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ABSTRACT: Low enthalpy geothermal resources play an essential role in climate
change mitigation. When ensuring the correct future operation of ground-source
heat pump systems, an accurate design is mandatory. In this sense, different
methodologies can be implemented.  Although using sophisticated software
constitutes the most optimal solution, its implementation is sometimes inviable in
certain projects (the increase of the initial investment required is not justified in small
plants). This work is focused on evaluating and comparing procedures used in the
design of shallow geothermal systems. Thus, the research includes a simple method
based on manual calculations, the Climasoft free application, Earth Energy Designer
(EED) software, and the new geothermal tool GES-CAL developed by researchers
from the TIDOP Research Group (University of Salamanca). The objective is to
evaluate this new software and compare the results of all the detailed methodologies.
This comparison derives from applying these tools in the calculation of the same
case study (a single-family house placed in Avila, Spain). Results show that the
easiest methods involve oversized well-field schemas that also mean higher initial
investments. Regarding GES-CAL, it is considered an accurate and valid alternative
for the design of all heat exchanger configurations, especially for those installations
placed in the region of Avila. However, EED is recommended to calculate high-power
geothermal systems that require an exhaustive analysis of the ground and the heat
carrier fluid behaviour.

RESUMEN: Los recursos geotérmicos de baja entalpia juegan un papel esencial en la
mitigacion del cambio climatico. Para garantizar el funcionamiento de los sistemas
de bomba de calor, es obligatorio un diseno preliminar preciso. A la hora disenar
estas instalaciones es posible implementar metodologias con diferentes grados de
precision. Aunque el software mas sofisticado constituye la mejor solucidn, su
uso es inviable en determinados proyectos (el aumento de la inversién no esta
justificado en pequefios sistemas). Este trabajo se centra en evaluar procedimientos
utilizados en el diseno de sistemas geotérmicos someros. La investigacion
incluye el método mas simple basado en calculos manuales, la aplicacion gratuita
Climasoft, el software Earth Energy Designer (EED] y la herramienta GES-CAL
desarrollada por investigadores del Grupo de Investigacién TIDOP (Universidad de
Salamanca). El objetivo es evaluar este software y comparar los resultados de todas
las metodologias detalladas. Esta comparacion deriva de la aplicaciéon de estas
herramientas sobre el mismo caso de estudio (edificio unifamiliar emplazado en
Avila, Espafia). Los resultados muestran que los métodos mas sencillos involucran
esquemas de captacion sobredimensionados que conllevan inversiones mas altas.
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En cuanto a GES-CAL, se considera una alternativa
precisa para el diseno de todas las configuraciones de
intercambiadores, especialmente instalaciones ubicadas
en la regién de Avila.Se recomienda EED para el calculo
de sistemas geotérmicos de alta entalpia que requieren
un analisis exhaustivo del comportamiento del fluido de
trabajo.

1. Infroduction

Global warming, one of the main concerns worldwide, is
fostering the replacement of fossil fuels with promising
renewable energy sources [1]. In this context, ground
source heat pumps are gaining increasing importance
due to the reduction of greenhouse gas emissions and the
lower operational costs [2-4]. These technologies that
directly use the ground heat are considered among the
most sustainable choices for space heating [5, 6]. Heat is
extracted from the ground at a relatively low temperature,
which is then increased through the heat pump and
used in a heating system, with higher performance than
the traditional air-source heat pump systems [7, 8].
Depending on the method of operating the fluid, these
systems are commonly classified as open or closed
systems. In the first place, open systems use groundwater
as heat carrier fluid brought to the heat pump through an
extraction borehole. Closed systems are characterized by
the use of a mixture of water-glycol as working fluid and
heat exchangers located in the underground [either in a
horizontal, vertical or oblique fashion) [9].

Focusing on the last group (closed systems) for being the
most frequent configuration, numerous analytical and
simulation models try to provide results in the prediction
of the heat transfer in this kind of installations [10-12].
The correct design of the heat exchangers is crucial to
ensure the future operation of the system. PC-programs
constitute a quick and reasonably sound dimensioning of
ground-source heat pump systems [13-15]. In this context,
Earth Energy designer (EED) constitutes one of the most
accessible and user-friendly programs for an accurate
design of the final geothermal schema. Despite the large
number of advantages of EED software, it only enables the
dimensioning of vertical, closed-loop systems; that is to
say, horizontal and helical heat exchanger configurations
are not included [16, 17].

With the aim of dealing with a broader range of
possibilities, this research also considers using a new
approach, GES-CAL software, which allows the design
of all the possible heat exchanger configurations. The
development of this new tool is based on the results and
conclusions of already published research works [18-24].

The aim of the present research is to evaluate and compare

both geothermal programs (EED and GES-CALJ, as well
as additional simpler procedures that could be useful
when the other tools are unavailable. A certain case
study with identical input data will be the starting point
for implementing all the methodologies mentioned above.
The novelty of this work derives from the combination
of approaches with different precision rates and the
identification of their influence in the final design of a low
enthalpy geothermal system. In this way, the following
sections describe, for each method, the calculation, and
design of a shallow geothermal system to supply the
energy demand of space. Sections 2 and 3 describe
the process of calculation of all the approaches, section
4 presents the principal results, and finally, section ??
contains the main conclusions of the manuscript. It should
be mentioned that this work is an extension of the one
published in ICSC-CITIES2019 [25].

2. Materials and method

As mentioned in the introductory section, the objective of
this work is the comparison of certain specific procedures
and software used for the design of shallow geothermal
systems. All these methodologies are described below as
well as the particular case in which they are implemented.

2.1 Brief description of the geothermal
calculation procedures

Manual calculation

One of the simplest procedures used to estimate the
drilling length of a vertical GSHP system is based on the
guidelines of the German regulation VDI 4640 [26]. As
shown in Table 1, this regulation describes the specific
thermal power of the ground for different rocky materials.

Table 1 Specific thermal power for different geological
formations according to VDI 4640

Specific thermal power (W /m)

Ground materials 1800h 2400h
Gravel, sand, dry sand <25 <20
Gravel, sand, wet sand 65 — 80 55 — 85

Gravel and sand aquifers 80 — 100 80 — 100
Wet clay, silt 35— 50 30 — 40
Limestones rocks 55 — 70 45 — 60
Sandstones 65 — 80 55 — 65
Granite formations 65 — 85 55 — 70
Basalts formations 40 — 65 35— 55
Gneiss 70 — 85 60 — 70

From the values of Table 1 and the energy demand of the
building, the power of the heat pump evaporator is obtained
from Equation 1.

E,=E;- (COP—1)/COP (1)
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Where:

E,, = Heat pump evaporator power (W)

E; = Space energy demand (W)

COP = heat pump coefficient of performance

The total drilling length of the system is then calculated as
shown in Equation 2. This procedure only considers the use
of single vertical U-tube heat exchangers.

D, =E,/G, (2)

Where:
D, = Total drilling length (m)
G = Ground thermal power (W/m), included in Table 1

Open source tools

An additional possibility for the design of low enthalpy
geothermal systems is the use of open-source tools
that provide an approximate configuration of the well
field. In this context, this work considers the online
computing application Climasoft developed by Tachyon. In
the following Figure 1, it is possible to observe the main
window of the mentioned tool.

By introducing the heat pump power and the thermal
conductivity of the ground, Climasoft directly provides the
heat exchanger length for different simple-U and double-U
configurations.

Earth Energy Designer (EED)

This pPC program, developed by Blocon
(Buildingphysics.com), is typically used in the design
of vertical borehole heat exchangers in a ground-source
heat pump system. Algorithms are derived from modeling
studies with a numerical simulation model that results
in analytical solutions of the heat flow with several
possibilities of geometry and borehole patterns.

Firstly, the user must introduce a series of information
about the ground, climatic conditions, space energy
demand, and geothermal configuration. After the
introduction of these initial data, EED software is capable
of providing the final schema of the system in terms of
borehole’s number and drilling length, as well as the
evolution of the temperature of the heat carrier fluid over
the installation lifetime.

Table 2 includes the principal strengths and weaknesses
detected when using EED software.

GES-CAL

GES-CAL software was created by members of the
TIDOP Research Unit from the University of Salamanca

Table 2 Strengths and weaknesses of EED software

EED software

Strengths

Weaknesses

Quick and easy use

Simulation of the ground and fluid behavior

over the system operation
Possibility of selecting different drilling
schemas
Different range of restrictions for the heat
carrier fluid temperature
Multiple solutions for the final well field

Only vertical heat exchangers
It does not allow the calculation of the
space energy demand
Manual dimensioning of the heat pump
power
Standard properties for the geological
formations

design

(registration of the intellectual property 00/2019/3318)
[27]. The development of this software is linked to the need
to improve some particular modules of EED. Although its
first version is specifically designed for the dimensioning
of ground source heat pump systems in the region of Avila
(Spain), it can also be implemented in any other location.

Calculations of this PC program are based on the
recommendations of IDAE (Institute for the diversification
and energy saving) [28] and the results of previous
research works [18-24]. The mentioned tool enables
establishing the most appropriate working conditions
concerning the ground thermal characterization, building
energy demand, grouting material, and besides the fact
that GES-CAL allows the selection of the most usual heat
exchanger configurations (vertical, horizontal, or helical
designs). The strengths and weaknesses of this tool are
described in Table 3.

Table 3 Strengths and weaknesses of EED software

GES-CAL software

Strengths Weaknesses

Quick and easy use
Vertical, horizontal, and helical
configurations

Enhanced thermal characterization of the fluid temperature evolution

ground K P )
It allows the calculation of the space energy only f<_)r the reg|on.of A.Vll? (Spain)
Geological information limited to the
demand aforementioned area
Automatic calculation of the final heat . .
It is not recommended for high power
pump power

installations, above 70k [29]

Economic and environmental evaluation

It does not provide simulations of the

The first version is specially developed

2.2 Input data

The application of all the methodologies described above
has been focused on determining the geothermal schema
to cover the heating demand of a particular case study.
Table 4 shows the characteristics and conditions of the
mentioned case.

3. Calculation process

Before implementing each of the geothermal procedures,
the energy demand of the building must be defined, since

11
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Table 4 Strengths and weaknesses of EED software

Space information

Area 100 m?

Height 4m

Location Avila (Spain)
Building type Single-family house
Year of construction 2018

Available ground dimension | 20 x 20 m

Geology Granitic formations

only GES - CAL software includes a specific module for
its calculation. For this reason, the energy demand was
estimated by the use of an external tool based on the
regulation UNE-EN 13790:2011 [30]. Thus, as Figure 2
shows, the heating energy demand for the study building
is 36.590kWh /year.

3.1 Manual calculation

According to Equations 1 of section 2, the heat pump
evaporator power is expressed in Equation 3

E, = 28232W - (4 — 1)/4 = 21174W (3)

Additionally, the total drilling length of the system is
calculated by applying Equation 2 and considering a
specific thermal power of 62.5WW/m for granite rocks
(Table 1). This calculation can be observed in Equation 4.

d; = 21174W/60W/m = 352.9m (4)

Figure 1 Climasoft main window

3.2 Climasoft

Entering in the open-source application with the space
energy demand, the heat pump COP, and the ground
thermal conductivity, Climasoft directly provides the total
length of the vertical heat exchanger (single or double
U-tube). Results for both vertical configurations are
included in Table 5.

Table 5 Results obtained using Climasoft application

Schema | Heat exchanger length (m)
Single-U 807
Double-U 628

3.3EED

When using EED software, the following steps must be
carefully completed:

e Ground properties: EED provides standard thermal
values for a set of geological formations. Since
the building is located in a granitic environment,
the parameters corresponding to this formation
are selected. Regarding the ground superficial
temperature, this software does not include the
region of Avila, so a similar climatic area must be
selected.

e Heat exchanger configuration: the selection of the
vertical design (simple-U, double-U, or coaxiall,
drilling conditions, and grouting material (Figure 3).
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Base and peak demand: introducing the building
energy demand (previously calculated), EED provides
the initial heat pump power that must be oversized
by the user and introduced in the next step of the
software (Figure 4).

Schema of the ground-source heat pump system: the
final result of EED software is the dimensioning of the
drilling configuration, the number of boreholes, and
total drilling length, as well as the evolution of the
working fluid temperature (Figure 5). EED provides
multiple drilling schemas, so the user selects one of
them.

3.4 GES-CAL

GES-CAL software incorporates a module to calculate
the space energy demand based on the area, height,

orientation, and year of construction.

In this way, the

energy demand was automatically determined by this
program and, as shown in Figure 6, taking the value of
36.680, 80kW h/year.

Figure 2 Calculation of the building energy demand

Heat pump dimensioning: GES-CAL can automatically
define the final heat pump power without additional
user calculations (Figure 7).

Ground properties, heat exchangers, and grouting
material: since GES-CAL was specifically designed
for the region of Avila (location of the building of
this research], it allows selecting the area of the
province where the building is located (Figure 8).
Once selected, GES-CAL automatically provides
the thermal properties of the ground. In addition
to the ground information, the user must define
heat exchanger configuration and grouting material.
Although GES-CAL considers the three most
important designs, in this research, the vertical
double U-tubes are selected to keep the same
conditions in both programs. Grouting material is
also the same in both assumptions.

Well-field design: once all the initial data are defined,
GES-CAL provides the final configuration of the well
field, offering three possible alternatives (Figure 9).
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Figure 3 Heat exchanger configuration in EED

e Economic and environmental evaluation: GES-CAL
can also estimate the initial investment of the system
and its operational costs. It also compares the
economic evolution of the ground-source heat pump
system compared to other energy sources (Figure 10).

As shown in Figure 11, this software also calculates
the emissions of greenhouse gases associated with the
use of the geothermal system during the whole lifetime
period and compares it with the emissions of other energy
sources.

4. Results and discussion

This research solves the configuration of the well field
in a ground-source heat pump system from different
procedures: initially, a manual and easy procedure, the
free application Climasoft, the commonly used EED, and
the new software GES-CAL. From the implementation of
all the mentioned methodologies (detailed in the previous
section), the final schema of the geothermal system for
the case presented in this work is included in the following
Table 6.

Observing the results of the above Table 6, the final schema
of the geothermal system is, in general terms, quite similar
to applying EED or GES-CAL software, but it is significantly
different for the simplest solutions. Going into more detail,
the following subsections thoroughly compare the results
of all the procedures from different points of view.

Table 6 Results obtained using Climasoft application

Manual — o;nasoft  EED  GES-CAL
Calculation
Number of boreholes 2 2 1 1
Borehole length 88m 79m 101m 115m
Total drilling length 176m 158m 10Tm 115m
Distance between boreholes - - 0 0
Heat pump nominal power 5.08kW 5.08kW 5.08kW  5.08kW
Minimum fluid temperature >0°C >0°C -6°C 0°C

4.1 Well-field design

Starting with the manual calculation, it requires the
highest total drilling length followed by Climasoft, whose
solution is also quite high. Considering the results of both
procedures, the well field would be constituted by two
boreholes.

In the case of EED and GES-CAL tools, only one borehole
is required in the geothermal field. Both software
applications propose lower drilling lengths (slightly
higher when using GES-CAL). This fact derives from the
different fluid temperature restrictions considered in
the calculation of both programs. The high differences
between the computer programs and the remaining
simpler solutions derive from the complexity in the
calculations of each procedure. Since PC programs
include a large number of data about the ground, location,
and other geothermal elements, their calculations are
capable of offering results positively adjusted to the
particular case. They also get highly accurate results
because of the restriction on the working fluid temperature
(-6°C in EED and 0°C in GES-CAL).

However, the easiest procedures are based on standard
ground thermal conductivity values, and high working
fluid temperatures (of above 0°C). EED considers thermal
standard thermal conductivity values from an internal
database and GES-CAL provides measured values for
those systems locates in the province of Avila (as the one
of this work). For this reason, the results of the simplest
approaches always involve higher drilling lengths given the
lower level of knowledge on the system.

4.2 Working fluid temperature

The manual procedure and the Climasoft application
consider that the minimum working fluid temperature
never achieves values below 0°C. Therefore, both methods
require higher drilling lengths with the aim of keeping the
fluid under these conditions.

Along the same lines, EED offers the possibility
of analyzing the evolution of the heat carrier fluid
temperature during a certain period (usually 25 years).
This evaluation is essential to avoid ground freezing and
to guarantee the right operation of the system in the
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mentioned period. For the case study presented in this
research, the evolution of the fluid temperature allows will get over the system operation. Concerning GES-CAL

Figure 5 Evolution of the working fluid temperature in EED

knowing the minimum temperature value that the fluid
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Over-dimensioning | 2.50 kw]
Final Power | 6.31 kw]

Figure 7 Heat pump dimensioning in GES-CAL

software, its calculations are based on a conservative
minimum fluid temperature value (0°C), ensuring, in this
way, a proper working cycle of the installation without
ground freezing. This restriction contributes to a higher
dimensioning of the drilling length compared to EED
results.

4.3 Heat pump configuration

In the case of the manual method and Climasoft, the heat
pump power must be determined from the space energy
demand.

As mentioned in the previous sections, in EED software,

Figure 8 Selection of the area of study in GES-CAL

the user must define the final heat pump power of the
system to complete the design of the well field. This
final power needs to be oversized to deal with unexpected
variations in the energy demand or errors in the global
system operation. GES-CAL, however, includes a specific
module that directly provides the final heat pump power
required in the system, so the user does not need to
perform extra calculations.

4.4 Heat exchangers geometry

The manual procedure can only be applied to geothermal
systems constituted by single vertical U-tube heat
exchangers, while, Climasoft is also able to design the
system for both single and double U- tube configurations.

As explained above, EED considers the use of vertical
heat exchangers ([single and double U-tubes and
coaxial]. Although these designs are the most common
ones, horizontal, and helical configurations are also
implemented in a large number of cases. For this reason,
the new tool, GES-CAL, has been developed to enable
the dimensioning of the geothermal system when using
vertical, horizontal, or helical heat exchangers.

5. Conclusions

A new approach used for the design of closed, shallow
geothermal systems is presented in this work. The validity
of this new PC program (GES-CAL) has been evaluated
through its application to a particular case study. Results
of this software have been compared to the ones obtained
from the use of three more procedures applied under the
same initial conditions. The following statements can
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Number of boreholes 2 n ] 2
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Figure 9 Final design of the well field using GES-CAL
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Figure 10 Economic evaluation of the ground-source heat pump system in GES-CAL
be deduced from the implementation of the mentioned a conservative temperature restriction that ensures
methodologies: a proper response of the ground during the whole

system operation.
e The use of the manual procedure or open-source

applications as Climasoft allows the geothermal  Therange of use of GES-CAL allows the dimensioning
design from a general and ambiguous perspec.t|ve. of all the most frequent heat exchangers
The reasonably low accuracy of these solutions configurations that EED software does not include.

involves an oversized well field that, in turn, means

a fundamental increase of the global system o |5 addition, GES-CAL offers the possibility of
investment. evaluating the geothermal systems in economic
and environmental terms. It calculates the initial
investment of the installation, the operational costs,
and the greenhouse gases emission associated with
its use. Finally, this module is capable of comparing
the geothermal systems concerning alternative
energy sources.

e GES-CAL software constitutes an optimal solution for
the design of shallow geothermal systems, especially
for those located in the region of Avila. The accuracy
of the results obtained from the use of this program is
considerably high since calculations derive from the
thermal characterization of the ground in that region.

e Although GES-CAL does not enable the simulation of e GES-CAL means an intuitive and quick tool that
the working fluid temperature, calculations consider facilitates and simplifies the dimensioning of shallow
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Figure 11 Environmental evaluation of the geothermal system in GES-CAL

geothermal systems; that is to say, a non-specialized
user could use it in a simple way.

e Forthe design of high-power geothermal installations
in different regions, EED software is still the best
solution for a more precise calculation. The
simulation of the fluid temperature plays an essential
role in avoiding ground freezing, especially in these
high power systems.

e In conclusion, this work emphasizes the need to
promote the use of renewable and geothermal
energies on the basis of Smart Cities and energy
savings.  Future works will be directed to the
enhancement of the global low enthalpy geothermal
systems operation by the search for new alternatives
and solutions.
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