
����������
�������

Citation: Rey-Mahía, C.;

Álvarez-Rabanal, F.P.;

Sañudo-Fontaneda, L.A.;

Hidalgo-Tostado, M.; Menéndez

Suárez-Inclán, A. An Experimental

and Numerical Approach to

Multifunctional Urban Surfaces

through Blue Roofs. Sustainability

2022, 14, 1815. https://doi.org/

10.3390/su14031815

Academic Editor: Baojie He

Received: 14 December 2021

Accepted: 26 January 2022

Published: 5 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

An Experimental and Numerical Approach to Multifunctional
Urban Surfaces through Blue Roofs
Carlos Rey-Mahía 1,* , Felipe Pedro Álvarez-Rabanal 1 , Luis Angel Sañudo-Fontaneda 1,2 ,
Mario Hidalgo-Tostado 1 and Antonio Menéndez Suárez-Inclán 1

1 GICONSIME Research Group, Department of Construction and Manufacturing Engineering, INDUROT
Research Institute, University of Oviedo, 33600 Mieres, Spain; alvarezfelipe@uniovi.es (F.P.Á.-R.);
sanudoluis@uniovi.es (L.A.S.-F.); UO243988@uniovi.es (M.H.-T.); UO225669@uniovi.es (A.M.S.-I.)

2 Centre for Agroecology, Water and Resilience, Coventry University, Ryton Gardens, Coventry CV8 3LG, UK
* Correspondence: UO236881@uniovi.es; Tel.: +34-985-458196

Abstract: Uncontrolled urban growth causes a number of problems associated with land use,
stormwater management and energy generation. Sustainable Urban Drainage Systems (SUDS)
are positioned as an alternative to traditional constructive solutions, contributing towards the genera-
tion of multifunctional urban spaces for efficient stormwater management and energy consumption
reduction. Nevertheless, this combined goal calls for a deeper understanding of the heat transfer
processes that govern the temperature performance in SUDS in order to be further validated as infras-
tructure to house renewable energy elements. This study intends to determine the thermal properties
of two types of blue roofs under extreme conditions of performance (wet and dry), depicting the op-
eration features of their layers and comparing their performances based on the materials used. With
this aim, a hybrid experimental methodology, combining laboratory and numerical modelling, was
designed using standardized equipment (ISO 8990:1994 and ASTM C1363-05), improving previous
methods proposed in the study of the thermal properties of SUDS. The section with expanded clay
improved the hydraulic capacity by 4.8%. The section without expanded clay increased its thermal
transmittance value by 64.9% under wet conditions. It was also found that the presence of water
increased the equivalent thermal conductivity in both sections by 60%.

Keywords: blue roof; energy-water nexus; hot-box test; nature-based solutions (NBS); low impact
development (LID); stormwater constructed measures (SCM); green infrastructure (GI); water
sensitive urban design (WSUD)

1. Introduction

Cities across the globe have seen their populations increase by up to 1.1 billion peo-
ple [1]. This tendency is estimated to continue over the next decades, causing a raise of
2.5 billion inhabitants by 2050 [2]. This phenomenon poses present and future challenges
such as the enhancement of water management in urban environments [3], the search for
new renewable energy sources and the optimization of urban space [4]. The latter being
identified as a key factor for sustainable development in consolidated urban areas [5].
These challenges are outlined in the Sustainable Development Goals (SDGs) receiving
special attention in Goal 11 related to sustainable cities and communities [6]. Moreover,
buildings have been pinpointed as a cornerstone urban feature to cut energy demand in
urban areas as they represent a significant amount of the total energy consumption in
cities. For instance, air-conditioning and domestic hot water stand for 80% of the amount of
energy consumed by a standard building [7], evidencing the need for the implementation
of renewable energy systems within or adjacent to these urban structures.

Along these lines, the European Union (EU) encourages the adoption of Nature-based
Solutions (NBS) at all territorial levels, including the urban environment [8]. Sustainable
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Urban Drainage Systems (SUDS) are highlighted as fundamental elements to help cities
transition towards regenerative philosophies under this defiant context of change [9].
SUDS are a set of techniques enclosed in the Low Impact Development (LID) and the
Water Sensitive Urban Design (WSUD) ethos [10]. Thus, it is necessary to strengthen the
knowledge about the climate–land–water–energy nexus [11], paving the path for new
studies that delve into the relations between these elements [12].

A few authors explored the water–energy nexus, combining SUDS and renewable
energy techniques from a thermal harnessing viewpoint, with the majority of these in-
vestigations focused on the use of ground source heat pump (GSHP) alongside perme-
able pavement systems (PPS) [13–15]. Recent studies have examined the potential match
between GSHP and wet swales [16], as well as the long-term temperature behavior of
vegetated swales in the field [17]. The abovementioned studies revealed promising results
for the future development of multifunctional surfaces, housing energy and stormwater
management techniques.

Nevertheless, the SUDS utilized within the structure of a building have not been
investigated from this particular angle, which exemplifies a knowledge gap in the field.
Green and blue roofs are, perhaps, the most used SUDS in buildings. Therefore, they are
appropriate candidates to be developed as potential multifunctional surfaces for water and
energy management. In this regard, roofs have been spotted as one of the main causes of
surface waterproof in urban environments [18]. Additionally, green roofs have proven to
be efficient urban elements which reduce the heat island effect (HIE) by controlling the tem-
perature of the roof of a building [19]. These SUDS allow temperature regulation, providing
heating in winter conditions and cooling in summer conditions [20]. In addition, green and
blue roofs mimic the natural hydrological processes [21], enhancing the development of
new urban habitats [22].

The present research targeted blue roofs as one of the key SUDS based in buildings
as well as one of the most investigated and extended across the world [23]. Hence, this
study tackles one of the most significant knowledge gaps in relation with the water–energy
nexus through the implementation of SUDS. Besides, previous experiences outlined in
Charlesworth et al. [4] highlighted the need to further investigate the thermal properties
provided by the most commonly used materials in the cross-section of SUDS. There is also a
lack of comprehensive studies showing the combined performance of these materials under
wet conditions, which represents one of the extreme operation scenarios in SUDS [24].
Consequently, this research elaborates on these previously described gaps, studying the
thermal performance of blue roofs, using several materials which are widely utilized in
blue roofs such as limestone, expanded clay aggregates, geotextiles and modular tanks.

A numerical analysis of the blue roofs was carried out, applying a hybrid methodology
used by previous authors such as del Coz Díaz et al. [25] in order to study the thermal
properties of construction materials. These numerical models allowed the in depth study
and simulation of the heat transfer phenomena developed in the system [26]. With this aim,
the research raised the following specific objectives:

• Development of a laboratory-based methodology using standardized tests in order to
determine and measure the key thermal parameters in the different layers of wet and
dry blue roofs. This method could be transferred to other SUDS.

• Identification and measurement of the effect of lightweight materials utilized in blue
roofs such as expanded clay.

• Assessment of the thermal properties (i.e., transmittance and conductivity) of the blue
roof cross-sections studied in the models.

• Obtainment of the thermal properties of the materials forming the standard sections
of the roofs studied using numerical models, Design of Experiments (DOE) and Multi-
Objective Genetic Algorithm methodologies (MOGA).
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2. Materials and Methods
2.1. Materials and Experimental Set-Up

Blue roofs consist of four main layers based on the Philadelphia Water Department
designs [27]: gravel/aggregate layer, geotextile, drainage layer, and a suitable waterproof-
ing roof membrane. These sections share all layers with the structure of a regular green
roof except the surface layer, where vegetation and growth substrate are usually located.
This surface layer is replaced by a gravel/aggregate layer in the case of blue roofs [3]. This
kind of structure has been widely utilized both in the laboratory and in the field, achieving
prime results from a stormwater management standpoint [28]. Therefore, this research
used the following materials as layers for the laboratory blue roof models:

• Material 1: limestone aggregate 10/20 mm particle size diameter, 2690 kg/m3 bulk
density and 35% porosity. This material was included in sections type 1 and 2 as
surface layer, as well as, in type 1 in the sub-base layer (Figure 1).

• Material 2: Atlantis Flo-Tank® lightweight modular tank structural system with
450 mm height, 685 mm length and 408 mm width. These modular tank systems
provide up to 90% of voids in volume and were implemented between the surface
layer and the sub-base (Figure 1).

• Material 3: expanded clay 10/20 mm particle size diameter, 275 kg/m3 bulk density
and 34% porosity. This material has a higher porosity and lower density due to
its properties gained through an industrial manufacture process, which confers it a
vitrified surface [29].
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Figure 1. Types of blue roof models with details of the materials utilized (1-Limestone aggregates,
2-Atlantis’ Flo-Tank®, 3-Expanded clay).

A geotextile is placed between all layers (surface–modular tank and modular tank–
sub-base interfaces) with the aim to separate them and to filter the water. The geotextile
consists of short polyester fibers 150 g/m2, which are non-woven, and have a thickness of
1.0 ± 0.2 mm.
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The equipment deployed to determine heat transfer under steady-state conditions
consisted of a climate generator unit and a calibrated hot-box. The first device allows one
to control the temperature values in an enclosed ambience through the provision of heating,
cooling and moisture. The hot-box is connected to this device, delivering a 1 m3 space for
the controlled climatic conditions. The abovementioned equipment operates in accordance
with the standards ISO 8990:1994 [30] and ASTM C1363-05 [31].

The cross-sections presented in this research (Figure 1) were installed in the test box,
resting on top of the hot-box (Figure 2), while being isolated from the external environment
by means of a 10 cm layer of a extruded polystyrene with a low thermal conductivity
(0.033 ± 0.003 W/mK). Sensors consisted of 8 type K thermocouples (TCxy) and 8 heat
flux Hukseflux HFP01 (HFx) that were installed at the upper and lower interfaces in all
layers (Figure 1), allowing the collection of temperature and heat flux, respectively. Heat
flux plate HFP01 is a sensor usually utilized for heat flux measurements in soil as well as
through walls and building envelopes. The sensor specifications are as follows: Sensitivity
(nominal): 60 × 10−6 V/(W/m2); Sensor thermal resistance: 71 × 10−4 K/(W/m2); Rated
operating temperature range: −30 to +70 ◦C; Measurement range: −2000 to +2000 W/m2.
In addition, thermal resistance and thermal transmittance were calculated following the
operational instructions for the equipment previously depicted in the standards [30,31].
Data acquisition from the tests was carried out by means of the TRSYS equipment by
Hukseflux, shown in Figure 2, coupling the measurements from the thermocouples with
the data registered by the heat flux sensors, providing the temperature differential.
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The thermal transmittance is obtained using Equation (1) based on the simultaneous
measurement of the average heat flux (Φ) and the temperature difference (∆T) registered in
the thermocouples. Once the thermal transmittance is calculated, the thermal resistance
and the equivalent thermal conductivity of the whole section can be estimated using
Equations (2) and (3).

U
[
W/m2K

]
= Φ

[
W/m2

]
/ ∆T [K] (1)

U−1 = Rtot = R + Rdown + Rup (2)

λeq = a/R (3)
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where:
Rdown

[
m2K/W

]
, corresponds to the thermal resistance at the bottom part of the box,

which is 0 in this case.
Rup

[
m2K/W

]
, applies for the thermal resistance of the upper part of the blue roof.

R
[
m2K/W

]
= Rlayer1 +Rlayer2 , describes the thermal resistance excluding the upper

and bottom parts.
Rtot

[
m2K/W

]
, corresponds to the total thermal resistance.

a [m], represents the total thickness of the blue roof model.
λeq [W/mK], represents the equivalent thermal conductivity of the blue roof labora-

tory model.

2.2. Experimental Methodology

The experimental methodology consisted of the simulation of the two types of blue
roofs outlined in Figure 1 under dry and wet conditions. Dry conditions were simulated
without the presence of water, while wet conditions were achieved by the addition of water,
keeping a constant presence of water up to the surface layer (Figure 3). To reach this water
level, 158.0 ± 0.1 L were required for type 1 and 160.0 ± 0.1 L for type 2. Once the tests
were finalized, 135.0 ± 0.1 L of water were extracted from the models.

Sustainability 2022, 14, 1815 5 of 16 
 

λୣ୯ = a R⁄  (3)

where: Rୢ୭୵୬ ሾmଶK/Wሿ, corresponds to the thermal resistance at the bottom part of the box, 
which is 0 in this case. R୳୮ ሾmଶK/Wሿ, applies for the thermal resistance of the upper part of the blue roof. R ሾmଶK/Wሿ = R୪ୟ୷ୣ୰ଵ + R୪ୟ୷ୣ୰ଶ , describes the thermal resistance excluding the upper 
and bottom parts. R୲୭୲ ሾmଶK/Wሿ, corresponds to the total thermal resistance. 𝑎 ሾ𝑚ሿ, represents the total thickness of the blue roof model. λୣ୯ ሾW/mKሿ, represents the equivalent thermal conductivity of the blue roof labora-
tory model. 

2.2. Experimental Methodology 
The experimental methodology consisted of the simulation of the two types of blue 

roofs outlined in Figure 1 under dry and wet conditions. Dry conditions were simulated 
without the presence of water, while wet conditions were achieved by the addition of 
water, keeping a constant presence of water up to the surface layer (Figure 3). To reach 
this water level, 158.0 ± 0.1 L were required for type 1 and 160.0 ± 0.1 L for type 2. Once 
the tests were finalized, 135.0 ± 0.1 L of water were extracted from the models. 

 
Figure 3. Schematic view of the water level in the surface layer. 

A series of thermal ramps were programmed in the climatic generator equipment in 
order to carry out the thermal tests. These tests started at 20 °C, given that this was the 
ambient temperature in the laboratory. The temperature was progressively raised up to 
55 °C. It took E(46.5;9.5) hours to reach this temperature, as the test was developed grad-
ually to achieve a stable heat flow throughout the section. 

The roof stabilized after reaching 55 °C, ensuring that the steady-state was achieved; 
Then, the data were registered during the next 10 h for the subsequent calculation of the 
thermal properties of the roof. These data were recorded using two heat flux sensors and 
two thermocouples at each measuring point, collecting data every 10 min. 

A test temperature of 55 °C was selected since the standards (ISO 8990:1994 [30] and 
ASTM C1363-05 [31]) used to operate the equipment established that the temperature gra-
dient between the outside and the inside of the roof must be greater than 15 °C at all times. 
The reason for this is to ensure the reliability of the thermal transmittance and the equiv-
alent thermal conductivity values, according to the abovementioned standards. 

  

Figure 3. Schematic view of the water level in the surface layer.

A series of thermal ramps were programmed in the climatic generator equipment
in order to carry out the thermal tests. These tests started at 20 ◦C, given that this was
the ambient temperature in the laboratory. The temperature was progressively raised up
to 55 ◦C. It took E(46.5;9.5) hours to reach this temperature, as the test was developed
gradually to achieve a stable heat flow throughout the section.

The roof stabilized after reaching 55 ◦C, ensuring that the steady-state was achieved;
Then, the data were registered during the next 10 h for the subsequent calculation of the
thermal properties of the roof. These data were recorded using two heat flux sensors and
two thermocouples at each measuring point, collecting data every 10 min.

A test temperature of 55 ◦C was selected since the standards (ISO 8990:1994 [30] and
ASTM C1363-05 [31]) used to operate the equipment established that the temperature
gradient between the outside and the inside of the roof must be greater than 15 ◦C at all
times. The reason for this is to ensure the reliability of the thermal transmittance and the
equivalent thermal conductivity values, according to the abovementioned standards.

2.3. Numerical Models

Finite element analysis (FEM), using the ANSYS Workbench 2021R2 software was
utilized to assess the thermal behavior of the blue roofs. For this purpose, 2D models of the
two studied cross-sections were developed, as shown in Figure 1.
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The size of the mesh using hexahedral elements was calculated to be 10 mm. It was
modelled using PLANE293, which is a flat element with 8 nodes, with a single degree of
freedom, which is the temperature at each node. This element is suitable for steady-state
analysis [32]. The mesh size in the contact zones between the different materials was
minimized by means of the inflation tool using the following parameters: 5 mm maximum
thickness, a number of layers of 10 and a growth rate of 1.2.

The thermal steady-state analysis was developed by establishing an adiabatic behavior
on the side walls of the studied cross-sections as boundary conditions for the model.
Furthermore, convection was modelled on the upper face of the roof, using an ambient
temperature of 20 ◦C, and a convective surface coefficient of 5.0 W/K m2, following the
Annex C in ISO 6946 [33]. The temperature values obtained experimentally at the top and
bottom parts of the roof were used as input data for the FEM model. This model, used in
previous works [34], was used and it provides errors below a threshold of 2%.

Heat transfer by conduction occurs through the contact points. On the other side, heat
transfer by convection takes place across the interface of the different layers. If heat transfer
by radiation is not considered, heat transfer by conduction between two surfaces can be
defined as (4) [35]:

QTCC = kTCC ∗ (Tc,T − Tc,C) (4)

where QTCC is the heat flux per unit area in the interlayer (W/m2); kTCC is the thermal
contact conductance coefficient (W/m2 ◦C); Tc,T and Tc,C are the temperatures of the
contact points on the target and contact surfaces. Parikh et al. [35] recommended a value
for the thermal contact conductance coefficient of 2 kW/m2 ◦C. This value was selected
for this research in order to take into account the presence of microscopic irregularities in
material surfaces.

Once the experimental results of the thermal behavior of the sections had been stud-
ied, the equivalent thermal conductivities of each of the layers were determined using a
multi criteria optimization method based on DOE [36]. Finally, the optimized equivalent
thermal conductivity values in all materials were determined using the Response Surface
Optimization search ranges through a MOGA [37]. Firstly, the design variables (input
and output parameters) were defined in order to carry out the DOE. Secondly, a response
surface for prediction purposes was we developed; and finally, the objectives in the MOGA
algorithm were we established. The input parameters are the temperature conditions in the
experimental setup, while the output parameters are the equivalent thermal conductivity of
each layer. Furthermore, the objective in the MOGA algorithm is the thermal transmittance
results obtained experimentally.

3. Results and Discussion
3.1. Experimental Results
3.1.1. Thermal Behavior of the Whole Cross-Section

Figure 4 shows the heat flux for each type of blue roof studied both in dry and wet
conditions. As the temperature rises through the temperature ramps, the flux becomes
steady as further illustrated in Figure 4. The different durations of the tests depended on
the stabilization of the system (see Section 2.2).

The sensors closer to the heat source in the experiments (sensors HF 1 and 2 located at
the lower part of the sections) demonstrated higher variability.

An increase in variability is observed in the tests carried out under wet conditions
during the final section of the testing, which could be associated with the evaporation
process occurring at these elevated temperatures.

The temperature gradient between the bottom and the upper parts of the sections
tested exceeded 15 ◦C during the last 10 h of the experiments (Figure 5), granting the
stabilization of the system, as per stated in the standards (ISO 8990:1994 [30] and ASTM
C1363-05 [31]) used to operate the equipment (see Section 2.2). This gradient represents the
difference in temperature between the part of the system nearest to the heat source and the
ambient temperature.
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Figure 6 exhibits the thermal transmittance values during the last 10 h of the experi-
ment once the temperature established to operate the system under steady-state conditions
was reached (55 ◦C). The data collected under these conditions and the interval of time
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were representative for the calculation of the thermal performance of the two types of blue
roofs tested.
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The thermal transmittance values registered for each of the tests developed are gath-
ered in Table 1. These figures corresponded to the averaged values of the thermal transmit-
tance once constant (Figure 6).

Table 1. Thermal transmittance values, absolute error and relative error of the blue roofs.

Dry Test Wet Test

U (W/m2 K)
Absolute Error

(W/m2 K)
Relative Error

(%) U (W/m2 K)
Absolute Error

(W/m2 K)
Relative Error

(%)

Blue roof type 1 0.38 0.01 3.30 1.19 0.16 13.99
Blue roof type 2 0.23 0.04 17.02 0.93 0.02 2.34

The type 2 blue roof laboratory model provides the best thermal properties from a
potential water–energy nexus viewpoint, integrating GSHP elements into a roof, as shown
in Figures 1 and 2. The addition of expanded clay in the sub-base of the cross-section,
replacing conventional limestone aggregates, enhances the insulation of the system in
contrast with the ambient temperature. On another note, the presence of water, replicating
the operation scenario of a blue roof in storm conditions, negatively affects the equivalent
thermal conductivity, increasing its value over 60% in both types of laboratory models.

Tables 1 and 2 show higher values for the relative errors in the dry test of section type
2 and the wet test of section type 1. This finding is due to the fact that the duration of these
tests is longer than the other tests. Therefore, although the heat flux has been steady during
the whole test, these tests should have a longer duration.
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Table 2. Equivalent thermal conductivity values, absolute error and relative error for the blue roof
laboratory models.

Dry Test Wet Test

λeq (W/mK) Absolute Error
(W/mK)

Relative Error
(%) λeq (W/mK) Absolute Error

(W/mK)
Relative Error

(%)

Blue roof type 1 0.23 0.01 3.30 0.71 0.10 14.32
Blue roof type 2 0.14 0.02 17.02 0.56 0.01 2.34

3.1.2. Effect of the Expanded Clay on the Thermal and Hydraulic Behaviors of Blue Roofs

The effect of the addition of expanded clay in the sub-base layer is discussed in
further detail in the analysis of the thermal transmittance in this particular layer within the
cross-section. Table 3 shows the comparison between the two types of materials utilized,
revealing similar behaviors under dry conditions, which are slightly better than the blue
roof type containing limestone aggregates (type 1). However, the expanded clay (type 2)
evidences a superior performance under wet conditions, displaying similar behaviors in
both dry and wet conditions (Table 3). The aggregate layer in type 1 produces an increase
of 64.9% in the thermal transmittance.

Table 3. Comparison of thermal transmittance values in the first layer.

Dry Test Wet Test

U (W/m2 K)
Absolute Error

(W/m2 K)
Relative
Error (%) U (W/m2 K)

Absolute Error
(W/m2 K)

Relative
Error (%)

Blue roof type 1 (arid) 2.65 0.07 2.49 4.37 0.14 3.16
Blue roof type 2
(expanded clay) 2.95 0.25 8.37 2.96 0.03 0.89

On the other hand, an additional 2.0 ± 0.1 L of water were required to keep the level of
water up to the surface layer in the type 2 section (expanded clay). Given that the volume
occupied by the expanded clay is 41.6 ± 0.2 L, this implies that the water storage capacity
of the type 2 roof is 4.8% higher than the type 1 roof. This means that type 2 could store a
surplus of water per m2 of 7.2 ± 0.2 L in comparison with type 1.

3.1.3. Assessment of the Results within the Context of the Spanish Technical Building Code

The Spanish Technical Building Code (CTE in its Spanish acronym) (see A-Nomenclature
in Appendix A) is the set of standards that establish the requirements for buildings regarding
security and livability [38]. The Basic Document HE Energy Saving states that the conditions
must be accomplished by the building envelope [39], determining the thermal transmittance
of its various elements for each climatic zone in Spain. Table 4 shows the threshold values
for the thermal transmittance of the building envelope under each climatic area. All values
were estimated for an absorptivity of 0.55.

Table 4. Threshold values for the thermal transmittance in roofs directly in contact with outdoor
conditions based on the Spanish CTE.

Element
Climatic Zone

A B C D E

Covers in contact with
outside airU (W/m2 K) 0.50 0.44 0.40 0.35 0.33

The climate zones are defined according to the climatic severity of the different ar-
eas [40]. It is calculated using an average statistical range of temperatures during the winter
and summer months for each zone [41].
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Consequently, the type 1 blue roof is compatible with the climatic zones A, B and C
based on its performance under dry conditions (U1

dry = 0.38 W/m2 K) if compared with
the threshold values in Table 4. On the contrary, under dry conditions the type 2 model
accomplishes thermal transmittance values for all climatic zones within the range displayed
in Table 4 (U2

dry = 0.23 W/m2 K).
However, none of the laboratory models tested under wet conditions in this research

meet the limit values established by the Spanish CTE. Nevertheless, this outcome must be
put into context by the fact that all roofs have an extra bottom layer acting as a structural
element that often improves the thermal properties of the building envelope. Therefore,
more research would be recommended with the aim of assessing the effect of blue roofs
operating under wet conditions, including the structural element underneath the cross-
section of the types studied in this article.

3.2. Numerical Results

A sensitivity analysis of the mesh was carried out in order to obtain a better correlation
between the experimental values and the numerical model. It was observed that the most
influential parameter is the face sizing element, with a lesser impact of the parameters that
define the inflation of the mesh at the interface (Figure 7a). The influence of the face sizing
element on the results of the thermal transmittance of the total section was determined
using DOE. The optimum mesh size was determined to be 10 mm based on these results
(Figure 7b).

A new DOE analysis was carried out using the thermal conductivities of each of the
materials used in the standard sections of the blue roofs as input parameters. Table 5 shows
the search ranges for the equivalent thermal conductivity values of the materials forming
the sections studied. The thermal conductivity values provided by the manufacturers
were implemented in order to establish the search ranges for the dry tests. Conversely, the
reference values used by other authors were used for the wet scenario [25,42].

Table 5. Search ranges of the thermal conductivities of materials.

Dry Test Wet Test

Thermal Conductivity
(W/mK) Lower Bound Upper Bound Lower Bound Upper Bound

Atlantis box 0.13 0.17 0.15 0.60

Limestone aggregates 1.15 1.45 1.30 2.00

Expanded clay 0.05 0.15 0.15 0.50

The MOGA algorithm used an objective function to constrain the thermal transmit-
tance values obtained experimentally with the aim of determining the optimized equivalent
thermal conductivity values of the layers (see Table 6). Equivalent thermal conductivities
were established using these search values (see Table 1). The results of the equivalent
thermal conductivity obtained included the effects of convection and radiation in the holes,
as well as the conduction inside the particles.

Table 6. Equivalent thermal conductivity values of the layers.

Thermal Conductivity (W/mK) Dry Test Wet Test

Atlantis box 0.145 ± 0.002 0.56 ± 0.01

Limestone aggregates 1.3 ± 0.1 1.8 ± 0.1

Expanded clay 0.075 ± 0.007 0.381 ± 0.006



Sustainability 2022, 14, 1815 11 of 15
Sustainability 2022, 14, 1815 11 of 16 
 

 
Figure 7. Sensitivity analysis of the mesh. (a) Influence of the parameters defining the mesh. (b) 
Effect of face sizing element size. 

A new DOE analysis was carried out using the thermal conductivities of each of the 
materials used in the standard sections of the blue roofs as input parameters. Table 5 
shows the search ranges for the equivalent thermal conductivity values of the materials 

Figure 7. Sensitivity analysis of the mesh. (a) Influence of the parameters defining the mesh. (b) Effect
of face sizing element size.

3.3. Constraints Identified in This Research

In addition to the dry and wet tests described above, saturated wet tests were carried
out. These consisted of keeping a constant level of water up to the surface layer of the
blue roof section, as was done by other authors in SUDS thermal studies [16]. The data
obtained in these tests showed that the heat flow was transmitted through the water, thus
the thermal properties of the different layers forming the blue roof were not available.
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The temperature gradient between the bottom and upper parts of each layer achieved
during the experiments conducted did not overcome 15 ◦C. Therefore, these results are not
fully supported by the standards. However, this finding does not imply that the results
gained in these experiments are incorrect. Further attention to this particular area may be
needed in future research. Nevertheless, the difference in temperature between the bottom
layer and the surface layer of the whole section exceeded 15 ◦C as can be seen in Figure 5,
and this is supported by the standards.

The duration of the experiment was long due to the requirement to reach the steady-
state conditions.

4. Conclusions

This study provides relevant information about the knowledge gap identified in
previous research, which highlighted the need to expand the investigations on heat transfer
processes within SUDS, as well as to determine the thermal properties of the materials
usually utilized to design and construct SUDS [43], developing the understanding of the
water-energy nexus carried out in other SUDS devices [44].

The following conclusions can be drawn from the results of this study:

• The test methodology proposed in this research has been found to be effective in
determining the thermal properties of a blue roof. It improves other existing method-
ologies [24] by being able to assess the thermal properties of the entire section under
dry and wet conditions. Furthermore, since this methodology is based on the use of
standardized equipment, the results obtained can be easily compared across the world.

• The values obtained for the equivalent thermal transmittance of the blue roofs studied
were compared with the values set by the Spanish CTE standards. It was determined
that in dry conditions, section type 1 would be compatible with climate zones A, B and
C, while section type 2 (with expanded clay in the base layer) would be compatible
with all climate zones. In contrast, neither of the two types of roofs tested would be
compatible with the values set by the CTE by themselves under wet conditions.

• The hydraulic and thermal improvement of the inclusion of expanded clay in the base
of the blue roof has been quantified. It increased the hydraulic capacity by 4.8% and
improved the thermal transmittance in both dry and wet conditions. The enhancement
was more noticeable under wet conditions, where the limestone aggregate layer in
section type 1 increased its thermal transmittance value by 64.9%.

• It was found that the presence of water increased the equivalent thermal conductivity
in both sections by 60%. This worsened the thermal insulation capacity of both sections.

• The experimental data were used to carry out a numerical analysis in Ansys. With this
analysis, the equivalent thermal conductivities of each of the layers that form the blue
roof have been determined. With these results, scale alterations can be made in future
designs using numerical models.

Following this hybrid methodology, based on the combination of numerical simu-
lations and experimental tests, several future steps in this research area are proposed
as follows:

(1) Development of further laboratory tests, analyzing other SUDS techniques.
(2) Advancement of improvements in the proposed methodology.
(3) Application of numerical modelling to study the appropriate thermal behavior of

SUDS, achieving optimized designs.
(4) Continuation of the research area initiated by other authors such as Congedo et al. [45],

applying it to a case study in the field.
(5) Development of field experiments, monitoring the thermal behavior of SUDS, using

these data to validate the numerical models.
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Appendix A Nomenclature

Acronyms
CTE Spanish Technical Building Code (Spanish acronym)
DOE Design of Experiments
EU European Union
FEM Finite Element Analysis
GSHP Ground Source Heat Pump
HIE Heat Island Effect
LID Low Impact Development
MOGA Multi-Objective Genetic Algorithm methodologies
NBS Nature-based Solutions
PPS Permeable Pavement Systems
SCM Stormwater Constructed Measures
SDGs Sustainable Development Goals
SUDS Sustainable Urban Drainage Systems
WSUD Water Sensitive Urban Design
Symbols
U thermal transmittance (W/m2 K)
∆T temperature differential (K)
Φ average heat flux (W/m2)
Rdown thermal resistance at the bottom part of the box (m2 K/W)
Rup thermal resistance of the upper part of the blue roof (m2 K/W)
Rtot total thermal resistance (m2 K/W)
a total thickness of the blue roof model (m)
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)
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