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1. Introduction

In buildings located in warm-humid climates near the
equator, nearly half (52%) of the heat gains are through the
roof (Chou et al., 2013; Torres-Quezada et al., 2018). The
significance of this factor in influencing indoor conditions is
attributed to the urban and geographic context of these
regions, where low-rise buildings are prevalent (Diulio et
al., 2016; United Nations, 2018) and there is high solar
exposure on a horizontal plane (Boulifa et al., 2015;
Kolokotroni et al., 2018). Therefore, in these regions,
assessing the thermal behavior of roofs is essential to
mitigate indoor thermal discomfort and, consequently,
reduce the load on air conditioning systems. This is also
applicable to similar regions (Al-Obaidi et al., 2014;
Vijaykumar et al., 2007).

In several countries with such climate and geographic
conditions, like Malaysia (Allen et al., 2008), Singapore
(Jusuf et al., 2007), Indonesia (Lauber et al., 2005), Costa
Rica (INEC, 2011), Dominican Republic (ONE, 2010) or
Ecuador (INEC, 2010), light metal sheets have traditionally
been the most commonly used material for roofs. However,
in recent decades, many of these countries, including the
coastal areas of Ecuador, have witnessed a substantial shift
in roofing materials, with a significant increase in the use of
concrete roofs. In 1990, 67% of all roofs were constructed
using metal sheets, while 16% were made of concrete
(INEC, 1990). However, by 2018, these proportions had
shifted to 27% for metal sheets and 26% for concrete (INEC,
2019).

Although concrete roofs (CR) entail high installation
costs, their material characteristics offer superior thermal
resistance and thermal mass compared to metal roofs (MR).
Consequently, CR can substantially decrease the heat flux
through this roofing element. Typically, strategies for
mitigating indoor overheating in climates with high solar
radiation prioritize the utilization of materials with low
thermal transmittance or the incorporation of roof insu-
lation (Arumugam et al., 2015; Meddage et al., 2022). For
example, Jim (2015), through an experimental work, ana-
lyzes the use of insulation in concrete roofs in a subtropical
climate in China. The use of this strategy reduces daytime
heat flux to the interior by 20% on sunny days. However, it
also reduces heat losses during nighttime. Moreover, Tong
et al. (2014) investigate the impact of using 2.5 cm of
Expanded Polystyrene (EPS) on the interior surface tem-
perature of concrete roofs. Simulations, validated by field
experiments, were employed for this purpose. The study
reveals a 5 °C reduction in the maximum interior surface
temperature and a slight 0.5 °C increase in the minimum
temperature on a clear-sky day.

Although the majority of studies and regulations pri-
marily focus on the use of insulation, it’s important to note
that there are other parameters that also significantly
affect the flow of heat into the interior (Santana et al.,
2022). These parameters include reflectivity (Fantucci
and Serra, 2019; Hernandez-Pérez et al., 2018; Pisello,
2017; Qiu et al., 2018) and emissivity (Mohd Ashhar and
Haw, 2022; Synnefa et al., 2006). Both parameters are
directly correlated with the climatic characteristics specific
to each region: solar reflectivity is linked to solar radiation,
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and thermal emissivity is associated with the cooling radi-
ative capacity of the sky (Geetha and Velraj, 2012; Ziming
et al., 2020). For instance, Kolokotroni et al. (2018)
analyze the influence of these variables on a concrete
roof of a single-story house in Jamaica, considering a day
with an average daily radiation of 5.8 kWh/m? and an
average outdoor air temperature of 28 °C. This study
demonstrates that the application of high reflectivity and
high emissivity materials reduces the interior surface
temperature of the roof by an average of 6.8 °C. Likewise, a
study conducted in Palermo, Italy, found that the use of
cool roof paint reduces the interior surface temperature by
an average of 6.50 °C during the hottest month (July),
which experiences an average solar radiation of 5.2 kWh/
m? and a temperature of 27 °C (Shittu et al., 2020).
Furthermore, in the study of Zinger (2015a), the perfor-
mance of a concrete roof and a metal roof was compared
on a day with a daily solar radiation of 5.4 kWh/m? and an
average sky temperature of 7 °C. According to this study,
conducted in Singapore, even though both roofs have the
same reflectivity and emissivity values (r = 0.85, ¢ = 0.95),
the concrete roof reduces the heat flux to the interior more
during the daytime due to its lower thermal transmittance.
At night, owing to its high thermal mass, the concrete roof
experiences fewer heat losses than the metal roof; how-
ever, it still maintains lower interior surface temperatures.
Therefore, depending on these climatic conditions, the
concrete roof consistently offers lower interior surface
temperatures than the metal roof throughout the day.

These studies indicate that the utilization of high solar
reflectivity and high emissivity materials has significantly
reduced roof overheating, particularly in climates charac-
terized by high solar radiation and a strong cooling capacity
of the sky. On one hand, they emphasize the significance of
high reflectivity when confronted with elevated levels of
solar radiation during the daytime. On the other hand, they
underscore the importance of high emissivity and the
cooling capacity of the sky, which not only impacts the
daytime period but also plays a role during the nighttime.
Nevertheless, Ecuador, much like several other regions
around the world, experiences a warm-humid climate
characterized by predominantly overcast skies (Torres-
Quezada et al., 2017, 2019), which can significantly
diminish its radiative cooling capacity. While a previous
study (Torres-Quezada et al., 2019) has examined the per-
formance of the metal roof in climates with high cloud
cover, there is no comprehensive analysis of the thermal
behavior of the concrete roof in such climates, let alone a
comparative study between these two types of roofs. So,
the applicability of simulation models used in other regions,
focused on sky models with high radiative cooling capacity,
would likely result in higher inaccuracies in the study re-
gion. This could lead to the implementation of strategies
with low efficiency.

Furthermore, as mentioned earlier, the utilization of
insulation or high thermal mass values has a significant ef-
fect on diminishing heat gains; however, they also reduce
heat losses. In climates characterized by extensive cloud
cover, where the radiative cooling capacity of the sky is
comparatively lower than in other regions (Torres-Quezada
et al., 2016), the impact of the radiative properties of the
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surface may or may not be decisive, depending on the
thermal mass of the roofs. The primary focus of this
research is to bridge the gap in understanding the impact of
this climatic factor on the thermal performance of both
types of roofs. To this end, characterizing the sky condi-
tions in detail, and thereby developing a more refined
simulation model, will be crucial to obtain more accurate
results tailored to the study region.

Thus, this study undertakes a comparative analysis of
the thermal behavior of the light metal roof with the heavy
concrete roof in regions with warm-humid climates and
high cloudiness. The research analyzes the impact of
modifying solar reflectivity and thermal emissivity on the
inside surface temperature (Tg;) of MR and CR in this specific
climate conditions.

2. Materials and methods

The methodology employed in this study relies on a pro-
cess that combines simulations with validated measure-
ments. This process was divided into four stages, as
depicted in Fig. 1. Firstly, in situ measurements were
conducted, focusing on capturing climatic conditions and
the thermal and construction properties of the validation
models. In the second stage, the climate data and the
validation models were configured based on these mea-
surements. The third stage involved model validation,
achieved by comparing simulation results with the
measured data. Finally, a parameterization of the thermal
outcomes of the roofs was carried out, considering the
two radiative properties. This parameterization was used
to analyze the influence of reflectivity and emissivity on
both MR and CR. Additionally, a comparative analysis of
the thermal behavior of these two types of roofs was
conducted.

METHODOLOGY PROCESS
|
S tage 1 —= Climatic factors
Measurements N The_rm:.:\I behavior of
validation models
]
Stage 2 —— Weather file
c S(;.ftwan.a = Validation models
onfiguration
J
Stage 3 ., Simulationvs
validation measurements
|
Stage 4 —— r&Eimpact on MR and CR
Parametization —— MRvsCRin a::g:d and painted
states

Fig. 1  Methodology diagram applied in the research.
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2.1. Measurements

These measurements were conducted in Santa Rosa-El Oro-
Ecuador, in October and December of 2016. This city is
located on the southern coast of this country, at a latitude
of approximately 3°27'S and an altitude of 14 masl.

2.1.1. Climatic factors measurements

Santa Rosa city experiences a consistently warm-humid
climate year-round, with an average temperature and
relative humidity of approximately 26 °C and 85%, respec-
tively. The temperature exhibits a daily fluctuation of 6 °C
and an annual variation of 4 °C (WeatherCompanyLLC,
2016). Moreover, this city, along with the entire Coastal
region of Ecuador, is known for its significant cloud cover,
with an annual average of approximately 78% (Wilson and
Jetz, 2016).

The meteorological factors measured included air tem-
perature, relative humidity, air velocity, and global solar
radiation. These data were gathered from a meteorological
station (Davis Vantage Pro2 Plus_Wireless) situated at co-
ordinates 3.30°S latitude, 79.89°W longitude, and an
elevation of 20 masl (WeatherCompanyLLC, 2016). The
sensors used to measure these four parameters have an
accuracy of 0.5 °C for temperature, 3% for relative hu-
midity, 3 km/h for air velocity, and 5% for global solar ra-
diation. These measurements were collected at 15-min
intervals throughout the entirety of 2016. The calibration
and the details of all sensors of this meteorological station
are specified in Torres-Quezada et al. (2021). In addition to
these measurements, recognizing the significance of
cloudiness in this region, two other climate factors were
also collected in situ: cloud cover and sky temperature. The
first factor (Wilson and Jetz, 2016) was obtained from
direct observation (Luiz et al., 2018; Wacker et al., 2015).
The process involved dividing the celestial vault into 4
equal spherical wedges. Cloudiness was quantified in each
segment through observation, supported by photographs.
The data from the four segments were averaged to obtain
the final value for each measurement period. The data and
methodology applied was obtained from a previous study
(Torres-Quezada et al., 2019). Due to the anisotropy of the
sky (Garcia et al., 2021), multiple measurements of the sky
vault, from the horizon to the zenith, were taken to obtain
an average of the temperature of the sky. This sky factor
was measured with an infrared thermometer TESTO 830 T4
with accuracy of + 1.5°C (—20°C—-0°C) + 1 °C or + 1% of
mv. The calibration procedure of this equipment was made
according to ISO/IEC 17025:2017. The measurements were
collected at 2 h intervals in October and December of 2016,
as well as the cloud cover factor. Moreover, Torres-Quezada
et al. (2021) contained the entire data obtained from these
measurements.

This collected data was used to configure the weather
file in the next stage. In addition, these measurements
served to determine the climatic factors of the day of
analysis, which was established by considering all the data
collected throughout that year and employing statistical
analysis. The selection of this specific day was based on an
emphasis on the region’s average extreme heat conditions,
particularly the average extreme solar values, given the
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consistency of air temperature throughout the year. Fig. 2
shows the average, maximum, minimum, and standard
deviation of the solar radiation values every month. Ac-
cording to them, a day with average extreme conditions
corresponds to a day with solar radiation of around
4.5 KWh/mZ,

2.1.2. Validation models measurements

The validation models refer to two distinct residential
buildings located in the study city. The first model with a
MR and the second with a CR. The MR of the first model
corresponds to a steel sheet panel, which is sheltered by a
Galvalume coating (aluminum 55% + zinc 45%) (INEN, 2008)
(ASTM A792/A792M-10, 2015), as shown in Fig. 3. The CR of
the second model is a horizontal ribbed slab made of
reinforced concrete and filled with hollow pumice blocks,
as shown in Fig. 3.

Measurements of these two roofs were conducted in two
scenarios: under current conditions and after they were
painted. The term “current conditions” refers to the orig-
inal, unpainted, and aged surface, as both roof samples
were more than 5 years old at the time the measurements
were taken. Due to the passing of time and the lack of
maintenance, the metal roof appears dusty and old though
it has not rusted. This indicates that the roof surface had
changed its appearance compared to a new metal sheet, as
it had lost its shine and high reflectivity primarily due to the
accumulation of dust on it. Furthermore, although the
metal sheet shows no traces of rust, its surface exhibits
greater roughness. In the case of the concrete roof, its
surface finish has become moldy. This indicates that the
roof surface had changed its appearance compared to the
new concrete, as it had acquired a dark color due to the
accumulation of residues from small layers of dried mold.
These layers of mold can influence the change in the
thermal transmittance of the roof. From this point onward,
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Fig. 2 Average value, maximum, minimum, and standard
deviation values of the solar radiation in every month of
2016 measured in Ecuador, and a monthly average of
solar radiation simulated without clouds. Data obtained from
WeatherCompanyLLC (2016).
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these samples are referred to as MR_old and CR_old. The
“Painted conditions” denote the two roofs painted with
high-reflective coatings. Both roofs were initially painted
with a standard commercial white paint. However, MR was
subsequently painted with a cool roof coating. These pro-
cesses were carried out in January 2017. These samples are
named as MR_white, CR_white, and MR_cool.

Table 1 shows the specific features of all these samples.
The surface temperature of the two sets of samples has
been simulated and validated with measurements.

Since the scope of this study is the thermal behavior
of the roofs, the measurements focus on visible reflec-
tivity, thermal infrared emissivity, outside surface tem-
perature (Ts), and inside surface temperature (Tg) in
both roofs. In addition to these parameters, indoor air
temperature and infiltrations were measured within the
interior of the two spaces covered by each of the roofs.
However, it’s important to note that these parameters
were solely utilized to configure and validate the soft-
ware model.

The process of measuring reflectivity begins by
comparing the MR and CR surfaces with a reference surface
(white paper, 80 g/m?) through the capture of photographic
images. This method is grounded in previous studies
(Baneshi et al., 2016; Levinson et al., 2010; Lopez-Besora
et al., 2014). Next, the histograms of each sample and
the white paper were generated using Adobe Photoshop.
The visible reflectivity of the reference surface was ob-
tained through calculations from measured apparent lumi-
nance and illuminance. The reflectivity value of white
paper was established through Eq. (1), assuming a Lam-
bertian reflection of this surface.

L
where r is the reflectivity value, L is the luminance
value expressed in cd/m? and E is the illuminance value
expressed in luxes.

The instruments used to measure the illuminance and
luminance values were a Light meter LX1010B with an ac-
curacy of + 5%, and a Konica Minolta LS 110 luminance
meter with an accuracy of + 2% of measured values,
respectively. After this process, the value obtained for the
visible reflectivity of the reference surface was 0.85.

Regarding the emissivity measurements, the procedure
commences with the measurement of the external radiant
temperature using an infrared camera (FLIR 17) with an
accuracy of + 2%. The camera is adjusted to an emissivity
value of 1.00. Simultaneously, the outside surface tem-
perature is measured using a multi-logger thermometer
equipped with a thermocouple type K (Amprobe TMD 56)
with an accuracy of 0.05%. This method was based on other
studies (ASTM, 1999; Vollmer and Méllmann, 2018). Subse-
quently, the infrared camera software (FLIR Tools) was
employed to adjust the radiant temperature to match the
surface temperature by modifying the emissivity value.
Once this adjustment was achieved, the emissivity value
was determined. Another parameter configured in the
software was the reflected temperature, which was
assumed to be the same as the sky temperature value.
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METAL ROOF
a)
Steel sheet Panel (0.3mm)

G
80X40X20X2mm

Ts

26 I
100x50x30x3mm
1

b)

Fig. 3

Both the interior and exterior surface temperatures of
these roofs were measured using the same multi-logger
thermometer as specified earlier, as shown in Fig. 3(c)
and (d). The instrument was configured to collect data at
10-min intervals during October and December of 2016.
The measurements of interior and exterior surface tem-
perature were used to validate the results obtained from
simulations.
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CONCRETE ROOF

Concrete surface
finish

Ts

Reinforce concrete slab

Hollow light weight
concrete block

0,15 0,05

Cement mortar

0,02

04

0,1

(a) Constructive detail, (b) thermocouple position in the residential building, (c) outside and (d) inside surface temper-
ature measurements of metal roof (left) and concrete roof (right).

Regarding the measurement of interior air
temperature, data were collected at 10-min intervals
using the datalogger TESTO 174H, which has an accuracy
of £0.5 °C (-20 to +70 °C). The measurement of in-
filtrations  followed the method outlined in
(Instituto_Nacional_Seguridad_e_Higiene_en_el_Trabajo,
1994). By measuring CO, concentrations in both rooms for
several hours, an estimation of infiltrations was obtained.
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Table 1  Specific features of all samples.
State Samples Graphic Surface Specifications
code
Unpainted MR_old [ Old and Dusty
and Old
CR_old [ Old and moldy
With paint MR_white Clean and painted white (2
coating layers of latex Paint)
CR_white Clean and painted white (2
layers of latex Paint)
MR_cool Clean and painted with

cool roof paint (2 layers of
a cool roof)

2.2. Software configuration

The software used at this stage was Design Builder
4.5.0.148 interface (DesignBuilder, 2016) and Energy Plus as
a computation engine (DOE, 2017). DesignBuilder is
considered as the advanced user interface for EnergyPlus
which is an energy simulation program for heat transfers,
energy consumption and more (Pelaz et al., 2017). Simu-
lation tool was used to generate the results of surface
temperature and air temperature. To calculate these pa-
rameters, Energy Plus uses the Conduction Transfer Func-
tion (CTF) el cual se basa en un calculo de nimeros
infinitos. This method is efficient to compute surface heat
fluxes because they eliminate the need to know tempera-
tures and fluxes within the surface. However, to reduce
instability of the calculations, a method that develop CTF
series from finite difference approximations to the heat

= (0.787 +0.764 (T4, /273) ) (1 +0.0224N +0.0035 N, + 0.00028 N3)

conduction equation (Seem, 1987) were considered to
address this problem.

To characterize the environment the Simulation tool
uses a weather file named as Energy Plus Weather (EPW
file). The EPW specifies the outside air temperature, rela-
tive humidity, solar radiation, infrared radiation, air ve-
locity and more.

Accordingly, to calculate the balance of the outer sur-
face, Eq. (2) is used.

qlsol + qCWR + qgonv - qao :0’ (2)

where
g7, = Absorbed direct and diffuse solar (short wave-
length) radiation heat flux;
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glwr = Net long wavelength (thermal) radiation flux
exchange with the air and surroundings;

ql.n = Convective flux exchange with outside air;

gy, = Conduction heat flux (q/A) into the wall.

According to this, the conduction heat flux depends on
various climatic factors before passing into the interior.
Therefore, before validating the simulation model, it has
been necessary to configure the climate file and housing
models according to the field data, as explained below.

2.2.1. Weather file configuration

The configured file was the EPW (Energy Plus Weather) file,
which was utilized by Design Builder. Various weather pa-
rameters, including air temperature, dew point, relative
humidity, atmospheric pressure, global horizontal radia-
tion, wind direction, wind speed, total sky cover, and
present weather codes, were directly set based on mea-
surements. However, horizontal infrared radiation in-
tensity, diffuse horizontal radiation, and direct normal
radiation were derived through calculations using mea-
surements of other parameters. The calculation methods
employed for these parameters are in accordance with
those specified in the software (ENERGYPLUS, 2015), and
their descriptions are provided below.

Regarding Horizontal Infrared Radiation Intensity (HIR),
which represents the long-wave radiation emitted by the
sky and governs its radiative exchange with the roof (Qin
et al., 2017), it was determined using Eq. (3). This equa-
tion takes into account the temperature of the sky (Teky)
and incorporates a correction factor based on the emissiv-
ity (¢) of the sky.
HIR =& - Tyy*, (3)
where ¢ is the emissivity of the sky, Tgy is the sky tem-
perature (°C) and ¢ is the Stefan-Boltzmann constant
(5.67 x 1078 W/(m%eK?)).

The sky temperature taken for these calculations cor-
responds to the measurements made in situ. The value of ¢
has been calculated from Eq. (4).

In this equation, T4, represents the dew point temperature
(°C) and N is the opaque sky cover in tenths. Both of these
factors were acquired through in situ measurements.

Regarding the diffuse solar radiation (DR), this
parameter was obtained from the horizontal global
radiation (HGR) and the sky cover (N ) measured in situ, see
Eq. (5):

DR = HGR-N. (3
Direct normal radiation (NR) was calculated from Eq.
(6):

NR=HGR — CDR

m ’ (6)
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where 4 is the solar angle at each hour on each day at the
established latitude (°), which was obtained using the
simulation software.

According to the measurements, two time periods were
configured, one in October and the other in December. The
detailed configuration of these two weeks is provided in the
reference cited (Torres-Quezada et al., 2021). As
mentioned earlier, one specific day (October 10) from these
simulations was selected for a detailed analysis, and this
chosen day serves as the analysis day for all subsequent
simulations.

Finally, an average value of 25.8 °C for the ground
temperature was assigned for all months of the year to
define the boundary condition for the floor flux on the
ground floor. Additionally, several walls of the two samples
adjoining other buildings were considered adiabatic. The
specific considerations for these boundary conditions are
described in the Department of Energy (2022).

2.2.2. Validation models configuration

The thermal configuration of MR and CR buildings for their
simulation was determined based on the measured char-
acteristics of each experimental model. The radiative
properties of the roofs considered at this stage correspond
to the scenario with the roofs in their old conditions. These
buildings share similar characteristics like occupancy,
thermal characteristics of the envelope, and null direct
solar gains since both do not have windows. The thermal
properties of the roofs were obtained from the measure-
ments, while the walls and the floor were calculated with
the use of the simulation software and based on bibliog-
raphy. Given that the reflectivity measurements were
focused solely on the visible range, their solar reflectivity
has been set with the same value. Finally, infiltrations and
the occupancy values were determined based on data
collected in situ. The simulation parameters of these two
experimental models are displayed in Table 2.

2.3. Validation

After configuring the climate file and validation models in
the simulation software, simulated results for outdoor
surface temperature, indoor surface temperature, and in-
door air temperature during the two analysis periods were
obtained. These results were then compared with the
measurements obtained.

2.4. Parametrization

Since reflectivity and emissivity can vary significantly due
to the use of coatings or natural aging (Torres-Quezada
et al., 2019), the thermal behavior of the roof is analyzed
considering a wide range of variations in these two pa-
rameters under the measured climatic conditions. To ach-
ieve this, the inside surface temperature of both roofs was
parameterized based on changes in their reflectivity and
emissivity, ranging from 0.1 to 1.00. This parameterization
involves a graphical representation where the behavior of
Tsi is depicted using a color scale, depending on the values
of reflectivity on the x-axis and emissivity on the y-axis.
Separate analyses were conducted for the daytime and
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Table 2 Simulation parameters of the experimental
models.
MR CR

Roof

Solar reflectivity 0.52 0.25

Visible 0.52 0.25

reflectivity

Emissivity 0.30 0.90

Thermal mass  0.65 kJ/(m?-K)  70.51 kJ/(m?-K)

U-value 7.40 W/(m?-K)  2.68 W/(m?-K)

3.20 W/(m?-K)
1.96 W/ (m?-K)

3.20 W/(m?-K)
2.10 W/(m?-K)

Walls U-value
Floor U-value

Occupancy 0.04 people/ 0.035 people/m?
m?2(24 h) (24 h)
Infiltrations 0.70 ac/h (24 h) 0.60 ac/h (24 h)
Ground 25.80 °C 25.80 °C
temperature

nighttime periods. Since the analysis is conducted near
latitude 0°, both periods have approximately 12 h
throughout the year. As a result, the temperatures of the
daytime and nighttime periods were averaged and pre-
sented in separate graphs.

This parameterization serves two main objectives.
Firstly, it aims to assess the individual effects of radiative
properties on both MR and CR. Secondly, it aims to compare
the thermal performance of these two roofs under different
radiative conditions (old and painted) within the climatic
conditions of the study region.

3. Results and discussion

3.1. Measurements

3.1.1. Climate factors measurements

The climatic factors for the analyzed day are presented in
Fig. 4. On one hand, this figure illustrates the solar radia-
tion (W/m?) and cloud cover (tenths), as depicted in
Fig. 4(a). Furthermore, the figure includes the simulated
solar radiation under clear sky conditions, obtained using
Heliodon (Beckers and Masset, 2003). On the other hand,
Fig. 4(b) displays the outdoor air temperature (T,), relative
humidity (RH ), and sky temperature (Tgy).

Based on these results, the measured solar radiation
(SR_meas) exhibits significant variability and irregularity,
with values falling below the simulated values (SR_sim) for
most of the day. The daily average of SR_meas (4.4 kWh/
m?) represents only 71% of the SR_sim (6.2 kWh/m?), even
on a day characterized by extreme heat conditions in this
region. This pattern is closely associated with the extensive
cloud cover, which diminishes the amount of solar radiation
reaching the surface.

In addition, high cloud cover significantly affects the
radiative properties of the sky. According to on-site mea-
surements, the sky conditions in this region are character-
ized by 83% cloudiness and T, of 15.5 °C. This highlights
the limited radiative cooling capacity of the sky in this
area. These conditions become more pronounced during
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Fig. 4 Climatic factors of the analyzed day. (a) Cloud cover, global solar radiation obtained by measurements (SR_meas), and
solar radiation obtained by simulations with 0% of cloudiness (SR_sim). (b) Relative humidity (RH ), outdoor temperature (T,), and

sky temperature (Tgy).

the nighttime, with an average Ty, of 19 °C at night
compared to 11 °C during the daytime. Furthermore, the
average temperature difference between T, and Ty, is 4 °C
during the night period and 14 °C during the diurnal period.
Even the highest value of Ty, at night (19 °C) is only 2 °C
lower than T, at that moment. This difference is signifi-
cantly lower than that observed in other climates (Abu
Dhabi and New Delhi), where the annual average difference
is approximately 12 °C (Zingre et al., 2020). Hence, due to
the minimal difference between T, and Ty, the longwave
radiation heat flux directed towards the sky is restricted in
this region, in contrast to other areas with predominantly
clear sky conditions.

As a result, the average extreme day in this region is
typified by moderate radiation levels (4.4 kWh/(m?2-day))
and a limited sky cooling capacity (Tgy = 15.5 °C). These
values exhibit a notable difference of 20% and 42%
compared to the typical solar radiation and sky tempera-
ture data observed in other regions (Shittu et al., 2020;
Zingre et al., 2015a).

3.1.2. Roof parameters measurements

Fig. 5 shows the inside and outside surface temperature of
the building roofs. Nevertheless, due to the high thermal
transmittance of the metal roof, only the inside surface
temperature is displayed which is nearly identical to the
outside surface temperature. This similarity is also
observed in other studies (Biwole et al., 2008; Zingre et al.,
2015a). Additionally, the outdoor air temperature
measured (T,) is provided as reference for the analysis.
These data pertain to both roofs in their aged-unpainted
condition (MR_old and CR_old). Based on measurements
of the radiative properties in this condition, their visible
reflectivity is 0.52 for MR and 0.25 for CR, while their
emissivity is 0.30 and 0.90, respectively.

In regards to the inside surface temperatures, Tg;_M-
R_old shows an inconstant and irregular behavior, which is
quite similar to the SR_meas, see Fig. 4(a). By contrast,
Tsi_CR_old exhibits a smoother behavior with lower oscil-
lations and a delay compared to T;;_MR_old. The maximum
value of T5;_MR_old is 66 °C, occurring around 12:30, coin-
ciding with the peak of solar radiation. In contrast, the
maximum Tg;_CR_old is 35 °C, reached approximately 4 h
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Fig. 5 Measured values of outdoor air temperature (T,),

outside and inside surface temperature of the building con-
crete roof (T,_CR_old/T;_CR_old), and inside surface tem-
perature of the building metal roof (T;;_MR_old), on the
analyzed day.

later than the metal roof. Due to the different thermal
mass, thermal resistance, and thickness of these two roof
types, the impact of radiation on the metal roof is high and
instantaneous, whereas the heavy roof exhibits a much
lower response. Furthermore, when solar radiation di-
minishes, T;;_MR_old drops immediately to 26 °C, whereas
Tsi_CR_old remains at 35 °C, indicating differences of 0.5 °C
and 10 °C above T,, respectively. In fact, T;;_MR_old is
nearly equal to T, but the T;;_CR_old maintains its tem-
perature 4—5 °C above T, during the whole night. Once
again, these results highlight the influence of the varying
thermal resistance and thermal mass of these two roofs.
On the one hand, the Ti;_MR_old can reduce its tem-
perature immediately after solar radiation disappears. On
the other hand, the inside surface and even the outside
surface of the concrete roof do not reduce their
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temperature below T, at any time of the night. Conse-
quently, the Ty and T of the concrete roof are on average
4°C and 2 °C respectively higher than T, in the night period.
In addition to the high thermal mass of the concrete roof,
this condition is intensified due to the low cooling capacity
of the sky. On the contrary, other studies (Zingre et al.,
2015a; 2015b) show that the outer surface of concrete
roofs can reduce its temperature up to 3 °C below the air
temperature at night.

Furthermore, Ts;_MR_old is higher than T,;_CR_old during
the daytime. However, at nighttime, these results are
reversed. During the day, the average difference between
the inside surface temperatures of MR and CR is 10 °C,
while at night, this difference is —2.5 °C. Despite these
opposite behaviors, on a daily average, CR exhibits better
thermal behavior than MR in its current conditions (old
conditions), with a lower temperature and a smaller oscil-
lation amplitude.

With regard to the measurements of the radiative
properties, Fig. 6 displays the visible reflectivity and ther-
mal emissivity values for all samples. Additionally, it pre-
sents values for a sample of both roofs in a new-unpainted
state (MR_new/CR_new) obtained from the literature.
These values in the new state serve as a reference for the
analysis.

Based on these measurements, the aged samples of both
roofs (MR_old/CR_old) exhibit reduced reflectivity
compared to the samples in their new state (MR_new/
CR_new). However, regarding emissivity, the metal roof
shows an increase, while the concrete roof maintains a
similar value. From this point onward, all comparisons are
made with reference to the values of the two roofs in their
new state.

MR_old exhibits a reduction in reflectivity of 0.23 (from
0.75 to 0.52). In parallel, CR_old displays a reduction of
0.15, from 0.40 to 0.25. Additionally, the emissivity of the
metal roof shows an increase of 0.17 (from 0.13 to 0.30).
This change is a result of the accumulation of dust and
oxidation over time, transforming the surface of the metal
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roof from polished to rough and consequently increasing its
emissivity (Torres-Quezada et al., 2019).

The results for the painted samples demonstrate a sig-
nificant alteration in the reflectivity and emissivity of both
roofs compared to their new state. In all measured samples
of both roofs, both radiative properties increase. For the
metal roof samples, MR_cool shows a reflectivity increase
of 0.11 (from 0.75 to 0.86) and 0.77 increase in emissivity
(from 0.13 to 0.90), while MR_white exhibits a reflectivity
increase of 0.03 (from 0.75 to 0.78) and 0.82 increase in
emissivity (from 0.13 to 0.95). Likewise, CR_white displays
an increase in both radiative parameters, with a 0.36 in-
crease in reflectivity (from 0.40 to 0.76) and a 0.05 increase
in emissivity (from 0.90 to 0.95).

The results imply that the aging effect on MR can have
either a negative or positive impact on surface tempera-
ture. Aging may diminish its ability to reflect solar radiation
while enhancing its capacity to emit thermal radiation
(heat). On the other hand, aging in CR only has a negative
impact as degradation reduces its ability to reflect solar
radiation.

In reference to the painted samples, the use of paint on
the MR does not have a high influence on the increment of
its reflectivity; nevertheless, it has a high impact on the
increment of its emissivity. In contrast, the paint’s impact
on the concrete roof is significant on its reflectivity but
minimal on its emissivity, since the concrete’s emissivity is
high in both the painted and non-painted states.

The values of these samples have been used in the
parameterization section to compare the thermal behavior
between the MR and the CR in different states from data
taken in situ.

3.2. Validation results
Fig. 7 shows the comparison between the simulated

and measured results of the outside surface temperature,
the inside surface temperature, and the interior air
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Fig. 6 Visible reflectivity and thermal emissivity measured values of (a) the MR and (b) the CR samples in their aged and painted
condition. The values of MR_new and CR_new were obtained by bibliography Bergman et al. (2011) and ASHRAE (2013).
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Fig. 7 Comparison of simulations results (Sim) with mea-
surements (Meas) of (a) the outside surface temperature, (b)
the inside surface temperature, and (c) interior air tempera-
ture, of the metal roof (left) and concrete roof (right) in old
conditions on the analyzed day.

temperature in both roofs on the analyzed day (October
10). According to this comparison, in the case of outside
surface temperature, the maximum difference between
them for a metal roof is 1.5 °C when Thax — Tmin = 36 °C
and for a concrete roof is 2.4 °C when Tnax — Tmin = 25 °C;
in the case of interior surface temperature is 1.5 °C when
Tmax — Tmin = 36 °C and 1.7 °C when Thax — Tmin = 10 °C;
in the case of interior air temperature is 1.6 °C when
Tmax — Tmin = 36 °C and 2.5 °C when Trax — Tmin = 10 °C,
respectively. The three measured parameters show a sig-
nificant resemblance to the simulated results in both roofs.
However, the MR presents a smaller difference than the CR.
In addition, the parameter with the greatest difference in
results is the interior air temperature. While, the param-
eter with the least difference is the inside surface tem-
perature (Ts;), which serves as the reference parameter for
this study. Thus, these values support the high similarity of
both results and the validation of the simulation model.

3.3. Parametrization

This section addresses the thermal behavior of these two
roofs from two perspectives, using the parameterization of
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the results as an analysis tool. On the one hand, the impact
of reflectivity and emissivity on the thermal behavior of
these roofs is analyzed with a broader spectrum. On the
other hand, a focal comparative analysis is carried out using
specific samples measured in situ of these two types of
roofs.

3.3.1. The impact of reflectivity and emissivity on MR and
CR

To this analysis, the T of both roofs (T;;_MR & T;;_CR) was
computed and parameterized according to the change of
reflectivity and emissivity, as shown in Fig. 8. The behavior
of T;i_MR (left) and T;_CR (right) is depicted in this figure
using a color scale, both during the daytime Fig. 8(a) and
nighttime Fig. 8(b). The T; values depicted in these figures
are the average values for the respective daytime and
nighttime periods. Every color represents a temperature
interval of 2.5 °C. Purple represents the highest tempera-
tures (55—57.5 °C), while cyan represents the lowest tem-
peratures (20—22.5 °C). The x-axis displays reflectivity
values ranging from 0.10 to 1.00, and the y-axis displays
emissivity values within the same range. The same color
scale is utilized for both roofs, encompassing both daytime
and nighttime. These figures were generated using the
Surface-Contour graphic function within Microsoft Excel
Software. The minor wave-like fluctuations are a conse-
quence of the finite number of data points.

About daytime results, see Fig. 8(a), reflectivity and
emissivity show a more significant impact on T;;_MR than
Tsi_CR. Due to higher thermal transmittance, MR has a
much larger T; variation than CR. The maximum variation
for MR and CR is 37.5 °C and 15 °C, respectively, between
the lowest (r = 0.10, ¢ = 0.10) and the highest (r = 1.00,
e = 1.00) values of the two radiative parameters.

Moreover, reflectivity has a greater influence than
emissivity on the T; variation of both roofs. This is evident
in the isotherm graph, where there is a larger variation
along the x-axis compared to the y-axis. A reflectivity
variation from 0.10 to 1.00, with the lowest emissivity
value, signifies a temperature decrease of 33.5 °C for MR
and 12.5 °C for CR. On the other hand, an emissivity vari-
ation from 0.10 to 1.00, with the lowest reflectivity value,
results in a decrease of 16 °C and 6 °C for MR and CR,
respectively. This is because in the daytime period solar
radiation has a greater influence than long wave heat flux.

Reflectivity has a diminished impact on T;; as emissivity
values increase. Likewise, the impact of emissivity is
reduced with an increase in reflectivity. The increase in
reflectivity from 0.10 to 1.00, with an emissivity value of
1.00, shows a thermal decrease of 21 °C for MR and 9 °C for
CR. Simultaneously, the increase in emissivity within the
same range and with the highest value of reflectivity rep-
resents a reduction of 4 °C for MR and 2 °C for CR. Once
again, the impact of both radiative parameters is higher on
the metal roof than on the concrete roof.

On the contrary, during the nighttime as shown in
Fig. 8(b), the impact of both radiative parameters is higher
on CR than on MR. During this period, the maximum varia-
tion in MR between the lowest (r = 0.10, £ = 0.10) and the
highest (r = 1.00, ¢ = 1.00) values of both parameters is
only 4 °C. However, in the CR the maximum variation is
14 °C. According to these results, during this period, the
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impact of the variation of both radiative parameters on MR
is minimal regardless of the value. However, in CR, the
increment of both radiative parameters at nighttime has
nearly the same impact as during the daytime. The increase
in reflectivity in CR from 0.10 to 1.00 results in a decrease
of 11 °C with an emissivity of 0.10 and 7 °C with an emis-
sivity of 1.00. Similarly, the same increase in emissivity
shows a decrease in this roof of 6 °C with a reflectivity value
of 0.10 and 2 °C with a reflectivity value of 1.00.

According to this analysis, during the daytime, reflec-
tivity is the radiative parameter with the greatest impact on
the thermal behavior of the two roofs. However, although in
the daytime period solar radiation has a greater impact than
infrared radiation, the emissivity parameter also has a high
impact on the metal roof due to its high thermal trans-
mittance. Therefore, emissivity is a relevant variable in the
thermal performance of MR during this period.

In the nighttime, although emissivity is the parameter
that directly influences this time frame, its impact is miti-
gated by the thermal mass of the roofs and the limited
cooling capacity of the sky. In the case of MR, alterations in
emissivity or reflectivity result in an insignificant change in
its temperature. Due to its low thermal mass, once solar
radiation diminishes, MR rapidly dissipates all accumulated
heat, rendering the impact of radiative properties nearly
negligible.
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Parameterization of T;;_MR (left) and T_CR (right) in function of emissivity and reflectivity, (a) in day-time and (b) night-

On the other hand, in the case of CR, emissivity has a
minor impact on the thermal behavior of this roof during
this period. However, reflectivity significantly affects the
T of this roof, almost to the same extent as observed in the
daytime period. This can be attributed to the fact that
variations in solar radiation due to changes in reflectivity
and the heat flux into the interior during the day exhibit a
notable delay owing to its high thermal mass. Moreover,
this characteristic, coupled with the low cooling capacity of
the sky in this region, results in a minimal impact of emis-
sivity on the CR.

The results of the thermal behavior of these roofs, both
during the day and at night, illustrate how the influence of
these radiative properties depends on the conditions of
solar radiation and cloudiness in the region. Consequently,
it is essential to highlight the distinctions between these
findings and those obtained in other studies.

On the one hand, in the study by Tong et al. (2014),
conducted in Singapore at a latitude of 1°16 N, they
investigated a roof consisting of a concrete slab combined
with an air chamber and an outer layer of fiber cement. In
this investigation, raising the reflectivity from 0.1 to 0.9
with an emissivity of 0.90 leads to an average daytime
decrease of 5 °C in the T of the roof, despite the roof
having two layers separated by an air gap. In contrast, the
same increase in reflectivity with the same emissivity
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resulted in a decrease in T of 7 °C in the present study,
indicating an impact only 2 °C higher than in Tong’s study.
It’s important to consider that the roof in the present study
consists only of a concrete slab, implying a much higher U-
value compared to the roof analyzed in Singapore. This
comparison shows the high impact that reflectivity has on
the temperature reduction of a roof with low thermal
transmittance (1.5 W/(m?-K)) in a region with high solar
radiation such as Singapore. On the other hand, in Ecuador,
where solar radiation is lower, the effect of this parameter
is only slightly greater even though the thermal trans-
mittance of the roof is almost double (2.68 W/(m?-K)).

On the other hand, Shittu et al. (2020) analyzes the ef-
fect of an increase in reflectivity in a typical housing model
in Palermo, Italy (38°07'N). This model has a roof made of
cast concrete, waterproof covering and plaster with a total
thickness of 24 cm and a U-value of 2.26 W/(m?-K), similar
to the characteristics of the CR analyzed in this study. The
results in Palermo demonstrate that during the months with
the highest radiation and temperature, averaging around
5.2 kWh/m? and 29 °C, increasing reflectivity from 0.25 to
0.82 with an emissivity of 0.90 reduces the daily average of
Tsi by approximately 6.60 °C. In Ecuador, the same increase
in reflectivity leads to an average daily reduction of 4 °C.
This comparison highlights how the influence of reflectivity
is more pronounced in the Palermo roof than in the one in
Ecuador, despite the two roofs having a similar U-value.
Again, this is because in Palermo, solar radiation is greater
than in Ecuador, and therefore, the variation in reflectivity
will alter the amount of solar radiation received and
consequently the temperature.

Furthermore, it’s crucial to emphasize that the tem-
peratures reached by the roofs in the Tong and Shittu
studies are higher than those attained in the present study.
This discrepancy is a result of the higher solar radiation in
these climates compared to Ecuador, which is influenced by
the levels of cloudiness in these regions.

The results presented in this section highlight the
reduced impact of radiative parameters in Ecuador
compared to other regions. The low impact of these pa-
rameters becomes more evident in the concrete roof due to
its high thermal mass, which highly conditions its thermal
behavior.

Up to this point, the analysis has primarily focused on
independently showcasing the thermal performance of both
MR and CR under the specific climatic conditions of the
study region. However, the subsequent section delves into a
comparative analysis of the thermal performance between
these two roofs based on the various samples measured in
situ.

3.3.2. Comparative analysis between MR and CR in aged
and painted states

The simulated thermal results (T;) of the radiative pa-
rameters of the aged and painted samples were depicted
together with the isotherms graph, see Fig. 9. The simu-
lated results of all these samples were validated by the
measurements results. In addition, this figure also shows
the sample results in the new state for both concrete roof
and metal roof. The analysis of all the samples, aged and
painted, will be carried out taking as a basis of comparison
the sample in its new state of each roof. Therefore, the
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primary characterization begins with understanding the
thermal behavior of these roofs in their new state. During
the diurnal period, the new sample of the metal roof
(MR_new) maintains a T of 39 °C, while the equivalent
sample of the concrete roof (CR_new) has a T;; of 29.5 °C.
Throughout the night, the T; for these samples stands at
24 °C and 28 °C, respectively. These results indicate that in
the new state of the samples, the CR exhibits lower tem-
peratures than the MR during the daytime. This depends
mainly on the lower thermal transmittance that CR has,
which reduces the heat flow by conduction from the exte-
rior to the interior. In contrast, at night, it is observed that
MR has a lower temperature than CR. This is due to the
greater thermal mass that CR has, which does not allow it
to dissipate heat as easily as MR during this period. The
difference ATy (Tsi_MR — T_CR) between them is 9.5 °C
and —4 °C in the day and night time, respectively. None-
theless, on a daily average, the CR presents lower over-
heating than the MR.

In the case of aged samples during the day, the Tg; of
MR_old is 44 °C, and the T; of CR_old is 30.6 °C, repre-
senting an increase of 5 °C and 1.1 °C compared to their
new states, respectively. During the night, these samples
have a T;; of 24.1 °C for MR_old and 29.1 °C for CR_old,
resulting in an increase of 0.1 °C and 1 °C, respectively.

On the one hand, the aging process has a more pro-
nounced effect on the metal roof’s reflectivity reduction
(0.23, from 0.75 to 0.52) than on its emissivity increase
(0.17, from 0.13 to 0.30). Due to this reduction, coupled
with the high thermal transmittance of MR, the T; of this
roof experiences a significant increase during the day.
However, during the night, despite the emissivity increase,
this increment, coupled with the sky’s limited cooling ca-
pacity, is insufficient to lower the T of the metal roof.
Conversely, this temperature experiences a slight increase
due to the heat retained within the indoor space resulting
from the reduced reflectivity.

On the other hand, the passage of time has a similar
impact on the concrete roof’s reflectivity reduction (0.15,
from 0.40 to 0.25) compared to MR. Nonetheless, the T;; of
this roof exhibits a minimal increase during the day and a
similar temperature increment during the night. This
behavior is primarily attributed to the concrete roof’s lower
thermal transmmitance. Furthermore, in the night period,
its high thermal mass added to the low cooling capacity of
the sky does not allow it to easily dissipate the absorbed
solar radiation, which increased due to the reduction in
reflectivity. As a result, during the day, the T; of the con-
crete roof is lower than that of MR. The difference between
them (AT) is 13.4 °C. Conversely, during the night, the
situation is reversed—the MR has a lower T than CR, with a
AT of —5 °C in their aged state. Thus, even in their aged
state, CR demonstrates superior thermal performance
compared to MR, maintaining this advantage on a daily
average, just as in their new state.

Concerning the painted samples, during the day, the T;
for MR_white is 26.9 °C, for MR_cool is 25.6 °C, and for
CR_white is 25.6 °C. This indicates a reduction of 12.1 °C,
13.4°C, and 3.9 °C, respectively. In the nighttime, the Tj; of
these samples is 22.6 °C for MR_white, 22.5 °C for MR_cool,
and 25.5° for CR_white, resulting in reductions of 1.4 °C,
1.5 °C, and 2.5 °C. Since the MR_white has a slightly higher
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Fig. 9 Thermal response (T) of the radiative parameters of the metal roof (left) and concrete roof (right) samples, in their
unpainted-old condition and painted condition, (a) in diurnal period and (b) night period.

emissivity and nearly the same reflectivity as the MR_cool,
the thermal behavior of these two MR samples is very
similar during both the day and night.

On the one hand, applying white and cool roof paint to
the metal roof significantly increases both radiative pa-
rameters: reflectivity (0.03 for MR_white and 0.11 for
MR_cool) and, notably, emissivity (0.82 for MR_white and
0.77 for MR_cool). This paint coating strongly influences the
reduction of T;; during the day. However, during the night,
as indicated in the previous analysis, the impact of these
two parameters is minimal, regardless of the type of paint
used. On the other hand, despite the considerable effect of
using white paint on CR, enhancing its reflectivity (0.36,
from 0.40 to 0.76), its T reduction is relatively modest
during the day. Moreover, during the night, this reduction is
even less due to the sky’s limited cooling effect and,
particularly, the high thermal mass of this roof. The high
thermal mass hinders heat loss through long-wave
radiation.

Although the previous section emphasizes reflectivity as
the parameter with the most significant influence on both
roofs, field measurements reveal that the potential varia-
tion in this parameter is small, especially for MR. However,
considering this variation in conjunction with the
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substantial potential for emissivity variation, MR can
reduce its temperature by up to 12.5 °C. In contrast, as CR
can only vary its reflectivity, the potential temperature
reduction due to this property’s variation is not as signifi-
cant (3.9 °C).

In consequence, in the diurnal period, the Ty of the MR
white sample closely resembles that of the CR painted with
the same color, with only a 1.3 °C difference AT; between
them. However, if MR is painted with cool roof paint, this
difference becomes negligible. Conversely, during the
night, a metal roof painted with either of these paints
maintains a T;; lower than that of the concrete roof, with a
AT,; of approximately —3 °C for both cases. In this regard,
using a standard white paint has a nearly equivalent effect
to using a cool roof paint on the metal roof. Consequently,
both samples can achieve similar temperatures to concrete
roofs during the day and lower temperatures during the
night. This supports the notion that, in this region, MR can
provide a lower overheating than CR on a daily average.

This behavior stands in contrast to the findings of a study
by (Zingre et al., 2015a) conducted in Singapore. The study
compared the effects of applying cool roof paint to these
two types of roofs. The results demonstrated that imple-
menting this strategy on the concrete roof, leading to an
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increase in its reflectivity from 0.3 to 0.74, resulted in an
average T;; reduction from 28.5 °C to 24.8 °C during the day
and from 29.3 °C to 25.3 °C at night, amounting to re-
ductions of 3.7 °C and 3.9 °C, respectively. On the other
hand, implementing the same strategy on the sheet metal
roof, with a reflectivity increase from 0.6 to 0.74 and
emissivity from 0.3 to 0.9, caused the T; to drop from
43.1 °C to 38.6 °C during the day and from 30.8 °C t0 29.5 °C
at night, resulting in reductions of 4.5 °C and 1.3 °C,
respectively. The most relevant impact of this strategy
occurs during the day on the metal roof. Even so, this roof
has a much higher temperature (38.6 °C) than the concrete
roof (24.8 °C) in this period. In addition, the impact of using
cool roof paint at night is much more relevant on the con-
crete roof, so this roof has a lower T (25.3 °C) than the
metal roof (29.5 °C). Therefore, in this climate (Singapore),
the concrete roof presents less overheating than the metal
roof both during the day and at night.

Despite the similar trends observed in the Zingre’s study
compared to this article, there are significant thermal dif-
ferences between the two regions, as shown in Table 3. The
daytime results from the Zingre’s study demonstrate a
substantial gap between the two roofs (AT;; = 13.8 °C).
However, utilizing the same radiative properties (r = 0.74,
e = 0.90) in Ecuador results in a minimal difference
(ATs = 1 °C). Furthermore, the nighttime thermal differ-
ence in Singapore (AT = 4.2 °C) underscores the concrete
roof’s advantage over the metal roof. Conversely, in
Ecuador, this difference (AT;; = —2.5 °C) indicates a su-
perior thermal performance of the metal roof, regardless of
the reflectivity and emissivity values used.

Based on the analysis of the samples, it is evident that
aging and painting have a more pronounced effect on metal
roofs compared to concrete roofs. This divergence is pri-
marily due to the differing thermal mass and thermal
transmittance of the two roof types. Moreover, the analysis
of both sets of samples highlights that the influence of
radiative parameters on the metal roof’s T is prominent
during the day; however, during the night, this impact is
minimal. Contrastingly, in the case of the concrete roof,
variations in reflectivity and emissivity do not significantly
alter its Tg; in either period. This finding stands in contrast
to other studies (Fantucci and Serra, 2019; Hernandez-
Pérez et al., 2018; Pisello, 2017; Qiu et al., 2018), where
reflectivity plays a crucial role in reducing overheating in
this type of roof.

Finally, it is important to highlight that in both the new
and old states, the parameters most relevant for reducing
interior overheating of the coverings during the daytime are

Table 3 Comparison of the MR and CR thermal behavior
between the data obtained in Ecuador and Singapore
(Zingre et al., 2015a).

Period Ts_MR (°C) T,_CR (°C) AT (°C)
Daytime (Ecuador) 26.7 25.7 1°C
Nighttime (Ecuador) 23.4 25.9 -2.5
Daytime (Singapore)  38.6 24.8 13.8
Nighttime (Singapore) 29.5 25.3 4.2
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low thermal transmittance and high thermal mass. However,
when applying paints that increase the reflectivity and
emissivity of these coverings, these two thermal parameters
(transmittance and thermal mass) become negligible during
the daytime, while during the nighttime, low thermal mass
remains relevant. This is because the heat flow into the
interior during the daytime primarily comes from solar ra-
diation, so if the covering reflects and emits more, this heat
flow becomes less significant. On the other hand, at night,
without a high cooling capacity from the sky, the strategy
with the greatest impact on heat dissipation in this climate,
or the only one, is low thermal mass. Unlike nighttime,
emissivity becomes important during the day, given that the
sky reaches lower temperatures, increasing its cooling ca-
pacity and, therefore, heat dissipation through radiation.

4, Conclusions

This study aimed to identify the thermal performance of
the most commonly used roofs in cities near latitude 0° with
cloudy warm-humid climates. This study has focused on the
effects of the radiative properties on the thermal behavior
of the metal roof and concrete roof in this climate condi-
tions. From this study, the following conclusions have been
established:

First, this study demonstrated that this region is not
characterized by extreme solar radiation, as commonly
believed, but by moderate radiation levels (4.4 kWh/
(m?-day)) and principally by a sky with low radiative cooling
capacity (Average Ty, = 15.5 °C) even in a day with
extreme conditions.

Second, as expected, the impact of changing solar
reflectivity and thermal emissivity has a greater effect on
the inside surface temperature of a metal roof than on a
concrete roof. However, this study finds that the variation
of these radiative properties in both roofs represents a
much smaller impact compared to studies conducted in
other regions.

Third, the thermal performance of the metal roof de-
pends to a large extent on its radiative properties. How-
ever, the concrete roof mainly depends on its mass and
thermal transmittance, and its radiative properties do not
have as high an influence as in other regions.

The most relevant conclusion of this study is that the
metal roof with high emissivity and reflectivity values
(above 0.70) experiences less overheating on a daily
average than a concrete roof with equal radiative proper-
ties in this region. In addition to these results, the low-cost
installation makes the metal roof a suitable option in con-
struction for regions with similar climates.

Finally, in a future study, using the same methodology, it
is possible to further investigate the influence of sky
cloudiness on the thermal behavior of buildings in other
regions with similar characteristics. This would help reduce
the margins of error in simulation programs.
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