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Featured Application: This study can be applied in order to design geothermal systems in combina-
tion with Sustainable Drainage Systems (SuDS), taking into account their thermal considerations.

Abstract: Low-enthalpy geothermal systems are a promising source for renewable and clean energy
for heating, cooling, and air conditioning residential buildings, contributing to the reduction in
greenhouse gas emissions in line with the United Nations’ Sustainable Development Goals. Previous
research emerged around the geothermal utilization of Sustainable Drainage Systems (SuDS) as
multifunctional surfaces for stormwater control and energy saving, developing the water–energy
nexus. However, these studies did not comprehensively considered the energy aspects for SuDS
design, using non-standardized tests to measure the main thermal parameters. This research aims to
address this gap by proposing a novel hybrid engineering procedure to study the thermal properties
of SuDS layers and materials through experimental tests combined with steady-state and transient
numerical simulations, using green swales operating under dry and wet conditions as a first case study
for SuDS techniques. Novel materials incorporated into dry swales (expanded clay and construction
and demolition waste) were tested. The results validated this new methodology, reporting an increase
of 87% under dry conditions, and 51% under wet scenarios in the thermal insulation performance in
comparison to standard materials. A better thermal performance of the systems can be achieved by
approaching SuDS design from a holistic viewpoint that integrates energy aspects.

Keywords: construction and demolition waste (CDW); green infrastructure (GI); ground-source
heat pumps (GSHP); hot-box test; low impact development (LID); modified transient plane source
(MTPS); nature-based solutions (NBS); stormwater best management practices (BMPs); stormwater
control measures (SCMs); Sustainable Drainage System (SuDS); water-sensitive urban design (WSUD);
energy–water nexus

1. Introduction

Geothermal energy has established itself as a renewable and sustainable energy source
with great potential in response to the growing demand for energy and the need to re-
duce greenhouse gas emissions [1]. A report by the Massachusetts Institute of Technology
(MIT) concluded that geothermal energy has the potential to provide a highly efficient and
sustainable energy source with the capacity to generate a significant amount of electricity
worldwide [2]. This renewable energy source aligns with the United Nations’ (UN) Sustain-
able Development Goals (SDGs), specifically SDG7, which “aims to ensure access to affordable,
reliable, sustainable and clean energy” [3]. It is also aligned with the European Union’s (EU)
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energy objectives, aiming for climate neutrality by 2050 [4]. To achieve this goal, the EU has
developed several directives and regulations to encourage the development and implemen-
tation of renewable energies, including geothermal energy [5]. In addition to these UN and
EU initiatives, there are numerous countries across the globe that have promoted the use of
geothermal energy. For instance, the U.S. Department of Energy is strongly supporting the
development and deployment of low-enthalpy geothermal systems [6].

Shallow geothermal systems (SGS), also known as low-enthalpy geothermal sys-
tems [7] have been highlighted as a promising alternative for heating and cooling buildings,
as well as for other industrial and agricultural applications [8]. Moreover, geothermal
power generation can make up for the elevated energy demands of numerous industrial
procedures reducing their costs [9]. Heating and cooling buildings using geothermal heat
pumps is the most energy- and environmentally efficient system, and the most cost-effective
from an economic standpoint [10]. It has been demonstrated that the cost of heating one
square meter of space utilizing geothermal systems is less expensive than traditional energy
sources [11]. The heat exchangers are located in transitional thermal domains, which are
influenced by the atmospheric temperature in shallow horizontal geothermal systems [12].
Despite this scenario, they offer better performance than when functioning under atmo-
spheric conditions throughout the year [13], given the fact that the further down they are
placed into the ground, the more stable the temperatures are throughout the year [14]. This
is a key factor in this type of system and it is important in order to minimize the influence
of the ambient temperature on Geothermal Heat Exchangers (GHEs) [15].

Various authors have explored the implications and importance of the water–energy
nexus within the need for further implementation of SGS [16]. Both water and energy are
critical resources that future societies have to address [17], particularly given the influence
of climate change and unpredictable scenarios. Previous investigations have paved the
way for the study of the role of geothermal systems and their potential combination with
Sustainable Drainage Systems (SuDS) with a special interest in the exploration of SGS [18].
SuDS are a set of drainage techniques, which, in many cases, are included under the
nature-based solution (NBS) framework where they are designed with nature at their core.
SuDS aim to address stormwater management at local and micro-scales in specific locations
with particular weather and site constraints [19,20]. SuDS are guided by the urban design
philosophy known as water-sensitive urban design (WSUD), which encompasses a wide
range of techniques from SuDS to environmental techniques such as those described in low-
impact development (LID) [21]. These techniques aim to restore the natural hydrological
cycle while managing the quantity and quality of stormwater [22]. Simultaneously, they
create new spaces that promote amenities and biodiversity in cities [23].

Permeable Pavement Systems (PPSs) [24], perhaps one of the most widespread SuDS
techniques [25], were the main SuDS technique studied in previous investigations in the
literature. The performance of an SGS combined with a PPS was simulated in laboratory
experiments [26] but lacked a validation tool such as numerical modeling. The state of the
art shows studies focusing on the hydraulic performance and pollutant mitigation capacity
of these systems but leaving the thermal performance aside [27,28]. On the other hand,
other studies conducted field experiments under real conditions, centering their efforts in
the analysis of PPSs in combination with an SGS [18,24]. These studies helped in paving the
way towards the understanding of how “grey” SuDS design can be improved to integrate
SGS and energy conservation. However, they showed the need to further develop the
so-called “green” SuDS (those with a vegetative base including in NBS) and their potential
to house SGS. Following up from these initial steps in the scientific literature, vegetated
swales were incorporated into the scientific narrative, outlining the viability of geothermal
utilization in other SuDS with a higher ecosystem potential (see Figure 1) [29]. Swales are
one of the most promising SuDS techniques due to its simplicity of design and versatility
for implementation both in urban environments and transport infrastructures such as
roads [30]. There are mainly three types of vegetated swales based on their geometry and
hydraulic behavior: dry, wet, and conveyance and attenuation swales [31]. Among these
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three typologies, the dry swale is considered the most suitable for the potential combination
with SGS [29]. These type of swales, due to their geometry, are constructed at a greater
depth, making them compatible with the minimum ones required for the installation of
GHEs [32,33].
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Before designing a shallow geothermal installation, studying and determining the
thermal properties of the materials beneath the point where the heat exchanger will be
located is essential (see Figure 1) [34]. These properties can be estimated from the scientific
literature, as well as through in situ and laboratory tests. On-site tests, such as the Thermal
Response Test (TRT) [35], are a popular tool to measure the ground thermal conductivity
in situ. The main drawback is that it is essential to ensure a minimal thermal interference
between the surface and the GHE in order to obtain a correct interpretation of long-term
results [10], which introduces further complexity to the test. Moreover, laboratory tests have
been developed to determine the thermal properties of the soil under controlled scenarios.
These include the guarded-hot-plate (GHP), the transient-hot-wire (THW) [36], the box
probe, the dual-needle, and the single-needle methods [37]. These methods allow the direct
measurement of the thermal properties of materials under both controlled temperature
and humidity conditions. The difficulty in determining thermal properties within a SuDS
lies in the fact that it is a porous medium, as well as a multilayer heterogeneous system
made of varying materials, and therefore, governed by different and rather specific physical
processes. As a consequence, determining the effective or equivalent thermal conductivity
values of the SuDS technique should be one of the main objectives when working with
such complexity in varying layers and physical processes [34].

In addition, previous research in the literature on the potential geothermal utilization
of SuDS neither fully accounted for the physical thermal processes associated with the
materials analyzed in the studied SuDS techniques, nor considered their energy-oriented
design to include energetic parameters in the overall design exercise [14,34,35]. As a result,
real-world field tests combining ground source heat pumps (GSHP) with PPSs have not
performed as well as they should have as the hydrologic and water quality aspects ruled
the design scheme and main targets. In this vein, the GHE was unduly influenced by
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variations in ambient temperature, as this aspect had not been taken into consideration
in the designs [38,39]. This research aims to address this gap in the existing literature by
studying the thermal properties of a green swale, so that an energy-efficient design of
combined SuDS–SGS systems can be achieved in the future for these “green” SuDS. With
this aim, various materials with different configurations and operating conditions (dry and
wet scenarios) were evaluated to propose a new methodology to achieve an optimal design
of SuDS from an energy utilization perspective.

This study followed an experimental procedure used in previous research that exam-
ined the thermal properties of a blue roof to improve a building’s thermal envelope [40].
Additionally, the thermal properties of materials comprising different types of green swale
sections were determined. A non-destructive test was employed using the modified tran-
sient plane source (MTPS) method, also previously used by other researchers to study the
thermal properties of materials used in geothermal systems [41,42].

Furthermore, numerical models of the studied green swales were created using a
hybrid numerical–experimental methodology, as employed by other authors for studying
the thermal behavior of construction systems [43]. These numerical models aim to further
investigate the heat transmission mechanisms when combining an SGS with a dry swale.
The specific objectives to achieve this goal are described below.

• Characterization of the thermal properties of the materials used in the green swale
cross-sections.

• Identification and determination of the effect of the use of non-conventional materials
such as expanded clay and construction and demolition waste (CDW) on the thermal
behavior of a SuDS.

• Laboratory determination of the key thermal parameters of the different layers of
the green swale sections by means of standardized tests, and analyzing their thermal
behavior and their implications in a system combined with surface geothermal energy
in dry and wet operating conditions.

• Validation of the results obtained in the laboratory tests by means of steady-state
numerical simulations, Design of Experiments (DOE), and the use of Multi-Objective
Genetic Algorithms (MOGAs).

• Simulation of the behavior of green swales in real operating conditions, using transient
state numerical models.

2. Materials and Methods
2.1. Materials

Green swales, of the dry type, are essentially made of a series of layers: the surface
layer, the filtering medium (usually made of engineered soil or aggregates), and the transi-
tion and draining layers placed at the bottom part of the cross-section [31,44]. The materials
used in each one of these layers can vary depending on the main functionality targeted, the
subsequent design, and the main hydrological and water treatment objectives set by the
on-site requirements and constraints. In this research, three different cross-sections were
studied using the following materials (the specific layers are shown in Table 1):

• Material 1: Vegetable land (topsoil) with an apparent density of 1400 kg/m3. This
material was used as the surface layer in all the studied models.

• Material 2: Limestone aggregate with a particle size of 0/32 mm, apparent density of
2690 kg/m3, and porosity of 35%.

• Material 3: Expanded clay with a particle size of 10/20 mm, apparent density of
275 kg/m3, and porosity of 34%. Expanded clay, due to its industrial manufacturing
process, has a higher porosity, a lower density, and a vitrified surface [45].

• Material 4: Mixed CDW (combined recycled aggregate of mixed origin) 0/32, follow-
ing the specifications the EN 13242:2Q02 + A1:2007 standard [46]. It has a particle
density of 2.5 + 0.2 mg/m3 and a water absorption rate of less than 7%.

• Material 5: Infiltration cells. A modular tank system that provides up to 90% void
space and has a thickness of 52 mm was constructed through the use of the Atlantis
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Flo-Cell® infiltration cell. The cells allowed efficient water drainage, while retaining
an optimal moisture level for the overlying vegetative layers. This material was used
as the drainage layer in all the models.

Table 1. Materials of the different green swales’ sections.
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Three different sections of dry swales were constructed by combining the aforemen-
tioned materials as can be seen in Table 1.

A geotextile was placed between all the interfaces of the different layers, with the aim
of serving as a transition layer between them. The geotextile used is made of 150 g/m2

short polyester fibers, which are not inter-woven. It has a thickness of 1.0 ± 0.2 mm.

2.2. Materials Characterization

In addition to the properties of the materials provided by the suppliers, a series of
laboratory tests were conducted for a more extensive and detailed characterization for
the purposes of this experiment. These tests involved performing a particle size analysis
according to the UNE-EN 933-1:2012 standard [47]. Thus, the particle size distribution
curves of the different materials were obtained (see Table 2).

Table 2. Particle size distribution of the materials.

Sieve 40 31.5 22.4 16 11.2 8 5.6 4 2 1 0.5 0.25 0.063

CDW % pass 100.0 95.0 62.0 60.0 50.0 40.0 36.0 30.0 20.0 16.0 15.0 10.0 5.0

Vegetable land %pass 100.0 100.0 100.0 100.0 100.0 89.0 78.0 71.0 56.0 44.0 35.0 21.0 3.0

Expanded clay %pass 100.0 100.0 100.0 100.0 95.0 59.0 25.0 1.9 1.0 0.0 0.0 0.0 0.0

Limestone
aggregates %pass 100.0 94.0 77.5 69.8 64.0 51.5 41.9 35.5 23.5 17.2 14.0 10.0 4.5

The values of the thermal conductivity of the materials were determined by means of a
TCI analyzer from C-Therm®, which is a non-destructive test based on the MTPS technique
as specified in the UNE-EN ISO 22007-2:2023 [48] and ASTM D7984:21 standards [49].
This technique employs a reflective sensor that applies a constant and instantaneous heat
source on the test specimen. The equipment allows for direct measurements of thermal
conductivity and thermal effusivity of powders, liquids, gels, and solid materials, the latter
ones being the targeted material for this research. To perform the tests, a standard weight
is placed on the samples to ensure contact with the sensor. Furthermore, in the tests with
solids (such as the limestone aggregate in this study), a contact paste (Wakefield thermal
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joint compound type 120 silicone) was used to eliminate gaps between the sensor and
the sample.

Three samples of each material (limestone aggregate, topsoil, recycled aggregates, and
expanded clay) were taken in order to perform the tests. The expanded clay was crushed to
form a homogeneous powder, as was the topsoil. In the case of the limestone and recycled
aggregates, three samples were taken and used to create three stone slabs with two flat
sides (see Figure 2).
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solid test (right).

The tests were performed under two different scenarios:

• Ambient conditions, with the materials tested under laboratory-controlled tempera-
ture and relative humidity (RH): T = 18.5 ± 0.5 ◦C and RH = 80%.

• Wet conditions, where the materials were tested under saturated conditions. In the
case of the expanded clay and topsoil layers, water was added gradually until a
soft consistent paste was formed. For the limestone aggregate specimens, they were
immersed in a container with water at a constant temperature of 22.4 ± 0.5 ◦C for
168.0 ± 0.5 h until they reached full saturation.

The tests were carried out with constant mass specimens, following the standard
procedure depicted in UNE-EN 1097-6: 2014 [50] in all scenarios. A constant mass was
achieved after successive weightings at least 1 h apart until the mass did not differ by more
than 0.1%.

Six tests were developed for each material under each condition (two tests for each
sample of material), resulting in a total of 16 tests per material (8 under ambient conditions
and 8 under wet conditions). In addition, 10 measurements were taken in each test,
resulting in a total of 80 measurements for each condition. The directly measured values
of thermal effusivity (Ef) and thermal conductivity (λ) have a precision greater than 1%
and an accuracy greater than 5%, according to the equipment specifications. For data
processing, the values of the two extreme tests out of the tests conducted for each condition
were not considered. Specific heat was calculated using the thermal effusivity, the thermal
conductivity, and the density of the material (ρ) by means of Equation (1):

Cp = E f 2
/

ρ·λ (1)
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The average value of the readings from the remaining tests with intermediate values
was taken to obtain the values shown in Table 3.

Table 3. Thermal properties of the measured materials.

Ambient Conditions Wet Conditions

Material ρ
(kg/m3)

λ

(W/mK)
Ef

(Ws1/2/m2K)
Cp

(J/kgK)
λ

(W/mK)
Ef

(Ws1/2/m2K)
Cp

(J/kgK)

Vegetable land 1370 0.1422 449.89 1039 1.4121 1646.58 1280

Limestone aggregate 2400 1.8983 1721.66 651 2.3253 2081.07 745

Recycled aggregate 2100 1.4876 1473.48 695 2.0827 1901.03 723

Expanded clay 500 0.0982 309.58 1952 0.7101 921.95 1995

2.3. Experimental Set-Up

The equipment used to conduct the thermal characterization tests in the laboratory
under steady-state conditions consists of the following elements (see Figure 3):

• Climatic generator: This equipment allows for precise control of relative humidity
and temperature values in an enclosed environment, ensuing constant cold, heat,
and humidity.

• Calibrated hot-box: A fully insulated 1 m3 capacity hot-box is connected to the climatic
generator equipment (see Figure 3). The calibrated hot-box is used to create an
environment under controlled temperature and humidity conditions for each test. The
above-mentioned equipment operates as indicated in the UNE-EN ISO 8990:1997 [51]
and ASTM C1363:19 standards [52].

• Test-box: This is the container in which the tested green swale cross-sections were
introduced and set up according to the experimental procedure. It has interior di-
mensions of 608 × 408 mm2 at the bottom. The test-box is installed over the hot-box
(see Figure 3) so that the heat flux passes perpendicularly through the surface of the
studied green swale cross-section from its bottom layer. The test-box is thermally
insulated from the outside with 20 cm of extruded polystyrene (0.033 ± 0.003 W/mK)
in order to minimize lateral heat losses.
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For measuring the parameters and collecting and storing the data, the following
equipment and sensors were used:

• Temperature and heat flux sensors: Fourteen type K thermocouples (TCxy) were in-
stalled according to the distribution shown in Figure 4. Additionally, two extra
thermocouples were used to determine the heat loss through the walls of the Test-box.
Eight thermal flux sensors (HFx) Hukseflux HFP01 were employed, and they were
installed at the interfaces of all the layers (see Figure 4). The technical specifications
of the thermal flux sensors are as follows: sensitivity, 60 × 10−6 V/(W/m2); thermal
resistance of the sensor, 71 × 10−4 K/(W/m2); nominal operating temperature range,
−30 to +70 ◦C; and measurement range, −2000 to +2000 W/m2.

• TRSYS equipment: This system was used to acquire data from the aforementioned
sensors, and it was programmed to collect information in 10 min interval. It also
allows for data storage and transmission for further analyses.
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2.4. Calculation of the Thermal Conductivity: Physical Principles

Heat is transmitted mainly by three widely studied thermal mechanisms: conduction,
convection, and radiation. In the subsurface, the main heat transfer mechanism is con-
duction [53]. Heat transfer by conduction, in an isotropic medium and under stationary
conditions, is described by Fourier’s Law. Applying Fourier’s Law for one dimension, we
obtain Equation (2).

qx = λx ×∇T (2)

where
qx [W ∗m−2] represents the heat flux.
λx [W ∗ k−1 ∗m−1] stands for the thermal conductivity in the x direction.
∇T[K ∗m−1] indicates the thermal gradient between the heat source and the heat sink.

It also can be expressed as follows (Equation (3)):

∇T =
dT
dx
∼=

∆T
x

(3)
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where
∆T [K] is the temperature differential.
x [m] represents the total thickness of the green swale model.
Since the values of heat flux and temperature gradient have been registered in the

laboratory, the equivalent thermal conductivity was directly computed as it is the constant
ratio between the two of them. In addition, the thermal transmittance (U) can be obtained
by applying Equation (4):

U[W ∗ k−1 ∗m−2] = qx/∆T (4)

Convective heat transfer, on the other hand, occurs across the boundaries between
the different layers. If radiative heat transfer is not taken into account, the heat transfer by
conduction between two surfaces can be defined as follows (Equation (5)) [54]:

qTCC = kTCC ∗ (Tc,T − Tc,C) (5)

where
qTCC [W ∗m−2] represents the heat flux in the interface.
kTCC[W ∗m−2 ∗ ◦C] stands for the thermal conductivity coefficient at the contact inter-

face. Previous research suggests a value of 2 kW/m2 ◦C [54].
Tc,T , Tc,C [◦C] are the contact point temperatures registered in the target and the

contact surfaces, respectively.

2.5. Experimental Methodology

The three sections of the dry swale were tested under two operating scenarios: dry and
wet, which are extremes in their standard hydrological performance. In the dry condition
test, the materials forming the cross-sections (see Figure 4) were placed within the test-box
and tested without the presence of water. Once the dry test was finalized, the dry swale
section was fully saturated by pouring water into the test-box until a constant layer of water
was reached over the top surface of the swale model. Thereupon, the swale laboratory
model was kept under saturated conditions for 36.0 ± 0.5 h to ensure no variation in the
layer of water on the surface. After this saturation period, all the water was removed from
the test-box, and the thermal characterization test was conducted under wet conditions.
Table 4 shows the values of the volumes of water added to each dry swale cross-section, as
well as the volume of water extracted and absorbed by each section.

Table 4. Hydraulic capacity for each green swale model registered with an error of ± 0.5 L.

Green Swale Volume of Water
Discharged (L)

Volume of Water
Extracted (L)

Volume of Water
Absorbed (L)

Type 1 122.7 99.3 23.4
Type 2 152.6 113.6 39.0
Type 3 146.1 108.5 37.6

In addition, the climatic generator equipment was programmed to gradually increase
the temperature from the initial baseline at 20 ◦C, which corresponds to the laboratory’s
ambient temperature, to a final stabilization temperature of 55 ◦C. This heating process
was carried out by using a series of thermal ramps to ensure a stable thermal flow during
the process. The initial temperature increase stage took approximately 24 ± 0.5 h.

The temperature gradient between the top and the bottom layers of the dry swale
models should be greater than 15 ◦C, so that the values obtained for transmittance and
equivalent thermal conductivity could be considered reliable as indicated in the UNE-EN
ISO 8990:1997 [51] and ASTM C1363:19 [52] standards, which serve as the methodological
framework to this type of test. Therefore, a temperature of 55 ◦C was selected for the tests
in order to ensure that this temperature difference was achieved in all the studied models.
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The total duration of each test was 144.0± 0.5 h. The values of the thermal performance
of the cross-sections were recorded during the last 24± 0.5 h of the test, as it was considered
the time when the system had stabilized.

2.6. Numerical Models

The Finite Element Analysis (FEM) with two-dimensional (2D) models of the examined
cross-sectional areas were applied using the ANSYS Workbench 2023 R2 software. A 10 mm
mesh size was computed using hexahedral plane elements (PLANE293) with 8 nodes
and one degree of freedom for the temperature parameter. This element is considered
appropriate for this type of analysis as suggested by previous research [55]. The inflation
tool was utilized to minimize the mesh size in the layers’ contact areas with a maximum
thickness of 5 mm, obtaining 10 layers and a growth rate of 1.2. A sensitivity analysis of
the mesh was carried out to study whether the element size influenced the results achieved
from the models.

2.6.1. Steady-State Thermal Model

Firstly, an analysis of the steady-state behavior of the green swale sections, both under
dry and wet conditions, was conducted. This modeling sought to replicate the laboratory
conditions to obtain the optimized thermal conductivity values in all materials utilized
in the laboratory models. This stationary model simulates the concept used in previous
investigations for this sort of analysis [40].

This procedure was carried out using a semi-adiabatic approach for the side walls of
the cross-sections, assuming lateral heat losses of 6W in the test-box. A convection model
was implemented over the top surface of the model, assuming an ambient temperature
of 20 ◦C and a convective surface coefficient of 5.0 W/K m2, following the guidelines
established in Annex C of the UNE-EN ISO 6946:2021 [56] standard. The experimental
temperature measurements registered at the top and bottom points of the swale laboratory
models were used as input data for the previously validated FEM model [57], which yielded
errors below 2%.

The equivalent thermal conductivities of each layer of the laboratory models were
optimized using a multi-criteria method based upon the DOE [58] after the experimental
results of the thermal behavior of the cross-sections were analyzed. Objectives and con-
straints were established in the MOGA [59]. The design variables, such as the input and
output parameters for conducting the DOE, were defined considering the temperature
conditions and the heat flux transfer registered in the experimental tests. Constructing a
response surface allowed for accurate predictions. Finally, using the MOGA, the optimal
equivalent thermal conductivity values of the dry swale materials were determined using
the defined search ranges on the response surface. The thermal transmittance results ob-
tained experimentally were used as objectives in the optimization process. In this vein, the
MOGA achieved optimal solutions that appropriately fit the experimental data.

2.6.2. Transient Thermal Model

Subsequently, a transient analysis of the model was performed to reproduce the ther-
mal behavior of the dry swales in real operating conditions. There were slight differences
from the boundary conditions used in the stationary analysis. The transient temperature
curve (10 days) shown in Figure 5 was introduced at the top of the model, simulating the
standard ambient temperature for a typical summer in northern Spain [60]. In addition,
a symmetry function was added to the side walls of the model (x-direction), so that they
are continuous. The heat dissipation that would occur in real operating conditions was
simulated at the bottom of the model. The thermal conductivity values of the materials
used were those obtained with the MOGA analysis in the previous steady-state model. The
values of the materials’ specific heats used in the numerical models are those obtained by
the MTPS technique and shown in Table 3.
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3. Results and Discussion
3.1. Experimental Results

The difference in temperatures between the top and the bottom layers of the green
swale sections is presented in Figure 6. The differences are rather similar in all tests except
for the type 1 cross-section under wet conditions, which may be indicative of its lower
thermal insulation capacity compared to the sections incorporating lightweight aggregates.
Moreover, this fact meets the requirement set by the standards [51,52] regarding keeping a
difference in temperature of at least 15 ◦C in order to obtain reliable data from the tests.
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Figure 6. Difference in temperature during the whole test between the bottom and the top part of the
green swales under dry and wet conditions.
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The thermal transmittance values were recorded during the last 24 h of the test once
the system had stabilized (see Table 5). Model type 1, consisting of limestone aggregate,
exhibited the worst thermal performance; while model type 2, using expanded clay, and
model type 3, incorporating both expanded clay and CDW, demonstrated a better thermal
insulation capacity. Thus, these two models provided the most favorable thermal properties
for the potential water–energy integration through the incorporation of GSHP elements
housed by this SuDS and working under the aforementioned hydrologic scenarios.

Table 5. Average values, absolute error, relative error, and sample standard deviation (S) of the
thermal transmittance of the green swale sections.

Green
Swale

Dry Conditions Wet Conditions

U (W/m2K)
Absolute Error

(W/m2K)
Relative
Error (%) S (W/m2K) U (W/m2K)

Absolute Error
(W/m2K)

Relative
Error (%) S (W/m2K)

Type 1 0.631 0.018 3.36 0.021 0.911 0.046 5.16 0.050
Type 2 0.347 0.020 6.20 0.025 0.558 0.006 1.29 0.007
Type 3 0.338 0.014 4.86 0.016 0.602 0.014 3.69 0.016

Furthermore, the presence of water in the system, replicating the functioning of a green
swale during intense storm events, negatively affected its thermal performance. Figure 7
shows the values of the green swale equivalent thermal conductivity recorded during the
last 24 h of the test. It can be observed that the test carried out under the wet conditions
in model type 1 exhibited more variability in the values and also resulted in the lowest
temperature difference compared to the other tests.
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the experiments under dry and wet conditions.

Table 6 presents the values of the averaged equivalent thermal conductivities for each
of the analyzed dry swale types under both wet and dry conditions. All the values showed
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low relative errors, with 6.20% as the highest value computed. The type 1 section (repre-
senting the conventional design) showed poorer thermal insulation capacity compared to
type 2 and type 3 cross-sections. It is also noticeable that the thermal performance of all
dry swale models was worse under wet conditions in comparison to dry conditions (see
Table 6).

Table 6. Average values, absolute error, relative error, and sample standard deviation (S) of the
equivalent thermal conductivity of the green swale sections.

Green
Swale

Dry Conditions Wet Conditions

λeq
(W/mK)

Absolute Error
(W/mK)

Relative
Error (%) S (W/mK) λeq

(W/mK)
Absolute Error

(W/mK)
Relative
Error (%) S (W/mK)

Type 1 0.284 0.009 3.36 0.010 0.410 0.023 5.16 0.025
Type 2 0.156 0.010 6.20 0.012 0.251 0.003 1.29 0.004
Type 3 0.152 0.007 4.86 0.008 0.271 0.007 3.69 0.008

It is important to mention that other authors such as Sivaprasad and Basu [61] calcu-
lated the thermal properties of various types of soil, and their values were less favorable
than those obtained in the type 2 and 3 green swale models. This suggests that the thermal
insulation capacity provided by these materials and particular sections was higher than
that of conventional soils. Therefore, the greater thermal insulation provided by designed
green swales will positively affect the performance of GHEs, potentially leading to an
improvement in their efficiency. Designing SuDS techniques incorporating an energy per-
spective to the four pillars of SuDS design has proven to provide an enhancement of the
geothermal system compared to a conventional installation.

Further to this, Table 7 shows the averaged values obtained for each material. In
most cases, a difference of 15 ◦C between the top and bottom parts on each layer was
not achieved, so these values are not supported by the recommendations provided in the
standards for these tests. Moreover, differences between these values and those obtained
using the MTPS technique (see Table 3) were observed. The reason for this was that the
materials placed inside the green swales have a heterogeneous arrangement with the
presence of air and water (the latter occurring in the wet tests).

Table 7. Values of the averaged equivalent thermal conductivity of the material layers under dry and
wet conditions.

Thermal Conductivity (W/mK) Dry Conditions Wet Conditions

Vegetable land 0.396 1.386

Limestone aggregates 0.268 0.816

Expanded clay 0.147 0.359

CDW 0.291 1.416

It was not possible to evaluate the effect of the surface vegetation and the evapotran-
spiration on the thermal performance of the green swale due to the operational constraints
of the testing procedure. Also, this vegetation is believed to contribute to the improvement
of the thermal properties of the green swales according to previous research [13].

3.2. Numerical Results
3.2.1. Mesh Sensitivity Analysis

A sensitivity analysis of the mesh was carried out by applying DOE techniques. The
objective was to evaluate the parameters with the greatest influence on the model to obtain
a better correlation between the experimental values and those computed numerically. The
face sizing element size, inflation number of layers, inflation growth rate and inflation
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maximum thickness, were evaluated. It was noted that the face sizing element size, with
a local sensitivity of 50%, was the most influential parameter. The influences of the other
parameters were lower, all of them showing local sensitivity values below 5%.

As shown in Figure 8, the result of the mesh sensitivity analysis indicates that the
maximum difference in thermal transmittance values for different mesh sizes was less
than 0.02%. Therefore, the value of 10 mm was applied, since previous work has also
recommended this mesh size for this type of study [40].
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3.2.2. Steady-State Thermal Model Results

The steady-state analysis was performed by means of the DOE analysis, where a series
of search ranges were established (see Table 8). These ranges correspond to a deviation of
±50% of the values measured in the laboratory (see Table 7).

Table 8. Search ranges for the equivalent thermal conductivities of the materials of the green
swale layers.

Thermal Conductivity
(W/mK)

Dry Conditions Wet Conditions

Lower Bound Upper Bound Lower Bound Upper Bound

Vegetable land 0.20 0.59 0.69 2.08

Limestone aggregates 0.13 0.40 0.41 1.22

Expanded clay 0.07 0.22 0.18 0.54

CDW 0.15 0.44 0.71 2.12

Once the search ranges for each of the materials had been configured, the objective
function of the MOGA was set to obtain the empirical thermal conductivity values (see
Table 5). In this vein, the optimized values of the equivalent thermal conductivity of the
materials were obtained (see Table 9). As it can be seen, there were variations between the
optimized values and the values measured in the laboratory, since some of the values of
the materials measured in the laboratory were not endorsed by the standards.
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Table 9. Optimized equivalent thermal conductivity values of the materials of green swale layers.

Thermal Conductivity (W/mK) Dry Conditions Wet Conditions

Vegetable land 0.373 0.963

Limestone aggregates 0.348 0.795

Expanded clay 0.105 0.298

CDW 0.315 0.711

3.2.3. Transient Thermal Model Results

The first finding that has been observed in the transient thermal models was the
importance of positioning the expanded clay layer appropriately within the green swale
cross-section. As it can be seen in Figure 9, the thermal insulation reached at the lower
part of the type 2 model under dry conditions was greater than the one registered when
introducing the expanded clay in the intermediate layer instead of in the sub-base layer.
This change in the cross-section arrangements of the dry swale layers would reduce the
temperature in the area where the shallow geothermal conduits should be placed; after
10 days, it was as much as 0.535 ◦C below the value of the cross-section with the expanded
clay placed in the sub-base.
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Therefore, the expanded clay in types 2 and 3 should be placed in the intermediate
layer and the limestone aggregate and CDW is recommended to be placed in the sub-
base layer.

Figures 10 and 11 show the evolution of the temperature values at the bottom of green
swales under dry and wet conditions, respectively. In both cases, it is possible to observe the
improvement in the insulation capacity of the ground regarding with the outside ambient
temperature in the dry swales in which expanded clay is used. On the one hand, the
performance of type 2 and 3 green swales under dry conditions is reported to be rather
similar, presenting final temperatures of 21.72 ◦C and 21.77 ◦C, respectively, which are lower
than those registered in type 1 (22.27 ◦C). On the other hand, the drop in thermal insulation
performance of the ground can be particularly noticed for the models performing under
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wet conditions. Likewise, it should also be highlighted that there were greater temperature
variations at the bottom of the swales functioning under wet operating conditions, which
will be more influenced by the ambient conditions outside. Temperatures of 22.78 ◦C,
22.52 ◦C, and 22.54 ◦C were reached for types 1, 2, and 3 model swales, respectively, under
wet conditions.
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The temperature in the lower part of the swales (where the GHE would be placed)
increases during a 10-day period. The main reason is the accumulation of heat in the lower
area close to the heat exchanger. In order to study this phenomenon correctly, it will be
necessary to carry out field tests to help determine the dissipative effect of the soil under
the dry swale and thus allowing for the calibration of the developed models.

Even so, the temperature difference between the bottom of the swale and the ambient
temperature was significant. In the worst scenario reported in this study, an increase of
2.77 ◦C in comparison with the initial temperature of 20 ◦C was registered at the bottom
of the dry swale (see Table 10). A higher temperature difference between the ambient
temperature and the GHE temperature would result in better performance of the GSHP [34].

Table 10. Temperature increases (◦C) registered at the bottom of green swale models.

Green Swale Dry Conditions Wet Conditions

Type 1 2.270 2.776

Type 2 1.772 2.522

Type 3 1.765 2.544

4. Conclusions and Future Research Directions

The present research adds knowledge to the existing gap regarding the energy utiliza-
tion of SuDS. Therefore, a novel hybrid experimental-numerical methodology has been
proposed to determine the thermal properties of entire cross-sections of SuDS, using a dry
swale as the first SuDS technique to validate the methodology. This will enable a holistic
design of swales in combination with shallow geothermal systems, incorporating the energy
viewpoint and paving the way in the field for further experimentation in other SuDS.

The study also evaluated the inclusion of new materials in the cross-section of a green
dry swale (expanded clay and CDW). It was observed that the implementation of these
materials improved the swale’s thermal properties. The equivalent thermal conductivity of
the most favorable swale cross-section (model type 3) for implementing an SGS was found
to be 0.152 W/mK under dry conditions and 0.271 W/mK under wet conditions. These
values represent an 87% improvement under dry conditions and a 51% improvement under
wet conditions compared to the equivalent thermal conductivity of the conventional green
swale cross-section. In addition, the type 2 and 3 sections, formed by expanded clay, had a
greater hydraulic storage capacity than the conventional section. This again highlights the
importance of the energy–water nexus.

It has been observed that the thermal properties of the thermally designed SuDS has
the potential to improve the performance of the GSHP compared to a conventional SGS
installation in conventional soils.

Complementary tests were carried out to thermally characterize the materials used
in the green swale; these were based on a non-destructive test using the MTPS method.
The results obtained confirm that the actual thermal conductivity values of the materials,
measured with traditional techniques, do not reproduce the real thermal behavior of swales.
This is due to the fact that the materials and their arrangement are heterogeneous and other
heat transfer phenomena occur between the green swale layers and their environment.

Transient numerical models have been shown to be a useful tool to simulate the
thermal insulation capacity of SuDS under real climatic conditions to improve green swale
designs. This will allow us to determine their impact on the performance of geothermal
heat pumps when combined with SGS, since one of the fundamental design parameters
is the temperature at which the GHE is located in the ground [34]. This will help to
avoid design errors identified in field tests carried out by other authors, thus improving
the performance of GSHP [18,24,39]. Future developments of simplified tools will allow
engineers and specialists to determine the best possible design for these systems for the
geothermal utilization of SuDS infrastructures.
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As future research steps, field tests should be conducted to evaluate the thermal
performance of the combined system of a green swale and a GHE in real conditions. With
these field tests, it will be possible to validate the transient models. Additionally, the energy-
driven SuDS design performance improvement should be assessed in the field. Hydraulic
performance tests and water quality testing for the proposed SuDS designs should also be
carried out to strengthen the water–energy nexus. Evaluating other SuDS typologies, as
well as the use of different materials and cross-section types, would be enlightening. Lastly,
the proper performance of the heat pump under this operating scenario should be tested in
a real installation.
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Nomenclature

Acronyms
CDW Construction and demolition waste
DOE Design of Experiments
EU European Union
FEM Finite Element Analysis
GHE Geothermal Heat Exchanger
GI Green infrastructure
GSHP Ground-source heat pump
GHP Guarded-hot-plate
LID Low impact development
MIT Massachusetts Institute of Technology
MTPS Modified transient plane source
MOGA Multi-Objective Genetic Algorithm
NBS Nature-based solutions
PPS Permeable Pavement Systems
SCM Stormwater constructed measures
SDGs Sustainable Development Goals
SGS Shallow geothermal system
SuDS Sustainable Drainage System
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TRT Thermal Response Test
THW Transient-hot-wire
UN United Nations

Symbols
U Thermal transmittance (W/m2K)
∆T Temperature differential (K)
∇T Thermal gradient between the heat source and the heat sink (K/m)
qx Average heat flux (W/m2)
RH Relative humidity (%)
S Sample standard deviation
x Total thickness of the green swale model (m)
λx Thermal conductivity in the x direction (W/mK)
λeq Equivalent thermal conductivity (W/mK)
qTCC Heat flux per unit area in the interlayer (W/m2)
kTCC Thermal contact conductance coefficient (W/m2◦C)
Tc,T; Tc,C Temperatures of the contacts points (◦C)
ρ Density of the material (kg/m3)
Ef Thermal effusivity (Ws1/2/m2K)
Cp Specific heat (J/kgK)
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