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Abstract: The high consumption of electricity in Palmas, Brazil is a direct consequence of the high
temperatures identified throughout the year. Therefore, it is necessary to search for sustainable tech-
nologies that contribute to comfort through passive cooling, thus reducing the energy consumption.
This work presents the results of an experimental campaign of 11 months, in which the effects of
shading devices, the use of a low-emissivity reflective film, the implementation of natural ventila-
tion and the application of reflective painting are evaluated, when applied individually and com-
bined. The results show that when applied individually, natural cross ventilation was the most ef-
fective at night, while reflective painting showed better performance during the day. Regarding the
combinations of techniques, the best combination occurred when reflective painting was used to-
gether with natural ventilation, and the result was a relevant improvement in the performance, en-
suring high temperature reductions when compared to the control.

Keywords: passive cooling; test cell; temperature monitoring; natural ventilation; reflective paint

1. Introduction

The city of Palmas, capital of the state of Tocantins, located in the center of Brazil
(Figure 1), has as its most relevant climatic characteristic its high temperature throughout
the year. The search for passive cooling techniques, which can be associated with active
techniques, will allow a reduction in energy consumption, especially since it is a dry and
hot climate.

Figure 1. Geographic location of the state of Tocantins and the city of Palmas, in Brazil.

Passive cooling is a sustainable way of ensuring adequate temperatures for the well-
being of people, achieving greater thermal comfort in buildings through the control of
energy flows by radiation, convection or conduction [1], preventing overheating. Passive
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cooling can be achieved using techniques for solar and heat control, heat amortization and
heat dissipation [2]. These techniques can be related to performance in terms of thermal
mass, thermal insulation, shading of glazed openings, control of solar radiation, surface
thermal properties or air infiltration [3-5].

Passive cooling techniques are sustainable alternatives for reducing both the needs
of electricity and the emission of gases that contribute to the greenhouse effect. However,
they must be implemented according to the type of building and the climate in which it is
located [6].

The importance of the climatic diversity is highlighted in the research carried out by
Kambadkone and Jain [7], in which the comfort potential of different passive heating and
cooling strategies in three Indian cities was evaluated. Their results show that natural
comfort potential can vary between 25% and 46% of the total time of a year depending on
the location.

Several studies have been carried out with the objective of evaluating the impact of
thermal mass on controlling temperature fluctuations inside buildings and, consequently,
on minimizing overheating periods. Kumar et al. [8] assessed the applicability of thermal
mass as a passive design strategy in naturally ventilated office spaces in a composite cli-
mate of India, concluding that it can contribute to a reduction of 40% in the discomfort
time in summer. Recently, the importance of thermal inertia has been reinforced, through
the comparison of the thermal performance of different construction systems, either using
test cells [9,10] or through numerical simulation [11]. Based on in-situ measurement data,
Kumar et al. [12] proposed mathematical correlations to predict the indoor temperature
of high mass buildings.

The joint use of thermal inertia and other techniques has also been studied by several
authors. Based on data from monitoring, Givoni [13] analyzed the combined use of ther-
mal mass and night ventilation to lower indoor daytime temperatures, concluding that
night ventilation is more effective in high mass constructions. Cheng et al. [14] used a test
facility to study the effect of various building design features on indoor temperatures,
especially envelope color and thermal mass. Their results pointed to the combination of
lighter surface colors and high thermal mass to reduce maximum indoor temperatures.

Natural ventilation can also be an effective technique, dependent on climatic condi-
tions, microclimate and construction characteristics. Artmann et al. [15] analyzed, through
test cells, the effects of night ventilation associated with the thermally insulated building
roof and verified a significant reduction in the interior temperature.

Radiation cooling occurs when the radiation emitted by the sun is reflected, thus re-
ducing heat gains inside the building. Romeo et al. [16] tested a radiation cooling system
by painting the roofs with a reflective paint to obtain cold roofs. According to the authors’
analysis, the temperature of the coated surface lowered 20 °C and the internal temperature
of the building decreased by 2.3 °C, when compared to the temperature obtained without
any treatment. These differences resulted in savings in the electrical energy consumption
for cooling by 54%.

In terms of the impact of passive measures in the cooling demand, Imessad et al. [17]
analyzed the influence of some passive cooling techniques on the use of electricity in
homes in a city with a Mediterranean climate. The study included monitoring and numer-
ical simulation. The results showed that the combination of natural ventilation with hori-
zontal shading devices was able to ensure the thermal comfort of the occupants and also
minimize the consumption of electrical energy that was previously used for cooling.

Al-Obaidi et al. [18] examined the efficiency of passive cooling techniques with re-
flective materials in buildings in the Southeast of Asia, in a hot and humid climate. The
evaluation was mainly focused on the heat dissipation by the roofs, as the authors consid-
ered that 70% of the total heat gain in a building was due to them. It was concluded that
the implementation of reflective passive cooling approaches in roofs allowed the improve-
ment of the buildings capacity to dissipate heat, reducing the effect of solar radiation in
the internal gains. However, the authors warned that in order to achieve the effectiveness
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of the techniques, some factors should be considered, such as the type of building, its oc-
cupancy patterns and the climatic conditions. For this reason, an inadequate selection of
the passive cooling technique could lead to a degradation of the quality of the indoor en-
vironment due to thermal discomfort.

Regarding the Brazilian case, some recent studies were carried out on the use of pas-
sive cooling techniques, such as Eli et al. [19], Veiga [20] and Buonocore [21], who ana-
lyzed the effect of natural ventilation, and Schabbach et al. [22] and Michels [23], who
evaluated the impact of using reflective paint on the roof of buildings.

The literature review showed that the use of passive cooling techniques is a strategy
with high potential in hot climates. Additionally, it was found that these techniques are
normally associated with buildings with high thermal inertia where mass also plays an
important role in temperature stabilization. However, there is a current trend in several
regions towards an increase in less massive construction, with possible consequences for
the efficiency of passive cooling strategies. Thus, evaluating the impact of passive cooling
strategies on low thermal inertia buildings is important and constitutes an innovative con-
tribution to the technical and scientific community.

This paper aims to evaluate, in a region with a dry and hot climate, the efficiency of
passive cooling techniques such as: shading of glazed openings, application of a low-emis-
sivity reflective film, natural cross ventilation and painting of opaque elements with re-
flective paint. The effect of the combination of some of the above techniques was also
evaluated; namely, reflective painting associated with natural cross ventilation, reflective
painting associated with natural cross ventilation only at night and reflective painting as-
sociated with natural ventilation by chimney effect. The impact on the indoor temperature
is analyzed and paves the way for a discussion regarding the contribution of these tech-
niques for the energy efficiency of buildings in terms of cooling demand.

2. Materials and Methods
2.1. Framework

In this study, different passive cooling techniques were evaluated, individually and
combined. The techniques were implemented in a test cell, located in the city of Palmas,
Tocantins, Brazil, and the thermal conditions inside it were measured over time using
temperature sensors. The effectiveness of each technique, applied individually or com-
bined, was evaluated by comparing the temperature variations inside the cell where they
were implemented, with the temperatures inside another geometrically identical cell,
used a control. The external climate was characterized using data from the Palmas Mete-
orological Station [24]. The climate of Palmas-TO is labeled as Aw according to Képpen-
Geiger classification. Figure 2 shows the typical annual ambient conditions of Palmas, TO,
Brazil.
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Figure 2. The typical annual ambient conditions of Palmas, TO, Brazil.
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2.2. Test Cells

To carry out this study, it was necessary to build two test cells, measuring 2.4 x 2.4 x
2.4 m3 each. For the walls and ceiling of the cells, 9.5 mm OSB panels were used, internally
insolated with 20 mm of glass wool. The double pitched roof faced north and south with
a 10% slope, and was covered with thermo-acoustic tiles (metal sheet with a 30 mm EPS
core). The window applied to each cell, measuring 0.6 x 0.6 m2, was made of aluminum
frames with simple glass, positioned at a height of 1.5 m from the ground, on the north
facade. The door was made of OSB board, measuring 0.8 x 2.10 m?, and was located on the
west fagade. Table 1 presents the thermal properties of the test cells.

Table 1. Thermal properties of the test cells.

Thermal Resistance

(m?2 °C/W)
Walls/Ceiling 0.61
Pitched Roof 0.82

The passive cooling techniques were implemented in cell C1 and cell C2 remained
unchanged, to be used as a control (Figure 3). The test cells present low thermal inertia,
not allowing, therefore, an assessment of the impact of the mass in the stabilization of the
temperature. On the other hand, they correspond to a growing trend of construction in
the Palmas, Brazil, thus increasing the practical interest of the study.

©
Figure 3. Test cells: (A,B) Layout of the two test cells; (C) Photograph of the cells.

2.3. Equipment Used

For this study, four temperature sensors (two in each cell) were used. They were po-
sitioned in the center of the cells, one meter above the floor. The equipment has an accu-
racy of +0.35 °C for temperature and +2.5% for relative humidity [25]. Records were rec-
orded every 10 min (Figure 4A).

The ventilation flow rate in each cell was determined by the Tracer Gas Method and
the Decay Technique, using carbon dioxide (COz) as tracer gas. Four CO2 concentration
meters were used, two in each cell. The equipment has an accuracy of +50 ppm or +3% of
the measured value and a resolution of 1 ppm. A portable CO2 extinguisher was used to
release carbon dioxide inside the cells and fans were activated to facilitate the distribution
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of tracer gas in the environments (Figure 4B). The experimental procedure was established
according to ISO 12569 [26] and ASTM E741-00 standards [27].

A) (B) ©) (D)

Figure 4. Equipment used: (A) Temperature sensor; (B) CO2 concentration meter; (C) Black globe
thermometer; (D) INMET Meteorological Station.

To assess possible radiative effects inside the test cells that could bias the results, two
black globe thermometers of 15 cm in diameter were used for punctual measurements of
the mean radiant temperature. The mean radiant temperature can be estimated from the
globe temperature, taking into account the recommendations available in the literature
[28,29]. The response time of the equipment varies between 20 and 30 min and the oper-
ating temperature is between -10 °C to 50 °C, with an accuracy of +0.5 °C [20]. The equip-
ment was installed in the center of each cell for one day, and four measurements were
carried out, with an interval of two hours between them (Figure 4C). The mean radiant
temperature (tr) was obtained by applying Equations (1) and (2) [30].

o= [td+ heg o (ty — ta) (1)
Eg X o
|t _t | 0.25
heg = 1.4 X (%) )

In which:

tr is the mean radiant temperature [K];

tg is the globe temperature [K];

ta is the air temperature [K];

heg is the convective heat transfer coefficient at the globe level [W/m?2.K];

¢g is the emissivity of the black globe;

X is the Stefan—-Boltzan constant [5.67 % 108 W/m?2.K4];

D is the globe diameter (0.15 m).

The outdoor climate was characterized through the automatic meteorological station
(EMA) of Palmas, TO, Brazil (Latitude: -10.190744° and Longitude: —48.301811°), admin-
istered by the National Institute of Meteorology —INMET, Brazil [24]. The station collects
data every minute, providing temperature, relative humidity, atmospheric pressure, pre-
cipitation, wind direction and speed and solar radiation (Figure 4D).

2.4. Implemented Passive Cooling Techniques

In the experimental campaign carried out, four passive cooling techniques were ap-
plied in cell C1, individually (Phase I) and in three different combinations (Phase II). Cell
C2 was kept unchanged, so that it could serve as a control in evaluating the effectiveness
of each technique. Campaigns 1 to 4 were part of Phase I and campaigns 5 to 7 were part
of Phase II.

In campaign 1, the shading of the glazed opening was implemented through a shut-
ter-type aluminum frame (0.8 x 0.8 m?), painted with white paint and fixed on the window
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of cell C1 (Figure 5A). In campaign 2, a low-emissivity reflective film was applied between
the OSB ceiling and the thermo-acoustic tile covering of cell C1 (Figure 5B). In campaign
3, natural cross ventilation was ensured, due to the effect of the wind. For this purpose,
two openings were made in cell C1, measuring 20 cm x 20 cm each, one of them being
located in the lower part of the east fagade and the other in the upper part of the west
facade, to guarantee their orientation to the prevailing winds (Figure 5C). In campaign 4,
white reflective paint was applied on the outer faces of the four walls and on the roof. The
application was carried out with three coats, according to the manufacturer’s instructions
(Figure 5D).

Campaign 5 consisted of the simultaneous application of reflective paint on the
opaque envelope of cell C1 and cross ventilation by the action of the wind, which was
guaranteed 24 h a day. Campaign 6 was similar to campaign 5, although natural cross
ventilation by wind action only occurred at night (between 18 h and 08 h). There was a
7th campaign, in which, associated with painting the opaque envelope with reflective
paint, there was natural ventilation 24 h a day by the chimney effect, with three openings
of 20 cm x 20 cm each, two located at the bottom of cell C1, on the west and east walls, and
the third on the cell ceiling in its central part (Figure 5E). During all tests, the cell door and
window remained closed, guaranteeing natural ventilation to occur only through the
openings. The measurements (Phase I and Phase II) lasted 11 months, between June and
April, according to the schedule presented in Table 2.

(B) | © (D) (E)

(A)
Figure 5. Implemented passive cooling techniques: (A) Shading of the glazed openings; (B) Low-
emissivity reflective film; (C) Natural cross ventilation, due to wind effect; (D) Painting with reflec-
tive paint on the walls and roof; (E) Natural ventilation, by chimney effect.
Table 2. Measurement schedule.
Campaign Passive Cooling Techniques Duration
Phase I
1 Shading of the glazed opening 21 days
2 Application of low-emissivity reflective film in the attic 21 days
3 Natural cross ventilation by wind action for 24 h 21 days
4 Painting the opaque envelope with reflective paint 28 days
Phase II
Painting of the opaque envelope with reflective paint and natural cross ventilation
5 . . 10 days
by wind action for 24 h
6 Painting of the opaque envelope with reflective paint and natural cross ventilation 14 days
by wind action during the night period
7 Painting of the opaque envelope with reflective paint and natural ventilation by 10 days

chimney effect for 24 h
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3. Preliminary Results

Before the beginning of the experimental campaigns, a relative measurement of the
four temperature sensors was carried out. For this purpose, they were placed inside a
climatic chamber during a 24 h cycle, with the temperature varying between 10 °C and 35
°C and the relative humidity between 50% and 80%. The results obtained by the four de-
vices were similar.

Subsequently, an evaluation of the behavior of the test cells was carried out without
any passive cooling measures having been implemented. Air temperature, radiant tem-
perature and air infiltration were measured. Figure 6 shows the results of the temperature
measurements taken between 15 May and 4 June, inside the two test cells and outside.
The temperature inside of the two cells was very similar, showing that they were under
similar conditions. Indoor temperature is always higher than outdoor temperature, both
during day and night.

33
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Figure 6. Air temperature between 15 May and 4 June, inside the two test cells and outside: (A)
Variation in time; (B) Box-plot representation.

Figure 7 shows the mean radiant temperature and the temperature of dry bulb. It was
found that, for each of the cells, there are no relevant differences between those values,
proving that the impact of the radiation emitted by the interior surfaces is not meaningful.
Thus, an identical performance in both was proven.
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(A) (B)
Figure 7. Radiant temperature (tr) and dry bulb temperature (Tbs): (A) Cell C1; (B) Cell C2.

Figure 8 shows the air change rate per hour (RPH) in cells C1 and C2 resulting from
performing 11 and 14 measurements, respectively. The results show some variability, not
only when comparing the punctual values obtained for the different measurements, but
also when evaluating the mean values for the two cells (2.29 h-! for C1 and 2.42 h for C2).
However, the variability obtained was expected, since measurements carried out by other
authors, using the same technique and CO: as the tracer gas, point in the same direction
[21]. For the reasons previously presented, it was considered that the obtained differences
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were acceptable. The very high values obtained in this test suggest the existence of signif-
icant infiltrations in the cells, probably due to the lack of sealing of the connecting joints

between the walls and the ceiling.

5 RPH (C1)[RPH (C2)
. . Test 01 260 | 193
Test 02 22 | 19
4 — Test 03 228 | 178
Test 04 255 | 261
Test 05 250 | 186
23 Test 06 179 | 1@
z Test 07 172 | 275
Test 08 217 | 29
Test 09 - 1.80
2 Test 10 B 275
Test 11 = 449
Test 12 167 | 202
L Test 13 1.09 | 117
i Test 14 445 | 393
c1 c2 X 2.29 242

Figure 8. Air change rate per hour (RPH) in cells C1 and C2.

4. Results
4.1. Outdoor Climate

Figure 9 shows the variation of outdoor temperature and relative humidity during
the experimental campaign. The average outdoor temperature was 27.2 °C, with a maxi-
mum of 39.5 °C and a minimum of 17.1 °C, as shown in Figure 9A. The relative humidity
shown in Figure 9B ranged between 13% and 95%, with an average of 65.3%. Radiation
reached a maximum amount of 1081 W/m? (Figure 10B) and wind speed reached a maxi-
mum value of 9.1 m/s, with an average value of 1.29 m/s (Figure 10C). As for the wind
direction, it was mostly oriented to East-Northeast, followed by the East, Northeast and
North-Northeast, corresponding those directions to 40.0% of the measurement period
(Figure 10A). The lack of values in Figures 9 and 10 resulted from failures in measure-

ments by the meteorological station’s sensors.
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Figure 9. Outdoor climate: (A) Temperature; (B) Relative Humidity.
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Figure 10. Outdoor climate: (A) Wind direction; (B) Solar Radiation; (C) Wind Speed.

4.2. Phase I

The temperatures measured inside the cells when the shading of the glazed opening
in cell C1 was on are shown in Figure 11, with the highest value occurring in the control
cell C2 (40.4 °C). Cell C2 had a mean temperature higher by 0.2 °C when compared to cell
C1, and both cells had maximum, mean and minimum temperature values higher than
the external temperature. In cell C1 a small gain in cooling was obtained, as there was a
decrease in maximum daily temperatures. This result is not very expressive due to the
small glazed area. However, with the use of this technique in larger glazed areas and on
different facades, it is believed that its effect would be enhanced, as also shown by other
authors [31,32].
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Figure 11. Variation of external and internal temperature in cells C1 and C2 during one week of
campaign 1 (shading of the glazed opening).

Figure 12 shows the temperature variation when the low-emissivity reflective film
was applied in the attic of cell C1. Comparing the results obtained in the two cells, cell C1
presented the maximum value of the temperature measured inside (40.4 °C), on average
higher by 0.2 °C than the average temperature value in cell C2 (control cell). In view of
these results, it is demonstrated that this technique, as implemented (film on the horizon-
tal plane of the attic, which was covered with a roof with low-slope, resulting in smaller
ventilation gaps) was ineffective as no cooling was guaranteed.

Figure 13 shows the temperature variation in cell C1, with natural cross ventilation
by wind action, and in cell C2, without any modification, during campaign 3. This cam-
paign took place during a period of very high outside temperatures. The maximum value
of the interior temperature occurred in cell C2 and the minimum in cell C1, where natural
cross ventilation by wind action had been guaranteed 24 h a day. It was found that in cell
C2 the value was on average 0.6 °C higher than in cell C1, this average being 0.8 °C at
night and 0.5 °C during daytime. Thus, the effectiveness of this technique is proven, reach-
ing a maximum difference between the cells of 2.0 °C of cooling. Air change rate per hour
in cell C1 averaged 6.96 h™!, much higher than the values obtained without openings, al-
lowing the decrease in temperature to be correlated with the increase in ventilation rate.
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Figure 12. Variation of external and internal temperature in cells C1 and C2 during one week of
campaign 2 (application of a low-emissivity reflective film in the attic).
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Figure 13. Variation of external and internal temperature in cells C1 and C2 during one week of
campaign 3 (natural cross ventilation by wind action).

Figure 14 shows the results of campaign 4, in which the opaque envelope of cell C1
was painted with a reflective paint. After implementing this technique, a cooling peak of
3.8 °C in relation to C2 was reached. It appears that this technique was effective, as it
allowed an average reduction in the interior temperature of cell C1, when compared to
C2, of 1.1 °C. Comparing the results of campaign 3 with those of campaign 4, it was clear
that the cross natural ventilation by the wind action had more impact at night and the
painting with reflective paint was more efficient during the day, as the latter had 0.5 °C of
daytime cooling and 1.7 °C of night cooling.
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Figure 14. Variation of external and internal temperature in cells C1 and C2 during one week of
campaign 4 (painting the opaque envelope with reflective paint).
4.3. Phase 11

The results of campaign 5 (painting of the opaque envelope with reflective paint and
natural cross ventilation by wind action for 24 h) are shown in Figure 15. The highest



Appl. Sci. 2022, 12,1546

12 of 16

temperatures always occurred in the cell without the passive cooling measures (cell C2).
In the cell where cooling measures were applied (cell C1), 5.1 °C of cooling was obtained.
The results also showed that the greatest temperature difference between the two cells
occurred during the day, with an average of 2.5 °C. During the night, this difference did
not reach 1.0 °C, thus presenting an average for the 24 h of the day of 1.7 °C of cooling.
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Figure 15. Variation of external and internal temperature in cells C1 and C2 during one week of
campaign 5 (painting of the opaque envelope with reflective paint and natural cross ventilation by
wind action for 24 h).

When the opaque envelope painted with reflective coating was associated with nat-
ural cross ventilation by the wind action only at night (campaign 6), the results obtained
did not differ significantly from those of campaign 5, with a mean difference between the
two cells of 1.6 °C. It was also possible to verify that there was a slight increase in temper-
ature differences during the day, with an average difference of 2.8 °C, since, with ventila-
tion disabled when outside temperatures were higher, the entry of warmer air coming
from outside was avoided. In this campaign, the maximum difference obtained between
the two cells was 5.0 °C (Figure 16).
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Figure 16. Variation of external and internal temperature in cells C1 and C2 during one week of
campaign 6 (painting of the opaque envelope with reflective paint and natural cross ventilation by
wind action during the night period).

The association of the opaque envelope with reflective painting with natural ventila-
tion by the chimney effect in cell C1 (campaign 7) also showed good results (Figure 17),
since in cell C1 measured temperatures were, on average, 1.8 °C lower than in cell C2.
These differences were very similar to those obtained in campaigns 5 and 6 for the night
period (0.8 °C) and slightly higher for the day period (3.1 °C on average and 5.6 °C of
maximum difference). These results demonstrate a greater effectiveness of natural venti-
lation by the chimney effect compared to cross ventilation by the wind action, since it
occurs even when the wind speed is practically null.

Table 3 summarizes the results obtained in the seven experimental campaigns carried
out. When applied individually, opaque envelope with reflective painting proved to be
the most effective of the techniques. Cross ventilation by wind action for 24 h showed an
average temperature difference of 0.6 °C between cell C1 (where the technique was im-
plemented) and cell C2. However, its effectiveness is greater at night, with the average
difference increasing to 0.8 °C. The results using the reflective painting showed an average
temperature difference between the two cells (C1 against C2) of 1.1 °C, increasing to 1.5
°C if only the daytime period was considered. It was also verified that the shading of the
glazed openings resulted in a slight temperature reduction inside cell C1 compared to cell
C2, with better results obtained in the daytime, when there is solar radiation. Despite the
low reduction in temperature in this case study, it is expected that shading of the glazed
openings has a higher impact if the glazed area increases. With the application of the low-
emissivity reflective film on the attic floor, there was no improvement in the performance,
probably due to the ineffective ventilation of that space, resulting from the low slope of
the roof.
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Figure 17. External and internal temperature variation in cells C1 and C2 during one week of cam-
paign 7 (opaque envelope with reflective painting and natural ventilation by chimney effect for 24
h).
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Table 3. Temperature differences between Cell 01 and Cell 02, in °C.

Tave, in °C
Campaign Passive Cooling Techniques : 5 n )
24h Nigth Daytime
Phase I
1 Shading of the glazed opening -0.2 -0.0 -0.2
2 Application of low-emissivity reflective film in the attic 0.2 0.2 0.3
3 Natural cross ventilation by wind action for 24 h -0.6 -0.8 -0.5
4 Painting the opaque envelope with reflective paint -1.1 -0.5 -1.7
Phase II
Painting of the opaque envelope with reflective paint and natural
5 - . . -1.7 -0.8 2.7
cross ventilation by wind action for 24 h
Painting of the opaque envelope with reflective paint and natural
6 o . . . . . -1.6 -0.9 -2.8
cross ventilation by wind action during the night period
. Painting of the opaque envelope with reflective paint and natural 18 08 31

ventilation by chimney effect for 24 h

It was found that the combination of techniques resulted in a greater temperature
difference compared to the control cell than the implementation of each of them individ-
ually. In campaign 5 the greatest decrease in temperature between the cells was 5.1 °C,
with an average of 2.7 °C in the daytime period. When natural cross ventilation by wind
action only occurred at night (campaign 6) performance improved, since the maximum
temperature difference between cell C1 and cell C2 was 5.0 °C and the average value dur-
ing the daytime period was of 2.8 °C. This value increased to 3.1 °C when ventilation oc-
curred due to the chimney effect during the 24 h of the day.

5. Conclusions

To assess the effectiveness of some passive cooling techniques, an experimental cam-
paign was carried out. The following conclusions can be drawn:

- the effectiveness of the shading of the glazed opening was not very evident, probably
due to the specific characteristics of the opening used in the test cells, so it will be
necessary to evaluate its effect with larger glazing areas;

- the low-emissivity reflective film, considering the proposed roof model, was not ef-
ficient;

- natural cross ventilation was the most effective at night, lowering the temperature
compared to the control by 0.8 °C, and the reflective painting showed better perfor-
mance during the day, ensuring a temperature decrease of 1.5 °C;

- regarding the combined techniques, the results indicate that the last three campaigns
were the most effective, that is, the combination of reflective painting with natural
ventilation ensured greater decreases in temperature regarding the ones measured
in the control cell;

- globally, the differences obtained are insufficient to achieve adequate levels of ther-
mal comfort without the support of air conditioning systems. However, the contri-
bution of the passive techniques can be important in reducing the energy consump-
tion associated with the HVAC systems.

It is important to emphasize that the methodological procedure shows important re-
sults that can support the decision-making process concerning the choice of passive cool-
ing techniques. However, further research is required to include the perception and the
adaptive behavior of users.
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