginary steel pile. This is logical because the thermal
conductivity of steel is much higher than the concrete one.

Taking into consideration the energy requirements of the project (several
Mw), even with steel piles we would need thousands of heat piles to satisfy the
energy demand of the system. The important physical and economical restraints
of this system lead us to think of an alternative solution.
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Figure 4.24: Temperature distribution at 1090 days for linearly growing α

Table 4.10: Energy balance
Inlet Outlet Dissipation

Temp(◦C) 25 24.6 0.49
Power(Kw) 14.7 14.4 0.30

Figure 4.25: Temperature distribution at 1090 days for a steel pile

Table 4.11: Energy balance
Inlet Outlet Dissipation

Temp(◦C) 25 24.13 0.87
Power(Kw) 14.51 14.01 0.50




