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Abstract: An experimental study was carried out on a full-scale passive building equipped with global
and local instrumentation with the aim of characterizing the energy charge and discharge processes
and their coupling to the outdoor thermal stresses, especially natural ventilation in the summertime.
The characterization of both charge and discharge processes is necessary to understand the thermal
behavior of a building. From the measurement campaigns, the coupling between the charge–discharge
and natural ventilation was qualitatively highlighted by the dynamics of the convective heat flux at
each instrumented surface of the envelope. From the analysis of the experimental data, during the
charge process, the floor and ceiling play an essential role in the attenuation of the rising of the indoor
air temperature, while the south-facing glazed facade contributes the most to the heating of the indoor
air. During the discharge process, the floor surface also plays an important role in the discharge of
the envelope elements since the floor is the colder surface of the envelope. A parametric analysis of
the coupling was also performed and showed that it is necessary to consider the convective effects on
the slab surface, the ceiling, and the glazed facade individually due to their behavior.

Keywords: energy charge–discharge; measurement approach; natural ventilation; passive building;
thermal mass

1. Introduction

The experimental study of the natural ventilation process and its coupling with thermal
mass has not been much addressed in comparison to numerical studies, mostly because of
the economic implications resulting from installing instruments in full-scale buildings and
also due to the knowledge of such coupling that might be based upon analytical analysis
alone. The experimental-based understanding of such coupling could help manage the
building charge–discharge process. During such a process, in a 24-h day–night cycle in
the summertime, the building is submitted to different thermal stresses that are specially
presented in two separate periods: the daytime and nighttime. During the daytime, the
building experiences a charge process in which the principal heat source is solar power,
which manifests in the form of solar radiation (direct and diffuse) and is the leading cause
of wind and the rising of the outdoor air temperature. During the nighttime, the solar
power vanishes, causing a drop in the outdoor air temperature. The building experiences
a discharge process, in which the building could evacuate the heat stored by opening
the windows.
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However, it seems that such knowledge, inherited from mathematical manipulation
of conservation equations, has led to sufficient evidence of the understanding of such
coupling [1–6], which relies mainly on three key elements: (i) heat transfer in the indoor air,
(ii) heat transfer in the thermal mass, and (iii) ventilation airflow rate.

Zhou et al. [6] developed a simple tool to estimate the amount of internal thermal
mass needed, i.e., furniture, in order to maintain a desirable indoor air temperature by
increasing the time constant. Yam et al. [4] showed that the consideration of nonlinearity
does not change the behavior of the indoor air temperature when a periodic (perfect)
outdoor air temperature profile is considered. Yang and Guo [5] showed that the coupling
between thermal mass and buoyancy inside a building could lead to multi-frequency (or
anharmonic) fluctuation of natural ventilation. The phase shifts of the high-order indoor
air temperature fluctuation terms (with respect to the 1st-order outdoor air temperature
fluctuation term) can exceed π/2. Holford and Woods [2] concluded that the temperature
fluctuation could only be concentrated at the surface for thermal mass with thick layers.
However, the lumped-capacitance approximation is useful in fundamentally investigating
the thermal balance in a naturally ventilated space.

The numerical study of the coupling heat and mass transfer in buildings has been
of high interest in past years. Analyzing the behavior of heat and mass transfer from
a numerical perspective opens several advantages because they are primarily based on
fundamental equations, such as model-based analysis [1,2,4–8], dynamics thermal simula-
tion [9–11], and computational fluid dynamics (CFD) [12–15]. From these studies, various
disadvantages can be examined: (i) the difficulty in estimating airflow paths in such low ve-
locities’ magnitudes (when considering thermal buoyancy effects only); (ii) the difficulty in
accounting for pressure coefficients (when considering wind effects); (iii) the large amount
of time and resources are dedicated to solving the equations; and (iv) the validation of such
CFD-based models requires detailed local instrumentation, depending on the granularity
of the models.

The experimental study of only the natural ventilation process has achieved and
continues to be of high interest in different countries, despite the high instrumentation
and equipment costs. In most cases, when it is performed, the experimental study mostly
concerns the airflow characteristics of the building rather than its coupling with the thermal
characteristics [16–20]. Caciolo et al. [16] also focused on the airflow rate characteristics
for a single-sided natural ventilation strategy by placing various hot-wire anemometers
at the openings. The particle image velocimetry (PIV) technique was also implemented
to compare the airflow characteristics obtained from direct airspeed measurements. In
Faggianelli et al. [17], the experiment included local airspeed and heat flux measurements.
However, this experiment prioritized assessing the airflow rate in a cross-ventilation
strategy rather than the thermal interactions between thermal mass and natural ventilation.
To determine the airflow rate, several hot-wire anemometers were locally placed at one of
the openings to assemble a grid. Each local measurement was later employed to estimate
the airflow rate.

However, studies that aimed to obtain experimental evidence on coupling heat and
mass transfer have generally implemented global instrumentation of the building [18–23].
Here, global instrumentation refers to a set of instruments dedicated to measuring global
parameters, i.e., air change rate (e.g., airtightness tests, tracer gas methods) or one-point
indoor air temperature measurement. In Omrani et al. [18], the experimental study in
a 36-storey building focused on the natural ventilation effect regarding thermal comfort
during summertime (13–15 January 2016) under the subtropical climate zone of Brisbane,
Australia. Gagliano et al. [22], in Siracusa on Ortigia Island, performed an experimental
study for 18 days during summertime in a university building and obtained actual evidence
that ventilation (specifically nocturnal) indeed has an interaction with the thermal mass,
which is manifested in the modification of the thermal lag in comparison when no natural
ventilation is implemented. It was concluded that high thermal mass coupled with noc-
turnal ventilation indeed allows maintaining comfortable temperatures during nighttime
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but confirmed that such coupling is not enough to maintain comfort levels during daytime.
These results show that a high thermal mass and implementing natural ventilation do not
guarantee standard comfort levels [22] (Gagliano et al., 2015). Clearly, the latter is highly
dependent on natural ventilation effectiveness associated with outdoor wind speed, and
wind direction, among other things, inherent to the building architecture.

Thus, the present study aimed firstly to provide experimental evidence of the coupling
between the natural ventilation (NV) and the energy charge–discharge by quantifying
convective and radiative interactions with the thermal mass subjected to three NV scenarios
at a full-scale passive building in summertime. Such evidence will enrich the extensive
numerical studies in the literature. Secondly, the aim was to further provide reference
information for simplifying modeling of the thermal behavior of passive buildings via
parametric analyses. This understanding might help enhance and develop more efficient
automated natural ventilation–thermal mass-coupled systems for the management of
summer thermal comfort. Such management is achieved by controlling the moving parts
of the envelope, via such features as solar protections (window blinds, shutters), and
natural ventilation openings [24]. These moving parts allow controlling the radiative and
convective interactions between the indoor and outdoor environments [25].

2. Materials and Methods
2.1. Description of the Building

The building employed for performing the experimental-based study was a positive en-
ergy house (PEH) prototype in Bordeaux, Southwest France (44◦47′28.5′′ N 0◦36′22.0′′ W),
named Sumbiosi. As part of its participation in the Solar Decathlon Europe 2012 competi-
tion, this prototype was designed to promote passive energy storage in winter daytime and
semi-passive energy discharge in summer nighttime.

The building consists of three main architectural features that aid in promoting the
strategies of passive energy charge and semi-passive energy discharge, shown respectively,
in Figure 1: a concrete slab behind the south-facing façade with large double-glazed
windows (a); fixed and programmable solar shades (b)–(d); and programmable natural
ventilation openings (PNVO) on the south and north facades, and the shed roof (red
rectangles, (b)–(d)). In principle, these solar shades and PNVO allow the platform to
control the heat loads in the form of radiative and convective heat exchanges with the
outdoor environment.
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The natural ventilation system of the platform, controlled by the home automation
system, which allows automation of the opening–closing configurations of the natural
ventilation openings, is equipped with ten programmable openings. These openings are
of the type “horizontal axis-tilted window” (also known as tilt windows or bottom-hung
windows) and are restricted to a maximum inwardly opening angle of 20◦ (Figure 1b,d).
There are also three manual door-like openings located in an internal wall separating the
living room and the bedroom, to promote cross-ventilation strategies (Figure 1d).

The southern facade has four natural ventilation openings of the same dimensions,
being 1.20 × 0.35 m2 (Figure 1b), while the four openings in the north facade have different
dimensions, all four being 1.10 × 0.43 m2 (Figure 1c). Finally, the shed roof contains two
window openings, having dimensions of 0.55 × 2.20 m2 (Figure 1d). A schematic of the
western façade and top views of the platform architectural plans, showing the location of
the natural ventilation openings and the floor concrete slab, is shown in Figure 2.
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Values of the global heat transfer coefficients for external walls of the platform (dotted lines).

The eastern and western facades were made of an external structure in maritime
pine and an internal structure in wooden furnishes, with indoor and outdoor cabinets
(Figure 2b). They served as thermal buffers. The internal structure of the north, east, and
west facades, as well as the ceiling and floor, included a thermal insulation layer of about
32 cm.

The south and north facades included natural ventilation openings, and the area of the
openings was 9.58 and 7.51%, respectively, of the façade surface. The platform envelope
enclosed an air volume of about 211 m3, with an envelope surface of about 226 m2. The
values of the global heat transfer coefficient for principal doors and windows, which were
in direct contact with the indoor and outdoor environments, are presented in Figure 2b.
Table 1 summarizes the thermal characteristics of the building envelope.

In the summer daytime the platform employed these architectural features to atten-
uate the incoming heat (charge in the form of convective and radiative heat exchanges
due to solar gains, wind, and air temperature) by closing both the solar shades and the
natural ventilation openings. In the summer nighttime, the platform configured its natural
ventilation system to promote the releasing (or discharging) of the heat stored during the
daytime, depending on the wind, air temperature, and rain. Given its characteristic and
the intention of the platform design, the floor concrete slab played an important role in
the energy charge–discharge process. Since this slab was the thermally heavier-weighted
element in the platform envelope, it was considered the starting hypothesis that most of
the thermal mass was concentrated in the concrete slab.
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Table 1. Summary of the physical characteristics of the envelope elements.

Envelope Elements Material Composition Value

External walls North Fermacell 13 mm, wooden fibers 45 mm, plywood 10 mm,
wooden wool 205 mm, rainscreen

1.2 Wm−2 K−1

South Large double-layer windows 1.6 Wm−2 K−1

East and west Ossature wood, external and internal shelfs (act as
buffers), insulation

1.4 Wm−2 K−1

Floor Concrete 68 mm, plywood 20 mm, wooden wool 240 mm,
wooden fibers 45 mm, plywood 10 mm, elevated from
ground floor

0.286 Wm−2 K−1

Ceiling-roof Waterproof sheet, plywood 22 mm, wooden fibers 45 mm,
wooden wool 220 mm, anti-steam sheet, plywood 22 mm,
air gap 53 mm, wooden ceiling 15 mm

0.278 Wm−2 K−1

Infiltration rate (NF EN 12,831:2004) 0.76 h−1

2.2. Experimental Approach

To study the energy charge and discharge processes experienced by the platform,
resulting from the outdoor thermal stresses (inputs) reflected in the indoor environment,
the platform was instrumented in terms of temperature, heat flux, and wind speed mea-
surements. This experimental approach aimed to observe, comprehend, and quantify the
thermal response of the platform and its floor concrete slab under different inputs, espe-
cially natural ventilation. These input–output relations are represented in Figure 3a, where
the thermal behavior of the platform (building domain) can be studied by the following
outputs: indoor air temperature, natural airflow rate, the heat stored in the indoor air, and
mean radiant temperature.
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Similarly, the thermal response of the floor concrete slab (thermal mass domain) (see
Figure 3b) could be studied by focusing on the surface energy balance, SEB) between the
building domain and the outdoor thermal stresses. Thus, its behavior could be studied
by the following outputs (see Figure 3b): the floor concrete-slab surface temperature, the
convective heat flux, the radiative heat flux, and the heat stored in the slab.

Finally, this level of instrumentation led to connecting the convective heat flux to
the natural airflow and the radiative heat flux to the surrounding surfaces of the indoor
environment through the mean radiant temperature (MRT). In addition, regarding the
radiative heat transfer between the floor and surrounding surfaces, the ceiling and glazed-
facade surfaces were also equipped with instruments to measure temperature and heat flux.

2.2.1. Experimental Setup

The instrumentation of the building consisted of implementing various couples of black
and shiny thermoelectric modules as heat flux meters (sensitivity of 239 ± 3 µVm2/W). Such
a couple of heat flux meters allowed us a priori to measure the total heat flux (with the
black coating) and the convective heat flux (with the shiny coating). This technique has
been widely used by former researchers [26–29]. Using an analytical model based on the
heat flux balance over each coated surface, the convective and radiative parts are estimated
by the knowledge of both emissivity values [30,31]. These three surfaces (floor, ceiling, and
glazed facade) were also instrumented in terms of air and surface temperatures using type
T thermocouples (±0.48 ◦C).

Ten black-and-shiny couples were distributed all over the concrete-slab surface for the
floor surface (see Figure 4). By installing more black-and-shiny couples, special attention
was given to the areas between both natural ventilation openings.
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For the ceiling and glazed-facade surfaces, only one black-and-shiny couple was
installed at the center of each surface to monitor their thermal behavior. Moreover, the
thermal behavior of all the remaining non-instrumented surfaces was monitored using an
infrared camera (±2 ◦C) (see Figure 4) as viewed from the floor. The latter allowed us to
measure the MRT as viewed from the floor.
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The instrumentation of the building domain consisted of a meteorological station
located at 1.8 km (location, 44◦48′14.84′′ N 0◦36′08.10′′ W) from the building site (solar
radiation, air temperature, and wind speed and direction). The global behavior of the
building was monitored by using a type T thermocouple (±0.48 ◦C, range of −67 to 40 ◦C)
at the center of the indoor environment at 1.70 m above the floor. Table 2 presents details of
the instruments used.

Table 2. Summary of the instruments’ characteristics implemented for local measurements.

Variable to Be Measured Sensor/Instrument Accuracy

Air and surface temperatures Thermocouples T ±0.48 ◦C (−67 to 40 ◦C)

Mean radiant temperature (MRT) Infrared camera FLIR A320, crumbled
aluminum foil, black foil ±2 ◦C

Convective and radiative heat fluxes Black-and-shiny thermoelectric modules [31] 239 ± 3 µVm2 W−1

2.2.2. Measurement Campaigns and Protocol

To highlight and understand the energy charge and discharge processes of the platform
submitted to the outdoor thermal stresses during the summertime, the experimental plan
for the measurement campaign in 2016 and 2017 consisted of the following points:

1. All data from the instruments, except for the infrared (IR) camera FLIR A320, were
collected continuously at a 1 min time step. The data from the IR camera were
collected at a sample time of 30 min regarding the computer storage limit.

2. The window blinds were kept closed during the entire measurement campaign to filter
most solar radiation. The natural ventilation openings were programmed with the
home automation system: the openings opened whenever the outdoor air temperature
became lower than the indoor air temperature. Openings were closed otherwise and
when raining. Only the openings at the south facade and shed roof were functional
due to technical problems; the openings at the north facade remained closed.

3. The platform was unoccupied during the entire measurement campaign, and the
lights remained turned off. However, two computers remained operational: one for
data collection and one for controlling the home automation system.

4. Since the inside of the platform was divided into four zones (the living room, bedroom,
bathroom, and toilet), all doors dividing these zones were kept open to mix the air of
all four zones.

Another measurement campaign was performed in the summertime of 2017. During
this period, natural ventilation openings (NVO) were programmed to implement other
configurations of the openings. NVO were always kept open and always closed. All mea-
surement campaigns carried out during the summertime of 2016 and 2017 are summarized
in Table 3. Due to unsuitable weather conditions during June–August, note here that the
measurements were carried out in May and September, which are out of the summertime
period. However, during these months in 2017, a heatwave affected western and central
Europe [32]. This was an advantage for the study since weather similar to summertime
was encountered. According to the French forecast, the temperature in May was between 2
and 10 ◦C higher than the seasonal normal.

2.3. Parametric Analysis of the Coupling

To further study the coupling between natural ventilation and the energy charge–
discharge, a parametric analysis was performed based on the temperature measurements
and, secondly, on the convective heat transfer coefficient. In this way, the relative natural
ventilation potential and the contribution of each envelope element could be assessed. To
perform this analysis, some dimensionless parameters were introduced, based on [4–6] (see
Table 4).
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Table 3. Configurations of the openings on each measurement campaign.

Natural Ventilation Openings (NVO) Status

Config. Tin<Toa Tin>Toa

Dates Duration
(Days) North South Shed

Roof North South Shed
Roof

#1 23 May 2017,
12–17 Septiembre 2017 7 C C C C C C

#2 27 July–12 September 2016 35 C C C C O O
#3 25–29 May 2017 4 C O O C O O

C: Closed. O: Opened. Toa: Outdoor air temperature, Tin: Indoor air temperature.

Table 4. Variables and their physical meanings for the parametric analysis.

Parameter Expression Physical Meaning Possible Ranges Meaning in Summertime

θioa
Tin
Toa

Represents the decrement factor of
the indoor air temperature with
respect to the outdoor air
temperature. Gives indications about
the available natural ventilation
potential *.

θioa < 1 The building performs best in terms
of thermal inertia.

θioa > 1 The natural ventilation potential is
available *.

θioa ∼ 1 No natural ventilation potential
available *.

θSi−ia
TSi
Tin

Measures the relative natural
ventilation potential * from an indoor
local perspective [33].

θSi−ia < 1 The element contributes best to the
attenuation of the heat wave.

θSi−ia > 1 The natural ventilation potential
increases *.

θSi−ia ∼ 1 Indoor air in thermal equilibrium
with internal thermal mass.

λSi

hCSi
ASi

ρcpVach/3600

Measures the relative strength of
convective heat transfer at the
internal thermal mass surface due to
natural ventilation * [4].

0.1 < λSi < 1

“The fluctuation of the indoor air
temperature becomes constant. This
suggests that the convective heat
transfer between the mass and
nearby air is an important aspect in
thermal mass design” [4].

λSi > 1
Better convective exchanges at
internal thermal mass surfaces. Weak
indoor temperature fluctuations [4].

λSi ∼ 1 Good convective exchanges at
internal thermal mass surfaces.

λSi ∼ 0

The phase shift of the indoor air
temperature is zero, and its
fluctuation is exactly the same as that
of the outdoor air temperature, no
matter how large the thermal mass
value is. No thermal interaction
exists between the thermal mass and
the indoor air [4].

h′CSi

ϕCSi
Tin−TSi

Computes the convective coefficient
using the air temperature measured
at 1.70 m above the surface Si .

-

* Natural ventilation potential for cooling purposes, which is different from ventilation only for aeration purposes.
It may be called “natural cooling potential availability”.

The concept behind these two dimensionless parameters (θioa and θSi−ia) helps to
characterize some attributes of the building as its thermal inertia and natural ventilation
potential. The parameter θioa simply compares the magnitudes of both the indoor and
outdoor air temperatures as Tin/Toa. Depending on the value this parameter takes, three
interpretations can be drawn:
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• When θioa > 1, indicates Tin > Toa. From the building point of view (a global
perspective), there is an available natural ventilation potential in the form of cooling.
In the summertime, this scenario occurs during the nighttime. The best strategy for
the building is to activate its natural ventilation system (NVS) to take advantage
of this free cooling potential. The greater the value of θioa, the higher the potential
available. However, this potential depends on other variables, where the windspeed
and direction play an important role and need to be known to give a close estimation
of the cooling potential available completely.

• When θioa < 1, indicates Tin < Toa. In the summertime, this occurs normally during
the daytime. The best strategy for the building is to close every moving part of the
envelope to attenuate the incoming outdoor heat wave. In this case, the closer to zero
is θioa, the more efficient the thermal inertia of the building.

• When θioa ∼ 1, indicates Tin ∼ Toa. A thermal equilibrium between the indoor
and outdoor environments is being reached. During the nighttime, no free cooling
potential is available, neither does any heat wave attenuation take place during the
daytime. On the other hand, an aeration process might be available depending on
wind speed and direction.

The parameter θSi−ia simply compares the magnitudes of both an inner thermal mass
surface to the indoor air temperatures as TSi /Tin. Depending on the value this parameter
takes, three interpretations can be drawn:

• When θSi−ia > 1, indicates TSi > Tin. A cooling process is taking place; the indoor air is
discharging the heat from the internal thermal mass. The cooling potential withdrawal
is yet to be quantified since it then strongly depends on the airflow available and the
duration of the ventilation process (how long the windows could remain open).

• When θSi−ia < 1, indicates TSi < Tin. The indoor air is heating the internal thermal
mass surfaces, and a strong thermal mass is needed. A charging process is taking
place. This parameter gives indications about the efficiency of the building’s thermal
mass, insulation, and the air infiltration rate in summer daytime.

• When θSi−ia ∼ 1, indicates TSi ∼ Tin. A thermal equilibrium is occurring, and
no cooling potential is available. Natural ventilation serves merely in the process of
renewing the indoor air in terms of air quality (other than temperature).

Besides the temperature measurements, the last two parameters in Table 4 can also
give more details and provide a better understanding of the building’s thermal mass and
indoor convective heat exchanges due to natural ventilation. In this case, a convective heat
transfer number λSi is introduced based on the analysis reported by [4]. This parameter
equals hCSi

ASi /
(
ρcpVach/3600

)
and represents a measurement of the relative strength of

convective heat transfer at the internal thermal mass surface due to natural ventilation [4].
As analyzed by the authors, this parameter can take values from 0 to infinity (around 1000),
to which a physical meaning was given per range, as presented in Table 4.

Nevertheless, this parameter will be used here to compare the strengths of the internal
thermal masses of the floor and ceiling separately during daytime and nighttime. This
way, both envelope elements’ thermal roles can be assessed as h′CSi

(see Table 4), which was

computed from the convective heat flux and temperature results. λ f and λr for the floor
and ceiling, respectively, were computed as follows:

• When λ f /λr > 1, the convective heat transfer at the floor is stronger than at the ceiling,
which is expected to occur only during the nighttime or discharge period.

• When λ f /λr < 1, the convective heat transfer at the ceiling is stronger than at the floor,
which is expected to occur only during the daytime or charge period.

3. Results Analysis and Discussion

The data collected from the measurement campaign in 2016 (summer period) were
classified to analyze the thermal behavior of the indoor environment of the platform under
different meteorological conditions. This classification organized the ongoing meteorologi-
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cal conditions in terms of wind (windy and not windy), and in terms of the sky state (clear
and cloudy), in two different periods: (i) NVO are opened (during nighttime) and (ii) NVO
are closed (during daytime) (Table 5).

Table 5. Classification of the days studied during July to early September 2016. CW represents cloudy–
windy period. CnW represents cloudy and not-windy period. CrW represents a clear and windy
period. CrnW represents a clear and not-windy period. SW represents sunny and windy period.

Days Daytime Nighttime

27 July CW CW
28 to 29 July CW CnW

15 to 16 August SW CnW
17 August CW CW

19 to 20 August CW CnW
22 to 23 August SW CrnW

26 August CnW CrW
8 September CW CrW

Therefore, eight days presented as not-windy nighttime and only four presented as
windy nighttime; two days of each group were chosen for further analysis. The most rea-
sonable pair of days were those that presented typical summer weather conditions: sunny
days and clear nights. On the other hand, the entire data collected from the measurement
campaigns in 2017 were used for the analysis, since it was a short period.

3.1. Evidence of the Coupling from a Global Perspective

The thermal behavior of the platform under different meteorological conditions dur-
ing the measurement campaigns is presented and analyzed first for the configurations
presented in Table 3. Figure 5 shows the indoor temperatures and weather results for
configurations #1, #2, and #3, respectively.
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Figure 5a shows the indoor temperatures and weather results for configuration #1,
which comprised 23 May 12 September, and 15 to 16 September. Figure 5b shows the
indoor temperatures and weather results for configuration #2, in which only two days
with no windy nights (22 and 23 August) and two days with windy nights (26 August
and 8 September) are presented. Figure 5c shows the indoor temperatures and weather
results for configuration #3 from 25 to 28 May. The outdoor air temperature (Toa) and solar



Buildings 2023, 13, 632 12 of 26

radiation (Φ) presented typical values as expected for the seasons. Wind speed (V) and
wind direction (φ) presented anticyclonic behavior and low values, as also expected for
these seasons.

Different behaviors of the indoor environment can be observed for each configuration.
For instance, the lower day–night maximum indoor temperature gap was encountered for
configuration #1 (see Figure 5a), which is also reasonable since both environments were,
in principle, not allowed to interact with each other. Conversely, the higher day–night
maximum indoor temperature gap was encountered during configuration #3 (see Figure 5c),
which is reasonable since the indoor environment was permitted to interact the most with
the outdoor environment.

Moreover, the mean radiant temperature (MRT) appeared to be very close to the indoor
air temperature (Tin), which suggests that long wavelength (LWL) radiation heat transfer
was weak in the indoor environment. Depending on the configuration, MRT appeared to
be slightly higher or slightly lower than the indoor air temperature, as presented in Table 6.

Table 6. Comparison of the damping between indoor envelope surface temperature and indoor
air temperature. The mean radiant temperature (MRT). Indoor air temperature (Tin). Outdoor air
temperature (Toa).

Configuration

Period of the Day

Daytime (Toa > Tin) Nighttime (Toa < Tin)

#1 Tin < MRT Tin > MRT

#2 Tin > MRT Tin < MRT

#3 Tin > MRT Tin < MRT

In configuration #2, Tin appeared to be slightly colder than the surrounding surfaces
during nighttime, as expected; during the daytime, the indoor air was hotter than the
surrounding surfaces, as in agreement with configuration #1 for this period (see Figure 5a).
In configuration #3, the indoor air was slightly colder than the surrounding surfaces during
nighttime, which agrees with what has been encountered for configuration #2; the opposite
was encountered during the daytime, as expected since the openings remained open (see
Figure 5c).

These last three remarks are rendered moot when accounting for the uncertainties of
our instruments in the temperature measurement since both temperatures became indis-
tinguishable. Nevertheless, these remarks are worth noting since the results encountered
agree with the expected behavior of both temperatures for each configuration.

Regarding the thermal inertia of the building (focusing on the indoor air temperature
behavior), the indoor environment presented a higher thermal lag (or temporal phase
shift) with respect to the outdoor air temperature during the daytime in increasing order
as follows: configurations #2, #1, and #3. This behavior can be explained by the fact that
the platform attenuated the outdoor thermal stresses when the openings and solar shades
were closed (config. #1), and the platform attenuated them the most when its indoor
environment cooled down the night before (config. #2). As the openings remained open
during the day for configuration #3, the indoor environment of the platform opposed
the least to the outdoor thermal stresses. This agrees with experimental results obtained
by [22], which indicated that the interaction between ventilation and thermal mass mani-
fested in the modification of the thermal lag in comparison when no natural ventilation
was implemented.

On the other hand, during nighttime, the platform presented a thermal lag in decreas-
ing order as follows: #1, #2, and #3 with slightly the same values, which was also expected.
In summary, the previous analysis highlights the effects of the coupling between natural
ventilation and the energy charge–discharge process by focusing only on the temperatures
of the outdoor and indoor environment.
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3.2. Evidence of the Coupling from a Local Perspective

In order to verify that the changes in the behavior of the convective heat flux were
caused by the opening and closing of the natural ventilation openings, the behavior en-
countered in config. #1 is taken as a reference since the openings remained closed. In this
way, when the convective heat flux reached significant values (with respect to config. #1),
it was considered directly as a consequence of natural ventilation, thus, highlighting the
coupling between the latter and the charge–discharge process in the form of convection.
This charge–discharge process was analyzed individually by focusing first on the convec-
tive heat flux and after on the radiative heat flux. Additionally, sometimes it was more
reasonable to refer to these processes as the charge and discharge period; thus, the reader is
asked to note that both terms will be used interchangeably.

3.2.1. Charge and Discharge by Convection

The results of the convective heat flux, the corresponding air-surface temperatures,
and the radiative heat flux, for configurations #1, #2, and #3 are presented in Figures 6–8,
respectively. For visual purposes, the uncertainties are only presented for convective heat
flux since the temperature range was very narrow. Additionally, for the graphics where
heat fluxes are presented, a horizontal dashed line was drawn on zero to separate the
charge period, i.e., positive values (mostly during the daytime), and the discharge period,
i.e., negative values (mostly during nighttime). These positive or negative values can also
be regarded as if the heat flux was entering or leaving the surface respectively.

Note that, as a convective heat flux presenting positive values indicates that the
surface was being charged (or heated), this also indicates that the air near this surface was
undergoing a “discharging” process. Conversely, if the heat flux presented negative values
(indicating that the surface is being discharged), the air near this surface was undergoing a
“charging” process. With this in mind, during the charge period, the behavior observed
in Figure 6a,c indicates that the glazed façade (brown line) contributed the most to the
charging of the indoor air. On the other hand, in Figure 6a–c, the behavior of both the
convective heat flux at the floor (red line) and ceiling (purple line) during the charge period
indicates that they contributed to discharging the indoor air, while these two surfaces were
being charged. This statement only appears to apply to the first day (23/5) in config. #1 (see
Figure 6a), as expected, due to the outdoor conditions of the following days (see Figure 5a).
The contributions of each surface are summarized in Table 7.

Table 7. Contribution of different surfaces to the indoor air based on convective heat flux.

Conf. # Surface or
Element

Contribution to the Indoor Air

Daytime Nighttime

Charging Discharging Neither Charging Discharging Neither

1

Glazed
facade X X

Floor X X

Ceiling X X

2

Glazed
facade

Floor X X

Ceiling X X

3

Glazed
facade X X

Floor X X

Ceiling X X
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During the discharge period, the behavior of the convective heat flux at each surface
indicated that its role in the charge–discharge process had changed. The glazed façade
(brown line) contributed to the discharging of the indoor air, while the floor (red line)
contributed to its charging. The magnitudes of the convective heat flux encountered
when the openings remained open (gray zones) at the floor surface (see Figure 6b,c), with
respect to the magnitude encountered for this surface when the openings remained closed
(see Figure 6a), clearly indicate that the increment was caused by the opening of the NV
openings, and thus, a consequence of natural ventilation. Moreover, the heat flux at the
ceiling surface (purple line) appeared to not have a significant contribution either to the
charging or the discharging of the indoor air during the discharge period, regardless of
the opening configuration implemented (see Figure 6). Similar heat flux values for the
ceiling, as in Figure 6c, during the charge period, were also reported by [34] when studying
a naturally ventilated building via simulation under the Malaysian climate. Heat fluxes for
ceiling, floor, and walls were reported by [35] and only for walls [36].

It seems that the magnitude of the convective heat flux on the floor surface was
significantly higher when the openings were kept open (see Figure 6b, gray zones) than
when they were kept closed. The same can be said for the airspeed measurements (brown
circled lines). On the other hand, the magnitude of the convective heat flux on the ceiling
surface appeared to be significantly lower (almost null) when the openings were kept open
than when they were kept closed (white zones). This can be explained by the fact that
when the openings remained open (mostly at nighttime), the outdoor air temperature was
lower than the indoor air (see Figure 5a). Since cold air is denser than warm air, outdoor air
entered the lower part of the platform through the lower openings, and thus air currents
near the floor surface were stronger. The values and signs adopted by the convective heat
flux on both surfaces imply that, during nighttime, the floor was vigorously discharged,
while the ceiling presented a weak discharge or none at all.

Regarding the temperatures, it can be observed from Figure 7a,c that the glazed-façade
surface (brown line) always presented the highest temperature of these three surfaces, and
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its behavior appeared to be synchronized with the behavior of the outdoor air temperature
(no temporal phase shift appeared to be present between them). This was expected since
the glazed façade had a weak heat capacity and might suggest that the influence of direct
solar radiation in the heating of this surface can be neglected.

Finally, it can be observed that when the heat flux at the glazed façade was positive,
i.e., a heat flux entering this surface (see Figure 6a, solid brown line), its temperature (see
Figure 7a, brown line) appeared to be lower than that of the nearby air, which is measured
at 0.1 m (see Figure 7a, brown circles). This indicates that the air near the surface was
charging it. This last remark is worth mentioning since this behavior, as logical as it may
seem, was encountered to correspond only between the temperatures of the surface and the
air at 0.1 m, but not between this surface and the air temperature measured at 1.70 m (black
dashed line). For instance, consider the first day (22/8) for configuration #2 in Figure 6b
and the first day (25/5) for configuration #3 in Figure 6b, and let us concentrate on the
convective heat flux at the floor surface (red line): at 0.10 m the exact moment when the
heat flux changed from positive to negative values, the air temperature (see Figure 7b,c,
black circles) went from being higher than the surface temperature (solid black line) to
being lower. It can be observed that this did not apply if we performed the same exercise
with the air temperature at 1.70 m.

3.2.2. Charge and Discharge by Radiation

The results of the radiative heat flux for configurations #1, #2, and #3 are presented in
Figure 8a–c, respectively. During the charge period, the radiative heat flux at the glazed-
façade surface (brown line) also presented a contrasting behavior with respect to the
other surfaces (see Figure 8a,c), as seen earlier for the convective heat flux. Note that the
magnitude and behavior of the convective and radiative heat fluxes at the glazed-façade
surface appeared to have the same values.

On the other hand, during the charge period, the radiative heat flux at the ceiling
surface (purple line) appeared weak, with negative values, compared with the other
surfaces. This might imply that the surrounding surfaces (as viewed from the ceiling:
floor, glazed façade, internal partitions, among others) were always at a temperature
slightly lower than that of the ceiling surface. However, Figure 8a,c shows that the glazed
façade always presented higher temperatures than the ceiling, and the floor surface always
presented a lower temperature. It can be inferred from this that the radiative heat flux
responded to the mean temperature of the surrounding surfaces (also depending on the
corresponding view factors), as expected. Moreover, the radiative heat flux at the floor
surface (red line) presented the largest values during this period. This implies that the floor
surface was the coldest, and thus, all surrounding surfaces were discharged towards it,
indicating that the floor helped to attenuate the temperature rise of the other elements of
the envelope.

During the discharge period, comparing Figure 8a,b with Figure 8c, there appeared
to be no significant changes in the radiative heat flux between configurations #1, #2, and
#3, and therefore, the opening and closing of the natural ventilation openings do not seem
to have had a direct and explicit effect on the radiative environment. However, it is clear
that if the floor surface had been cooled down the night before (by leaving the openings
opened), this surface experienced a stronger charging by radiation the following day than
if it was not cooled down the night before. This seems fairly straightforward to conceive
since the concrete slab could bear stronger heat loads the next daytime if it was cooled
down enough the night before.

In summary, the coupling between the charge–discharge and natural ventilation was
qualitatively highlighted by the behavior of the convective heat flux at each surface for
each configuration. From the previous analysis, the following can be inferred:

• The floor and ceiling played an essential role in the attenuation of the rising of the
indoor air temperature, while the glazed façade contributed the most to the heating of
the indoor air.
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• The role of the envelope elements appeared to change depending on the periods of
charge and discharge and not on the opening configuration. The opening configuration
only increased or decreased the impact of each element in each period.

• The floor surface played an essential role in attenuating of the temperature rising of
the envelope elements since these elements discharged by radiation towards the floor.

• The opening and closing of the natural ventilation openings did not seem to directly
affect the radiative environment.

3.3. Parametric Analysis of the Coupling through Temperature Measurements

After computing the first two dimensionless parameters presented in Table 4, the
results are presented in Figure 9. Figure 9a,c,e present results for θioa (red lines), and
Figure 9b,d,f present results for θ f−ia and θr−ia, which are the representative values for the
floor (purple line) and the ceiling (green line), respectively.
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The statement that θioa represents the available natural ventilation potential and θSi−ia
the relative natural ventilation potential to the internal surface can be observed by the
magnitude of both parameters in Figure 9. It can be observed that during the nighttime
(or discharge period), the resulting relative cooling potential to the internal surfaces (θ f−ia,
θr−ia), always presents lower values (see Figure 9d,f, purple and green lines) than the
available cooling potential θioa (see Figure 9c,e, red lines).

The effectiveness of applying a night natural ventilation strategy and its coupling with
the thermal inertia of the building is evidenced by comparing the value of θioa during the
daytime (white zones) in Figure 9c,e, with Figure 9a. θioa in the latter fluctuates around
1.3, making it difficult to reach values lower than 1 (an expected behavior since every
opening is closed). In contrast, in Figure 9c,e, θioa, in the same period, reaches values lower
than 1, and the lower values are presented in Figure 9c. The values of θ f−ia and θr−ia,
during the daytime helped us realize the floor is a key element of the heat attenuation
during the charging process, compared to the ceiling. Thus, the stronger thermal mass
should be concentrated in the floor. Thermal equilibrium is reached between the thermal
mass and indoor air in Figure 9b (θ f−ia and θr−ia presents similar values close to 1) during
both daytime and nighttime, evidencing the high thermal performance of the building.
During the nighttime (gray zones), θ f−ia and θr−ia present values higher than 1 (Figure 9d,f),
highlighting evidence that the cooling or discharge process is occurring. The effectiveness
of such a discharge process seemed to be higher for the floor than for the ceiling as θ f−ia
reached lower values than θr−ia in each consecutive charge process (white zones).

3.4. Parametric Analysis of the Coupling through the Convective Heat Transfer Coefficients

At any given moment, the air change rate per hour ach presents the same value, indis-
tinguishable for either the floor or ceiling, since this is a globally estimated parameter. Thus,
to compare both λ f and λr, the ratio λ f /λr is computed as h′C f

A f /h′Cr
Ar (see Figure 10).

Solid interpretations can be drawn from the resulting values of h′CSi
for each surface

(floor, ceiling, and glazed facade). For configurations #2 and #3 (Figure 10c,e), a significant
difference in the behavior of h′CSi

can be observed during daytime and nighttime periods.

For instance, in Figure 10c, the values for the floor (black dots) are larger than the values
for the ceiling (purple dots), and this is during nighttime (gray zones, openings opened).
The opposite is observed during the daytime (white zones, openings closed). The same can
be said for the daytime and nighttime in Figure 10e.

On the other hand, in Figure 10a,e, it can be observed that h′C for the glazed facade
(brown dots) presents similar behavior during the daytime and nighttime, and its values
appear to be the same for each day. This leads us to state the following:

• During the nighttime, when the openings are opened, h′C f
is large enough with respect

to h′Cr
, that the effect of the latter becomes imperceptible or even yet, negligible.

• During the daytime, when the openings are either closed or opened, h′Cr
is larger

enough with respect to h′C f
, that the effect of the latter also becomes imperceptible

or negligible.

These remarks corroborate physical phenomena reported in the literature [30,35,36].
However, for configuration #1 in Figure 10a, it seems that a similar note to those mentioned
above regarding the behavior of the floor and ceiling can only be made for the first day
(23 May) but not for the other days. This might be explained by the fact that the temperature
levels encountered in mid-September were not of typical summertime temperature values;
unfortunately, configuration #1 was not implemented at any other time. In contrast, the
temperature of the glazed-facade surface is of interest because it always presented the
highest temperature values in comparison with the floor and ceiling surfaces (see Figure 7).
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In summary, it is necessary to account for the convective heat transfer individually
for each surface: a vertical wall (the most important vertical wall seems to be the glazed
facade due to its thermal behavior and contact with the indoor air), a horizontal wall at
the bottom (floor), and a horizontal wall at the top (ceiling). This finding, regardless of
the small number of studies related to the coupling, disagrees with numerical studies of
coupling by researchers [1–6] who considered the thermal mass as a one internal element
interacting with the indoor air (e.g., lumped-capacitance consideration). However, the
lumped-capacitance consideration agrees with case studies where all walls were insulated,
which confirms the decision on not instrumenting other walls in our test building based on
the envelope characteristics (see Figure 2).

On the other hand, our results agree with [2], who stated that heat transfer occurs only
between the active-superficial layer and the indoor air but goes beyond the fundamental
understanding of such coupling [2], showing the importance of considering the heat
transfer interaction between the thermal mass and indoor air individually (i.e., horizontal
and vertical walls, considering their influence in the indoor air heat transfer) for the
modeling of the coupling to assure refined simplified models.
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Further assessments were addressed respecting the thermal behavior of the building
studied here, such as the evaluation of the airflow rate [37] and the effects of architectural
features on the indoor environment [38], but are not presented here.

4. Conclusions

The present study aimed firstly to provide experimental evidence of the coupling
between the natural ventilation (NV) and the energy charge–discharge by quantifying
convective and radiative interactions of the thermal mass subjected to three NV scenarios
in a full-scale passive building located in Southwestern France. The experimental approach
consisted of performing global and local measurements. Global measurements involved
variables such as solar radiation, outdoor and indoor air temperatures, wind speed, and
direction, which is a traditional approach. Local measurements involved variables such as
convective and radiative heat fluxes, surface temperature, and air temperatures near the
surface. Measuring such local variables revealed the contribution of each element in the
envelope with the natural ventilation strategies. The experimental approach carried out
has allowed characterizing the thermal aspects of the building, suggesting the following
major points:

• During the charge process, the floor and ceiling played an essential role in the attenua-
tion of the rising of the indoor air temperature, while the south-facing glazed facade
contributed the most to the heating of the indoor air.

• During the discharge process, the floor surface also played an important role in the
discharge of the envelope elements since the floor was the coldest surface.

• Due to their behavior, it is necessary to consider the convective effects on the slab
surface, the ceiling, and the glazed facade individually.

These findings have allowed us to highlight the key elements involved in the energy
charge–discharge process in our building: the indoor air, the concrete slab (as thermal
mass), the glazed facade, the airflow rate, and the ceiling. Considering the heat transfer
associated with the exchanges in mass (air) between the indoor and outdoor environments
is, of course, also needed. This consideration requires knowledge of the natural airflow
rate and pathway within the platform when natural ventilation strategies are implemented;
considering natural ventilation airflows through infiltration rates might not suffice. The
latter may suffice when the building operates in a free-floating mode, i.e., all openings
remain closed.

Among the limitations of this study, the following can be mentioned:

1. Only convective and radiative heat flux measurements on internal surfaces were con-
sidered, limiting the possibility of experimentally quantifying the heat load through
the envelope.

2. The study was performed in seasons where passive cooling could be applied in case
indoor thermal comfort was to be achieved, i.e., night natural ventilation.

3. The contributions of each envelope element to the indoor air and its relationship
with the natural ventilation scenarios revealed in the study cannot be assumed to be
the same for the winter season. Convective and radiative heat flux, as well as the
convective heat coefficient behavior, might be different.

This study provides further reference information for simplifying modeling of the
thermal behavior of passive buildings via parametric analyses. This understanding might
help enhance and develop more efficient automated natural ventilation–thermal mass-
coupled systems for the management of summer thermal comfort. Such management is
possible by controlling the moving parts of the envelope, such as solar protection (window
blinds, shutters) and natural ventilation openings. These moving parts control the radiative
and convective interactions between the indoor and outdoor environments.

Finally, critical care must be given to thermal behavior modeling of a naturally venti-
lated building regarding the heat exchanges considered in the heat balance of the indoor
environment. Various studies only consider the thermal mass convective heat exchanges,
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ignoring any radiation exchanges among the thermal mass and surfaces surrounding the in-
door air. This leads to a lack of understanding of the physics behind indoor air fluctuations
in transient conditions and the contributions of each envelope element. Each element does
not contribute equally to the indoor environment; thus, implementing a constant value
might not be suitable for modeling purposes to enhance prediction accuracy. Determining
this coefficient as a function of other parameters might be necessary when it is desirable
that the heat transfer phenomena involved is to be taken into account explicitly.
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Nomenclature

Latin letters
Temperature T ◦C, K
Surface area A, S m2

Convective coefficient hC Wm−2 K−1

Volume V m3

Specific heat capacity cp Jkg−1 K−1

Air change rate per hour ach h−1

Wind speed V ms−1

Greek letters
Decrement factor θ -
Measures the relative strength of convective
heat transfer at the internal thermal mass surface
due to natural ventilation

λ -

Heat flux ϕ Wm−2

Density ρ kgm−3

Solar radiation Φ Wm−2

Wind direction φ ◦

Subscript and superscripts
Indoor air in
Outdoor air oa
Indoor to outdoor air ioa
Element i i
Floor f
Ceiling-roof r
With respect to indoor air measurement location ′

Floor to the indoor air f-ia
Ceiling-roof to the indoor air r-ia
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