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Abstract: This study investigates the thermal performance of the ventilated mask wall used in the
low-income neo-vernacular dwellings designed by André Ravéreau to cope with the warm desert
climate conditions of M’zab Valley, Ghardaia, in southern Algeria. This device is a ventilated façade
provided with an opaque external massive cladding. It is designed to be particularly efficient in
hot climates, functioning simultaneously as a brise-soleil and a ventilated façade, compared with
conventional façade systems. Based on a typical experiment conducted during the summertime
(12–14 August), a residential unit in Sidi Abbaz selected as a case study was modeled and calibrated
using EnergyPlus (v8.4) software, and then a dynamic simulation was performed in order to assess
the efficiency of the ventilated mask wall as a cooling strategy. By means of the validated thermal
model, various alternatives for the façade materials were investigated, and the thermal behavior
of the current ventilated mask wall was compared with a 45 cm thick limestone façade wall, and a
30 cm thick hollow clay brick wall under the same conditions. Countless benefits were achieved
by the application of the mask wall system, including a stable and less fluctuant inner surface
temperature, and a reduction in the incoming summer heat flux. The improvements performed, in
particular the time lag of 12 h and the related decrement factor of 0.28 indicate the effectiveness of this
wall system, which enabled radiant temperature drops of more than 10 ◦C, and an air temperature
decrease of about 6 ◦C, during the summer sunniest hours. The results demonstrate that this solution
is suitable for buildings design applications to meet the objective of low-energy demand in warm
desert climates.

Keywords: ventilated mask wall; thermal behavior; cooling strategy; M’Zab Valley (Algeria);
neo-vernacular dwelling; warm desert climate (BWh)

1. Introduction

In recent decades, the building sector is being pointed out as responsible for countless
environmental damages on a global scale including: global warming, environmental impact,
pollution, and the depletion of natural resources. According to the International Energy
Agency, this sector consumes 36% of the worldwide global energy, whereas 22% of the total
energy use is attributed to the residential buildings [1]. Furthermore, the building sector
accounts for 39% of CO2 emissions, of which 17% are primarily released by residential
buildings [1].

Due to population growth and extremely fast urbanization, energy consumption
and related CO2 emissions raised by 7% and 9%, respectively, between 2010 and 2019.
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This increase is considered faster than demographic growth (+1.1%) [2]. Indeed, CO2
emissions reached 37.9 billion tons in 2018, with an average of 5.0 tCO2/capita [2]. Heating,
ventilation, and air conditioning systems (HVAC) account for 60% of the total residential
energy usage nowadays [3]. These systems account for 80% of the CO2 emissions generated
by this type of building [4]. This percentage can be increased in arid climates. In Algeria,
the residential sector of the aforementioned climate consumes more than 35% of total
energy [5,6], and air-conditioning alone contributes to 40% of Algeria’s annual energy
consumption [7], a figure that is expected to double by 2050.

Faced with these issues, various green objectives have recently been set, including
lowering CO2 emissions by 40% by 2030 and reaching 100% zero net energy by 2050 [8].
Summer thermal comfort is considered a key contributor to achieving these goals. The
vision of reconciling this parameter has favored passive solutions and strategies that are
the outcome of climate adaptation and have formed the basis of all norms and standards.
These passive solutions are summed up in the building’s features, including its position,
geometry, shape, orientation, architectural design, and construction materials [9–11].

Among these solutions, natural ventilation is the most adequate bioclimatic solution
to reduce thermal discomfort in hot climates [12–14]. This effective passive cooling tech-
nique exploits the pressure differential between the inside of a building and the outdoor
environment to transport air from a high-pressure to a low-pressure zone. In arid cli-
mates with high thermal amplitudes, night ventilation may reduce the temperature of the
building envelope [15–17], allowing for a good thermal decrement factor and phase shift
time [3,18]. The efficiency of this passive technique can be enhanced by the thermal inertia
and insulation of the envelope [19–21].

Exizidou et al. [16] investigated the effect of ventilation on the thermal comfort of
vernacular dwellings under the climatic conditions of Nicosia, Cyprus, and found that this
passive technique enables the optimization of comfort degree up to 26%. The assessment of
the ventilation effect on the energy efficiency of adobe dwellings revealed that this solution
decreases the cooling energy needs by 27% while maintaining an ambient temperature that
does not exceed 25 ◦C [20]. Blondeau et al. [22] reported that for a ventilation intensity of
8ACH, the cooling loads could be reduced by up to 56%. Geros et al. [23] revealed that
30ACH could reduce energy requirements by 71%.

Indeed, natural ventilation can be provided by several alternatives, including the
double skin façade (DSF). This alternative, commonly called ventilated façade, airflow
window, or twin skin [24], provides adequate thermal insulation while simultaneously
maintaining air circulation via the chimney effect, allowing the facade and hence the
indoor environment to be cooled, resulting in lower air-conditioning needs.
Ballestini et al. [25] achieved energy savings of about 12% per year by adding a DSF
to a historical industrial building. Another study concluded that using a DSF can save up
to 299.279 kWh of energy in an office building in Algiers’ Mediterranean climate, reducing
energy consumption by 53.5% during hot, dry summers [26]. According to research by
Aruta et al. [27], the implementation of a double-skin façade for retrofitting an office build-
ing can achieve energy saving of 37% and 3%, respectively, in the cold and warm seasons
of a Mediterranean climate.

The effectiveness of a DSF depends on several factors, including orientation, solar
radiation level, shading device use, window-to-wall ratio, wind speed, cavity width, glazing
type, and the opening-to-glazing ratio [28–34]. According to the study by Alibaba et al. [24],
which investigated the impact of the DSF on the thermal comfort of administrative buildings
in a warm climate, this alternative provides a pleasant environment (PMV = 0.5, and
PPD = 50%) while reducing energy consumption by up to 25%. A cavity width of 30 cm
yielded the best results. However, the research by Radhi et al. [35] compared the efficiency
of a DSF with different cavity widths (50, 70, 100, 120, 150 cm) and reported that a cavity
width between 70 and 120 cm could provide a balance between solar gain and heat transfer.

Qahtan [36] investigated the double skin façade of a certified energy-efficient office
building in Kuala Lumpur, Malaysia, and discovered that direct solar radiation and glazing
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surfaces affect increasing indoor air temperature during the summer, with shading devices
essential for the western facade. The analysis of a DSF equipped with a movable shading
device, under the warm climate of Italy [37], concluded that during summer, the solar heat
absorbed by the external wall has no significant impact on the inner skin and the indoor air
temperature; this can reduce the building cooling loads.

The assessment of the effectiveness of the DSF on an office building in Iran’s hot, arid
climate revealed that night ventilation and the installation of shading devices are critical for
reducing cooling loads; the temperature in the cavity of the DSF was higher than the outdoor
air temperature during the night due to the greenhouse effect [38]. Another study reported
that if natural cooling strategies are used, the greenhouse effect is favored in double-
skin south-oriented façades [28]. A study conducted under a Mediterranean climate [39]
concluded that in summer, the air temperature of a double-skin cavity, oriented west and
exposed to high solar radiation, remains higher than the outdoor air temperature. The
difference is estimated to be 2 ◦C and 10 ◦C during the night and the daytime, respectively.

According to the reported framework, it appears that a great deal of interest has
been devoted to DSFs due to the advantages attributed to this facade design feature in
terms of energy efficiency especially in temperate climatic zones. Furthermore, if it is
assumed that a DSF corresponds to an outer glazed layer, an intermediate gap, and an
inner enclosure, most studies that support the energy efficiency potential of DSFs have
overlooked their disadvantages relating to overheating during the hot season. Thus,
research on the thermal behavior and performance of a DSF building located in a hot region
is still lacking. Moreover, the case studies focused on contemporary buildings did not
highlight the advantage of using traditional building materials instead of conventional
brick and concrete walls.

The present research attempts to fill such a gap in knowledge by investigating the
thermal performance of an innovative DSF used in a residential building located in a
Saharan region. The DSF examined is made with breezeblocks (internal layer) and hollow
clay bricks (external layer) with an air cavity between the two walls. Compared with a
conventional facade system, this ventilated enclosure system is expected to be particularly
efficient under hot climatic conditions, considering it simultaneously works as a brise-soleil
and a DSF. In short, this technique based on the principle of combining solar shading and
thermal insulation while simultaneously maintaining air circulation through the chim-
ney effect, should significantly minimize overheating and, therefore, decrease the energy
cooling demand.

To learn more about the thermal performance of this device, a study was conducted on
the low-income neo-vernacular dwellings designed by Ravereau in Sidi Abbaz (Ghardaia)
to cope with the warm desert climate conditions of the M’Zab valley in southern Algeria.
The Sidi Abbaz dwellings are distinguished by their use of a particular enclosure system
that can be assimilated to a ventilated double-layer wall provided with an opaque external
massive cladding known as “mask wall”. The study aims to quantitatively assess the
thermal behavior of the mask wall in real conditions by investigation an existent building.
For this purpose, field research was conducted in a naturally ventilated residential building
located in Sidi Abbaz. The monitored building used as a case study was modeled and
calibrated using EnergyPlus (v8.4) software. A dynamic simulation was then performed in
order to assess the cooling efficiency of the ventilated mask wall by considering different
alternatives for the materials of the boundary surfaces.

In the sequel, the case study building and the methodology are described first. The
results and discussion are presented in the third section. Finally, conclusions are given in
the last section of the paper. The findings of this investigation will enhance the efficiency of
the DSF system as a cooling design strategy for future applications in warm desert climates.
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2. Reference Dwellings Presentation
2.1. Site Location Description and Climatic Characteristics

The studied low-income neo-vernacular dwellings designed by Ravereau are located
in the Saharan city of Ghardaia, in Sidi Abbaz, to be precise. Based on the Koppen-Geiger
climate classification, Ghardaia’s climate falls in zone BWh, thus, it is characterized by
warm desert climate [40] (Figure 1). This climate is distinguished by a continuous drought,
evaporation that is greater than precipitation, a high daily thermal amplitude (with an
annual average exceeding 18 ◦C), and a constant and often strong wind.
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Figure 1. Map of Algeria showing the location of Ghardaia and the main climatic zones according to
Koppen-Geiger climate classification [40].

According to the meteorological station data of Ghardaia (10 years), the mean monthly
temperature was found to vary between 11 ◦C in January and 34 ◦C in July. The thermal
amplitude was 23 ◦C throughout the year. Additionally, the monthly solar radiations
average varied from 3.2 to 7.0 kWh/m2. The highest monthly average was recorded in
June, and the lowest solar radiation occurred in December. The average annual humidity
was 38%. It ranged from 20% to 55%, recorded in July and December, respectively (Table 1).
In these severe climatic conditions, the hot season is quite lengthy and occurs from June
to October.

Table 1. Monthly dry bulb temperature, solar radiation, and relative humidity, average 10 years.

Months 1 2 3 4 5 6 7 8 9 10 11 12

Temperature (◦C) 11 14 16 20 26 31 34 34 29 22 16 12
Relative humidity (%) 54 46 40 36 31 26 20 24 33 42 51 55

Solar radiation (kWh/m2) 3.6 4.3 5.5 6.4 6.9 7.0 6.8 6.2 5.6 4.4 3.7 3.2

However, designing energy-efficient buildings under the desert climate of Ghardaia
must achieve summer-acceptable indoor conditions and conform to the requirements of
ASHRAE standard 55 (Equations (1) and (2)) [41], as summarized in Table 2. This comfort
range is defined by the highest monthly average temperature (tpma(out)) [41].

Table 2. The summer indoor conditions recommended according to ASHRAE 55 [41].

Dry Bulb Temperature (◦C) Relative Humidity (%) Air Movement (m/s)

28.84–31.84 30–60 <0.3
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Upper 80% acceptability limit (◦C) = 0.31 tpma (out) + 21.3 (1)

Lower 80% acceptability limit (◦C) = 0.31 tpma (out) + 14.3 (2)

2.2. Case Study Building

The case study building is a low-income house located in Sidi Abbaz at the east
of Ghardaia (southern Algeria). It is part of the so-called Sidi Abbaz housing project
(260 individual dwellings), built in 1976 in the context of ERSAURE (Saharan Regional
Establishment of Architecture, Urbanism, and Environment). The housing project was
designed by the renowned French architect André Ravereau (1919–2017) who was awarded
by the Algerian National Order of Merit in 2012 for his contributions to the valorization of
the built heritage [42,43].

This residential project is located in the M’Zab valley, at the foot of a rocky hill, with a
panoramic view of the historic Ksar of Beni Isguen (a UNESCO World Heritage Site) and the
palm grove. It consists of nineteen (19) dwellings designed according to a neo-vernacular
approach (vernacular architecture being a contemporary production process) [44,45]. The
housing settlement was designed according to cultural, social, and physical local context;
as such, it embodies various climatic passive design strategies inspired from vernacular
architecture. In this regard, the compactness of the urban configuration intended to limit
the thermal exchanges with the external environment while ensuring protection against the
intense solar radiation and dominant winds (narrow alleys), favoring natural ventilation,
and preserving the intimacy of the inhabitants (Figure 2).
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The Sidi Abbaz neo-vernacular dwellings are designed by referring to the Mozabite
traditions, which are primarily influenced by climate, religion, and cultural constraints. The
design of these houses incorporates the Mozabite vernacular architecture typology based
on the dialectic of interior volumes and habitable terraces. Moreover, the housing units are
oriented along a southeast axis that forms a 20-degree angle with the north–south axis (an
orientation considered adequate for the climate of Ghardaia) [44,47]. They are characterized
by their introversion and are developed on a rectangular plan with two stories (Figure 3).
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and a bathroom (Figure 3) [49]. Indeed, this configuration provides visual privacy by pre-
venting prying eyes from penetrating the filter space known as Taskift. This intimacy and 
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Figure 3. Plans, section and views on Sidi Abbaz’s neo-vernacular dwelling: (a) Ground floor plan
(left) and first-floor plan (right) showing the monitored rooms; (b) Section B-B showing the mask
wall; (c) exterior views of the dwelling; (d) interior views on a small scale model of the dwelling;
(e) Ravereau’s freehand sketching showing a general view on the terraces and a covered alleyway [44,47].

A chicane entrance (Taskift) marks the dwelling (Figure 3). The latter comprises a
small L-shaped corridor that opens into a living room (Amasn’tidar) and gives access to a
sitting room (Tizifri), a toilet for the male guest, and a small bedroom (Tazka) (Figure 3) [48].
A terrace (Stah) can be found on the upper level, as well as a kitchen located at mid-level
between the bedroom and the terrace (which serves both the ground and first floors),
and a bathroom (Figure 3) [49]. Indeed, this configuration provides visual privacy by
preventing prying eyes from penetrating the filter space known as Taskift. This intimacy
and privacy principle are also reinforced by the habitat’s introversion through the opening
of its rooms on the patio (in the ceiling of which a rectangular opening called Chebek,
ensuring ventilation and lighting, is pierced), the height of construction (7.2 m), and the
limitation of the window size (1 m2) [49].

Furthermore, the Sidi Abbaz dwellings are distinguished by their use of particular
external walls that can be assimilated to ventilated facades provided with an opaque
external massive cladding (known as “mask walls”). The base of the façade walls is made
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of quarry-extracted limestone, whereas the upper floor walls are doubled with a massive
exterior cladding fitted with openings at the top and bottom and built from the outside
to the inside surface, of hollow clay bricks of 5 cm and breezeblocks of 20 cm (Figure 4).
This masonry is finished with Timchent (a lime–sand-based plaster whipped with date
bunches) [44].
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As previously stated, this wall system consists of an opaque external cladding that
functions as a brise-soleil to impede direct sunlight from penetrating the building and re-
duce the amount of heat that is absorbed through the façade. The vented cavity underneath
the cladding permits air movement and convection that cool the external wall surface and
lessen heat transfer to the building’s interior. It is noteworthy that while certain ventilated
facade systems introduce fresh air into a building through the cavity for ventilation pur-
poses, the ventilation in the ventilated mask wall system is exclusively used to refresh the
internal wall and does not supply fresh air for indoor air quality.

The floor structure is made of light steel beams covered with prefabricated cement
pavers and a layer of clay coated with plaster. The floor is finished with locally manu-
factured tile. Doors and windows are made of locally produced wood. According to the
available documentation, thermal properties of the materials used in the building envelope
components are given in Table 3.

Table 3. Thermal properties of the building’s envelope components [50,51].

Components Building Material e (cm) Λ (W/m·K) Cp (J/kg·K) ρ (kg/m3)
U-Value

(W/m2·K) ϕ (h) ƒ

Stone Wall
Limestone 45 2.4 939 2300–2900

5.128 5 0.125
Lime-based coating 0.2 0.35 936 750–1000

Mask Wall

Timchent 0.4 0.52 1139 1390

2.441 12 0.28

Hollow clay brick 5.0 0.84 936 900

Air gap 3.0 - - -

Breezeblock 20 1.10 1080 1300

Lime-based coating 0.2 0.35 936 750–1000
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Table 3. Cont.

Components Building Material e (cm) Λ (W/m·K) Cp (J/kg·K) ρ (kg/m3)
U-Value

(W/m2·K) ϕ (h) ƒ

Floor

Tile 2.0 1.0 936 1900

3.125 - -Cement mortar 2.0 1.4 1080 2200

Concrete floating slab 20 0.7 1080 1200–1400

Roof

Lime-based coating 0.2 0.35 936 750–1000

7.142 2 0.36Earth layer 5.0 1.15 1080 1700–2000

Cement paver 5.0 0.55 1100 1300

3. Materials and Methods
3.1. In Situ Measurement Method and Instrumentation

To conduct a quantitative assessment on the impact of the mask wall on the indoor
thermal conditions, an in situ measurement campaign was carried out on the neo-vernacular
dwelling from 12 to 14 August 2022. The outdoor air temperatures during the month in
question did not exhibit substantial variations, as indicated by the meteorological data
from Ghardaia, thereby maintaining relatively constant environmental conditions over
time (Figure 5).
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The case study was monitored using the Misol HP3001 data logger wireless weather
station (5 sensors) (Figure 6), with temperature and relative humidity accuracy of 1 ◦C and
5%, respectively, and a Mastek IR01B infrared thermometer (Figure 6) with an accuracy of
2 ◦C (Table 4). The variables monitored were air temperatures (outdoor and indoor), relative
humidity, and the surface temperatures of the building envelope.

The field measurements were conducted in two ground-floor rooms, namely the sitting
room (8.9 m2) and the living room (11.7 m2), as well as the first-floor bedroom (8.9 m2) and
terrace (11.7 m2), as illustrated in Figure 7 and Table 5. It is noteworthy that the mask wall
is exclusively implemented in the upper rooms, with the first-floor bedroom serving as a
suitable location for examining its thermal behavior and evaluating its effectiveness as a
cooling strategy. Moreover, the study intends to compare the thermal performance of the
current mask wall with alternative material configurations and boundary surface solutions.
The sitting room and the first-floor bedroom, which share similar characteristics, provide
an opportunity for a comparative analysis of their thermal performance, as depicted in
Figure 7.
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Table 4. Instrumentation range and accuracy.

Instrumentation Range Accuracy

Misol HP3001 data logger wireless weather station −40~60 ◦C 1 ◦C
10~99% 5%

Mastek IR01B Infrared thermometer −50~550 ◦C 2 ◦C
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Figure 7. The monitored rooms: sitting room (1) and the living room (2) located on the ground floor
(left); the bedroom (3) and the terrace (4) located in the first floor (right). The mask wall covers
partially the bedroom façade wall (8.6% of the total envelope surface area) [44,47].

Table 5. Main characteristics of the monitored rooms.

Space Surface Area (m2)
Exposed Surface Area to

Volume Ratio
Mask Wall Surface to

Total Envelope Area (%)

Sitting room 8.9 0.20 0
Bedroom 8.9 0.98 8.6

Living room 11.7 0.38 0



Buildings 2023, 13, 837 10 of 25

The two rooms under consideration are superimposed and share several similarities
regarding their surface area, ceiling height, and openings. However, their envelope proper-
ties differ significantly; the bedroom façade incorporates a mask wall, it is located on the
upper floor of the building, and therefore has a high shape factor of about 0.98 inducing
stronger thermal exchanges. Conversely, the sitting room is situated on the ground floor
and has a single façade consisting of a 45 cm thick limestone-bearing wall. Although, its
shape factor is lower (0.20) but it does not feature the mask wall (Table 5).

During the experimental survey, the sensors were placed on a table 1.0 m above the
floor and in the center of the monitored space. The position of the shadow has been
considered when using the sensors on the terrace. Precisely, the measurement tool was
placed in a shaded area, away from sunlight throughout the day; it was installed at
1.0 m above the floor, 0.4 m from the wall separating the bedroom and the terrace, and
0.2 m from the east-southern wall of the terrace. Their readings were recorded at one-hour
intervals for a forty-eight-hour duration. The manual readings of the infrared thermometer
were recorded at two-hour intervals. During recording of measurements, the dwelling was
not occupied, so no heat source was considered. Moreover, the building was naturally
ventilated (doors and windows were kept open); the air conditioners were switched off.
The outdoor air temperatures were obtained from the meteorological station of Ghardaia.

3.2. Thermal Model and Numerical Simulation Settings

To assess the thermal performance of the ventilated mask wall as a cooling design
strategy, a dynamic simulation was performed. The building used as a case study was
modeled under EnergyPlus (v8.4) software (Figure 8).
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The most relevant data considered to carry out the dynamic simulation for the base case
dwelling were the building geometry description, the weather data file with meteorological
data referring to the Ghardaia climate, the hygrothermal properties of the envelope, and
the definition of schedules for the ventilation systems, including the windows opening
handling, occupation, lighting, and shading. In this regard, the thermal model was assumed
to be unoccupied (no internal gain loads due to occupancy). However, natural ventilation
was considered (doors and windows were completely open). No mechanical cooling
system is proposed. The weather data used (Epw format) was generated by the Meteonorm
tool v7.3.

The simulation model allows predicting air temperatures and humidity ratios, the sur-
face (radiant) temperatures, as well as energy loads in the reference dwelling, considering
the three rooms (the sitting room, the living room, and the bedroom) monitored during the
experimental study. Each room was identified as a thermal zone in the dwelling simulation
model. While running the EnergyPlus program, the data were generated referring to
two simulation periods: firstly, from 12 to 14 August 2022 that corresponds to the period
in which the in situ measurements were recorded, and then, during the entire overheat-
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ing period from 21 June to 21 September. Indoor and outdoor air temperatures, surface
temperatures, relative humidity ratios, and cooling loads, were generated as outputs.

A dynamic simulation was also performed in order to compare the thermal behavior
of the current ventilated mask wall to a 30 cm thick hollow clay brick wall under the same
conditions. In this regard, the thermal behavior of the ventilated mask wall was simulated
using the exterior naturally vented cavity module [52]. This module is provided by the
software for opaque surfaces that include multi-layers. It is based on the characteristics of
the outer and inner wall surfaces, the ventilated cavity, and the openings [52]. In fact, the
presence of this cavity can modify the radiation and convection phenomena between the
wall’s inner surface and the outdoor environment. EnergyPlus calculates the heat transfer
between these two elements based on the cavity characteristics and the meteorological data.
Additionally, this model assumes the air temperature in the cavity to be homogeneous; the
airflow rate (

.
V) is calculated considering natural and forced convection due to the wind

(Equation (3)) [53].

.
V =

.
Cv Ain U + CD Ain

√
2g∆H

(Tcav − Tamb)

Tamb
(3)

where:

Cv: opening efficiency that depends on geometry and wind direction.
Ain: opening area, m2

U: wind speed, m/s
CD: discharge coefficient
g: force of gravity, m/s2

∆H: height between the center of the bottom opening and the zero pressure point, m
Tcav: air temperature in the cavity, ◦C
Tamb: outdoor air temperature, ◦C

3.3. Thermal Model Calibration

The validation/calibration of the thermal model to be used in the simulation process is
a crucial step to ensure the relevance of the simulation’s results. Accordingly, in a first step,
a data graph containing the measured and simulated values of the same variable will be
used to check if the monitored data are correlated to the calculated ones. In a second step,
specific mathematical equations relating to error margin calculations will be implemented
to verify that the limit conditions for hourly values set in the ASHRAE guideline [54,55]
are satisfied.

In this regard, the assessment of the thermal model adequacy is based on the relative
error (RE) [6,56], the normal mean bias error (NMBE), and the coefficient of
variation of the root mean squared error (CVRMSE), as recommended by ASHRAE
(Equations (4)–(6)) [54,55], considering the air temperature results.

RE =
xs − xm

xm
× 100 (4)

NMBE =
∑n

1
(
xi

s − xi
m
)

(n− 1)xm
(5)

CVRMSE =

√
∑n

1 (xi
s − xi

m)2
(n− 1)

1
xm

(6)

where:
xm: Measured value.
xs: Simulated value.
xm: Average measured value.
xs: Average simulated value.
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3.4. Airflow Rate Calculation

The accurate calculation of airflow rate (D) within a mask-ventilated wall is vital for
understanding its thermal behavior. The rate of heat transfer within the wall is dependent
on the airflow rate, which affects the temperature levels inside it. Precise calculations of the
airflow rate can assist in predicting the wall’s behavior under varying outdoor conditions.
In this study, the calculation of the airflow rate inside the mask-ventilated wall was based
on the Natural Ventilation Air Flow equation, which takes into account the air pressure (P),
the air volume (V), the total area of the opening, and the temperature difference between
the indoor and outdoor environments (Equations (7) and (8)) [57].

P (mm) = 4.2× 10−3 × h
(
t′ − t

)
(7)

V =
√

P (8)

D
(

m3/h
)
= 400 S× c

√
h× (t′ − t) (9)

where:

h: height between lower and upper openings, m
t’: average air temperature inside wall, ◦C
t: average outdoor air temperature, ◦C
S: total area of the air intake opening, m2

c: a coefficient that depends on the ratio between the area of the lower and upper
openings (r) (Table 6).

Table 6. c coefficient as a function of r [57].

r c

0.25 0.34
0.5 0.63
1 1
2 1.26

3.5. Operative Temperature

The operative temperature is a key parameter to assess the thermal behavior in build-
ings, as it takes into account both air temperature and radiant temperature. By referring
to ASHRAE standard [41], the operative temperature (To) is equal to the average of the
air temperature (Ta) and the mean radiant temperature (Tr) when the airspeed is less than
0.2 m/s (Equation (10)). This parameter allows assessing the thermal environment based
on the adaptive thermal comfort range recommended by the standards (Table 2).

To = ATa + (1− A)Tr (10)

where:

A: radiant fraction, it depends on the airspeed (Vs) (Table 7)
Ta: air temperature, ◦C
Tr: radiant temperature, ◦C

Table 7. Radiant fraction as a function of airspeed [41].

Vs (m/s) <0.2 0.2 to 0.6 0.6 to 1

A 0.5 0.6 0.7

The summary Figure 9 below provides a visual representation of the methods and
materials used in this study to explore the potential of using a ventilated mask wall as a
cooling design strategy for the neo-vernacular dwelling of André Ravereau.
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4. Results and Discussion
4.1. Thermal Model Validation

The experimental results were used to validate the dynamic numerical simulation
model that will serve as a basis to quantitatively assess the thermal behavior of the mask
wall implemented in the neo-vernacular dwellings designed by Ravereau in Sidi Abbaz.
Precisely, the data recorded during the experimental campaign that was conducted from
12 to 14 August 2022, was used to validate the simulation model. For that, a dynamic
simulation was performed under EnergyPlus program by referring to the in situ mea-
surement period. Although, the results obtained by running the simulation calculations
correspond to the same variables measured during the building’s monitoring, including:
air temperature, relative humidity, and surface temperature, the model validation was
based on the assessment of the indoor air temperature, given that it is the most important
parameter to evaluate thermal comfort.

Accordingly, the temperatures provided by the weather file and those measured
outside were compared. The same procedure has been carried out with regard to the indoor
temperatures of the different rooms considered in the study. In particular, the bedroom
(1st floor) and the sitting room (ground floor), which are similar in size and shape allow
exploring the impact of the mask wall. Figure 10 shows the measured and simulated air
temperatures both outside and inside the considered areas (sitting room, living room, and
bedroom) during the monitoring period.
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Figure 10. Outdoor and indoor air temperature corresponding to 12–14 August 2022: measured
versus simulated values.

The measured air temperatures ranged between 29 and 41 ◦C outside, between 33.5
and 34.9 ◦C in the sitting room, between 34.1 and 35.6 ◦C in the living room, and between
33.6 and 35 ◦C in the bedroom. However, the calculated temperatures of the outdoor, sitting
room, living room, and bedroom range from 29.2 to 41.5 ◦C, from 33.4 to 34.9 ◦C, from
35.5 to 36.8 ◦C, and from 33.4 to 35.7 ◦C, respectively. The simulated temperatures are
slightly higher than those measured particularly for the ambient outdoor temperature and
the living room. Nevertheless, the shapes of the two curves are similar, and the simulated
temperatures match those measured.

Table 8 shows the values obtained for the thermal model validation indices (RE, NMBE,
and CVRMSE). These values fulfill the validation criteria. The validation indices fall within
the acceptable range, given that relative error (RE) and the normal mean bias error (NMBE)
hourly values are within ± 10%, whereas the variation coefficient of the root-mean-squared
error (CVRMSE) hourly values are below 30%.

Table 8. Values of validation indices.

Indices Calibration
Benchmark Values Outdoor Sitting

Room Living Room Bedroom

RE ≤10 0.33 0.53 4.17 1.44
NMBE <0.10 0.0034 0.0055 0.042 0.014

CVRMSE <0.30 0.033 0.017 0.045 0.025

The outdoor air temperature uncertainty may be linked to the interpolation of the
weather file data, which allows for the completion of the data by a time step; short time steps
of 10 min or less (number of calculation steps equal to six or more) increase the accuracy
of the results. The simulation’s time step implemented is 60 min [58]. Furthermore, the
thermal properties of the envelope can explain the slight temperature differences (measured
and simulated) in the investigated rooms.

However, by referring to ASHRAE (Equations (4)–(6)) [54,55], the developed model
confirms its ability to represent reality well. Thus, it is considered calibrated and suitable
for use in the following calculations. In particular, the indices of the indoor air temperature
assessed in the bedroom and the sitting room (which allow exploring the impact of the mask
wall) have reached the required values for validation, consequently, this thermal model
can be considered to estimate the radiant temperature of the different mask wall layers,
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daily cooling loads, and trimestral energy consumption. Furthermore, the model is also
valuable for investigating alternatives relating to the materials of the boundary surfaces.
Indeed, similar results were obtained in a study that evaluated the thermal performance
of vernacular houses in the Casbah of Algiers, which demonstrated a difference of up to
3.86% between simulation data and experimental results [59]. Furthermore, a temperature
difference of 2 ◦C between EnergyPlus numerical simulation results and experimental
measurements was estimated in a study that evaluated the energy efficiency of an education
building in Miliana, Algeria [60].

4.2. Assessing the Thermal Performance of the Mask Wall

After the thermal model was validated, the simulation was carried out to evaluate
the thermal behavior of the mask wall over the overheating period and to assess the effi-
ciency of this cooling strategy by investigating different alternatives for the materials of
the boundary surfaces. The validated model was used to predict the indoor air tempera-
tures in the reference dwelling according to the examined scenarios (naturally ventilated,
unoccupied rooms).

The graph given below (Figure 11) displays the results for indoor and outdoor air
temperatures. It shows that the outdoor air temperature was between 29 ◦C and 41 ◦C
during the monitoring period, recorded at 5:00 a.m. and 2:00 p.m., with daily thermal
amplitude of 12 ◦C. The terrace had a significant temperature variation, with daily thermal
amplitude of 8.7 ◦C, and minimum and maximum temperatures of 35.2 ◦C and 43.9 ◦C,
respectively, measured at 5:00 a.m. and 1:00 p.m.
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Likewise, the temperatures recorded in the sitting room, living room, and bedroom
(with mask wall), showed thermal amplitudes that do not exceed 1.5 ◦C. The air temperature
variations in these rooms are from 33.5 to 34.9 ◦C, 34.1 to 35.6 ◦C and 33.6 to 35 ◦C,
respectively. The highest indoor air temperatures are usually reached from 2:00 to 6:00 p.m.,
whereas the minimum temperatures are recorded around 6:00 a.m.

Moreover, by assuming that a standard hollow clay brick wall of 30 cm thickness
substitutes the ventilated mask wall, the air temperatures calculated in the bedroom
fluctuated between 33.1 ◦C and 36.7 ◦C recorded at 7:00 a.m. and 4:00 p.m., respectively,
with a thermal amplitude of 3.6 ◦C (Figure 10). Thus, the indoor temperatures generated
after using a hollow clay brick wall are higher than those obtained with the mask wall
for most of the time. A maximum difference of 2.9 ◦C has been registered, whereas the
decrement factor and the phase shift were estimated to be 0.3 and 2 h, respectively.
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It is noteworthy that despite the high daily fluctuations of the outdoor temperature,
the air temperatures within the monitored rooms remained relatively constant. This can be
attributed primarily to the thermal mass of the envelope components, such as the external
walls and roof, as well as to the implementation of compactness and introversion principles
in Ravereau’s design. These design features effectively mitigate the large fluctuations in
external temperature, contributing to the maintenance of stable indoor conditions.

The analysis carried out on indoor air temperatures indicate that the monitored
rooms (the sitting room, the living room, and the bedroom) reached thermal ambient
conditions that are challenging to attain in contemporary buildings without running
air conditioning systems. Specifically, during the overheating season between 12 and
14 August, indoor air temperatures were approximately 7 ◦C above the average outdoor
temperatures. Further analysis of the temperature curves presented in Figure 10 reveals
that between 10:00 a.m. and midnight, indoor temperatures remain lower than outdoor
temperatures, with the highest temperature differential of 6.9 ◦C being observed in the
bedroom. Conversely, indoor temperatures are higher than outdoor temperatures for the
remainder of the day, with the maximum temperature difference of 5.5 ◦C being recorded
in the living room. These observations highlight the significance of temperature control
mechanisms, particularly during times of high temperatures.

Additionally, the analysis of the temperature curves presented in the below Figure 10
shows a noteworthy correlation between the outdoor and the terrace ambient temperatures.
The examined temperatures increase similarly until they reach their maximum values,
after which they gradually decrease over the next 16 h to reach their minimum values.
However, the temperatures on the terrace indicate a maximum of 3.7 ◦C higher than
outdoor temperatures.

In fact, these temperatures are similar to the mean radiant temperatures depicted
in below Figure 12, which reveal a distinct variation on the terrace, ranging between
32.34 ◦C and 55.9 ◦C. In contrast, the indoor temperature range displays and a minor
thermal amplitude not exceeding 2.2 ◦C. Specifically, the temperatures range between 32.9
and 34.7 ◦C, 32.8 and 34.9 ◦C, and 31.53 and 33.7 ◦C in the sitting room, living room, and
bedroom, respectively.
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The results obtained in the sitting room and living room can be explained by the
thermal inertia of the walls (made of local limestone). The latter makes it possible to delay
and slow down the heat exchanges between the internal thermal environment and the
adjacent external environment, reducing daily temperature variations, storing heat, and
then restituting it diffusely at low outside air temperatures. This property has the advantage
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of improving thermal comfort by offering some stability of indoor air temperature [61,62],
as shown by the values relating the thermal amplitude that does not exceed 1.5 ◦C.

Drawing on the thermo-physical properties of the local limestone used in Sidi Abbaz
dwellings, as presented in Table 3 [50], it is apparent that this material possesses excellent
damping capacity and good thermal phase shift, attributed to its low thermal diffusivity
(1.11× 10−6 m2/s). Further examination of the thermal behavior the load-bearing structure
of the ground floor walls, composed of 45 cm thick, quarry-extracted limestone, offers
greater insight into the efficacy of this wall system. The decrement factor (ƒ) and the time
lag (ϕ) are estimated to be 0.125 and 5 h, respectively; the maximum outdoor temperature
of 41 ◦C, measured at 1:00 p.m., is dampened and shifted in time so that at 6:00 p.m. in the
sitting room and living room, maximum temperatures of 34.9 ◦C and 35.6 ◦C are reached.
The difference between the temperatures of these two rooms is due to the exposure of
the living room ceiling to external climatic conditions and the presence of the zenithal
opening (Chebek).

The energy released into these spaces at the end of the daytime and in the early
evening leads to reach indoor air temperatures, which are higher than those outside. This
heat is returned to the room by forced convection through night ventilation (mass cooling),
which allows the warm air to be removed outside to cool the room. This freshness is
maintained throughout the day due to thermal inertia, which depends on various physical
factors such as solar radiation, wall orientation, and the presence of sun masks provided
the surrounding areas; these parameters are controlled by compactness and introversion of
the dwellings.

Therefore, when the temperature drops, part of the energy stored in the wall, especially
that separating the rooms on the first floor and the terrace, is returned to the terrace (the
flow of heat is directed to the two sides of the walls). This justifies the resulting nighttime
temperatures in this area, which are generally higher than those outside. Additionally,
the high temperatures reached in this open space throughout the day (up to 43 ◦C) are
due to radiation coming directly from the sun, as well as scattered from the atmosphere
or reflected from the wall surfaces. These radiations also cause surface temperatures to
rise above outside temperatures. It is worth noting that positioning the sensor next to the
terrace wall (for shading) may affect its reading.

Out of the three monitored rooms, the bedroom offers the most comprehensive analysis
of the ventilated mask wall’s cooling efficiency. The obtained surface and air temperatures
in the bedroom can be attributed to the ventilated mask wall design feature. This passive
cooling alternative allows the constant and permanent circulation of air within the structure
through the natural convection phenomenon known as the “chimney effect”, caused by
the difference in density between warm and cold air; warm air rises naturally and easily
escapes through high openings (by pressure), whereas cooler outside air enters the wall
through low openings (by depression).

The chimney effect is negligible in strong winds and vice versa in calm weather, which
is common in hot desert climates, particularly at night [57]. According to the numeri-
cal simulation, the average air temperature inside the ventilated channel of the wall is
36.17 ◦C (ranging between 28.5 and 47 ◦C), resulting in a pressure difference (P) of
0.0052 mm between the two wall openings (Figure 13) and an air volume (V) of
0.072 circulating between these openings. The airflow rate (D) through the wall is
44.39 m3/h.

Additionally, this façade design feature provides external thermal insulation. As such,
it prevents heat and solar radiation from reaching the wall’s inner face, as shown in the
graph below (Figure 14), which compares the surface temperatures of the mask wall’s inner
and outer surfaces. The latter ranges from 28.5 to 47 ◦C on the wall’s outside face and
32.2 to 37.5 ◦C on its inside face. Furthermore, the highest outer surface temperature is
reached around 10:00 a.m., whereas the highest inner surface temperature is reached around
10:00 p.m. For this ventilated and shaded wall, the thermal phase shift and decrement
factor are estimated to be 12 h and 0.28, respectively.
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Moreover, the compactness of the shape and the low window-to-wall ratio, the light
color of the walls, and the low ceiling height (between 2.8 and 3.2 m) contribute to the
achievement of these results. The first parameter makes it possible to reduce the surface
area exposed to external climatic conditions, thus limiting heat transfer [63], whereas the
second allows up to 70% of the incident energy to be reflected [63]. The last parameter
accelerates the renewal of the indoor air provided by the windows and the opening of the
living room ceiling [64].

4.3. Thermal Comfort Evaluation

As previously stated, the operative temperature serves as a crucial parameter for
evaluating the thermal conditions of a building, as it enables an assessment of the indoor
thermal environment in accordance with the adaptive thermal comfort range as recom-
mended by ASHREA standards [41]. Figure 15 shows the operative temperatures obtained
in the different rooms considered in the reference building. It shows that To is between 33.3
and 34.8 ◦C in the sitting room, between 33.5 and 35.25 ◦C in the living room, and between
32.5 and 34 ◦C in the bedroom. The thermal amplitude in these rooms does not exceed
1.75 ◦C (recorded in the living room).
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However, the operative temperatures recorded at the terrace have a high thermal
amplitude of 15.6 ◦C and range between 33.89 and 49.5 ◦C. That is mainly due to the daily
temperature variations and because it is directly exposed to sunlight. As a result, the terrace
provides a warmer thermal environment than outdoors throughout the day. In return, the
other rooms offer more cool thermal conditions, except between midnight and 6:00 a.m.
where the situation is reversed, and the weather outside becomes milder than inside.

The comparison of the resulting operative temperatures with the summer adaptive
thermal comfort range (28.84 to 31.84 ◦C) recommended for the city of Ghardaia, shows that
the thermal environment of the considered spaces is uncomfortable. The indoor operative
temperature (sitting room, living room, and bedroom) exceeded the upper limit of thermal
comfort with a maximum difference of 3.4 ◦C (measured in the living room) and a minimum
difference of 0.7 ◦C (measured in the bedroom). The discomfort is more accentuated in
these areas during the night. Nevertheless, the minimum difference between the terrace
operative temperature and the upper limit of thermal comfort is 2 ◦C, which is reached at
6:00 a.m. The highest temperature difference is maintained around 4:00 p.m., it is equal to
16.8 ◦C.

However, when comparing the operative temperatures in the bedroom and sitting
room (two superimposed rooms with the same parameters, namely surface area, ceiling
height, and location regarding the neighborhood), it appears that the wall mask has led to
improvements in thermal comfort. Despite the fact that it holds the highest shape factor
coefficient (0.98), as well as being the most exposed to the outside (two external walls
and roof), the bedroom showed the best operative temperature results. Considering the
acclimatization that can be developed by frequent exposure to heat (from 8 to 22 days), the
occupants can find a temperature of 34 ◦C that is relatively comfortable in the harsh desert
climatic conditions of Ghardaia where outdoor temperature frequently peaks at more to
40 ◦C [65,66].

Furthermore, relative humidity influences the individual sense of comfort; a humid
area may feel warmer than an area where the temperature is higher but the air is dry. Ac-
cording to ASHRAE, the relative humidity should be maintained between 30 and 60% [41].
The following humidity chart (Figure 16) shows that the outdoor relative humidity does
not exceed 35% and reaches a minimum value of 11% around noon. This variation differs
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significantly from that maintained indoors. The relative humidity on the terrace follows a
similar pattern as outside, ranging from 12 to 25%. These values are lower than the outdoor
relative humidity, maintaining a maximum difference of 8%. In comparison, indoor relative
humidity is higher, ranging from 20 to 29% in the sitting room, 22 to 35% in the living room,
and 24 to 31% in the bedroom.
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These rates can be explained by the perspiring nature of stone and brick walls [67,68],
which naturally regulate ambient air hygrometry. When the indoor air humidity is higher
than that of the wall, the latter absorbs the excess vapor (like a sponge), which is released
into the indoor air when the latter becomes too dry. However, the maintained hygrometry
is not within the comfort zone, thus humidification is required.

4.4. Cooling Energy Savings Assessment

EnergyPlus is a software that allows the simulation of the indoor thermal environment,
as well as the energy required to maintain a thermal zone at a predetermined temperature
throughout the entire duration of the simulation. Accordingly, the cooling loads of the
case study dwelling and its energy consumption were estimated by considering a comfort
temperature of 30 ◦C. Figure 17 shows the daily cooling loads of the rooms under consider-
ation. It can be seen that the bedroom has the lowest cooling loads (10,789 W) despite the
fact that this room is the most exposed to the external environment; its shape factor (0.98) is
the highest relatively to the living room (0.38) and the sitting room (0.2) (Table 5).

Furthermore, to assess the impact of the mask wall on the mitigation of energy con-
sumption, the bedroom (1st floor) and the sitting room (ground floor) which are similar
in size and shape were compared in terms of cooling loads. Considering the sitting room
energy consumption is 10,926.7 W, this implies that a ventilated mask wall with an area of
4.35 m2 that represents only 8.6% of the total envelope surface area can reduce the daily
cooling load by about 2%. The building energy consumption is estimated to be 47.7 kWh
during the two monitoring days (12–14 August), and 1158.4 kWh (33 kWh/m2) during the
summer period (June 21–September 21).



Buildings 2023, 13, 837 21 of 25
Buildings 2023, 13, x FOR PEER REVIEW 21 of 25 
 

 
Figure 17. Daily cooling loads required in the monitored rooms. 

Furthermore, to assess the impact of the mask wall on the mitigation of energy con-
sumption, the bedroom (1st floor) and the sitting room (ground floor) which are similar 
in size and shape were compared in terms of cooling loads. Considering the sitting room 
energy consumption is 10,926.7 W, this implies that a ventilated mask wall with an area 
of 4.35 m2 that represents only 8.6% of the total envelope surface area can reduce the daily 
cooling load by about 2%. The building energy consumption is estimated to be 47.7 kWh 
during the two monitoring days (12–14 August), and 1158.4 kWh (33 kWh/m2) during the 
summer period (June 21–September 21). 

Finally, taking into account the internal heat gain sources (occupancy and lighting) 
(Table 9), the daily cooling loads of the considered rooms (the sitting room, the living room 
and the bedroom) are estimated to be 11,145 W, 18,705 W, and 10,989 W, respectively (Fig-
ure 18). The building cooling energy consumption is expected to be 67.22 kWh during the 
monitoring period and 1470.77 kWh during the summer season. 

Table 9. Details of the internal heat gain sources. 

Internal Heat Gain Source Description 

Occupants 
Number Occupation Fraction radiant Activity level (Met) Clothing (Clo) 

2 24/24 0.3 1.2 0.5 

Lighting 
Lighting schedule Fraction radiant Fraction visible Lighting level (W) 
7 p.m. to 11 p.m. 0.2 0.2 45 

 
Figure 18. Daily cooling loads considering the internal heat gain sources. 

Figure 17. Daily cooling loads required in the monitored rooms.

Finally, taking into account the internal heat gain sources (occupancy and lighting)
(Table 9), the daily cooling loads of the considered rooms (the sitting room, the living
room and the bedroom) are estimated to be 11,145 W, 18,705 W, and 10,989 W, respectively
(Figure 18). The building cooling energy consumption is expected to be 67.22 kWh during
the monitoring period and 1470.77 kWh during the summer season.

Table 9. Details of the internal heat gain sources.

Internal Heat
Gain Source Description

Occupants
Number Occupation Fraction

radiant
Activity

level (Met)
Clothing

(Clo)

2 24/24 0.3 1.2 0.5

Lighting
Lighting schedule Fraction

radiant
Fraction
visible

Lighting
level (W)

7 p.m. to 11 p.m. 0.2 0.2 45
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Upon replacing the ventilated mask wall with a conventional 30 cm thick hollow clay
brick wall, commonly used in contemporary constructions, the cooling loads experienced
by the bedroom significantly escalate to 12,016 W per day, thereby necessitating a total
cooling energy consumption of 69.17 kWh and 1500.35 kWh for the monitoring period
and summer season, respectively. These results unequivocally highlight the superior
thermal performance of the ventilated mask wall as it engenders daily energy savings of
approximately 8.5% as compared to the conventional wall configuration.

5. Conclusions and Further Research

This paper investigates the thermal performance of the ventilated mask wall used in
the low-income neo-vernacular dwellings designed by Ravereau to cope with the warm
desert climate conditions of M’Zab Valley, Ghardaia, southern Algeria. To quantitatively
assess the thermal behavior of the mask wall in real conditions, a field investigation was
conducted in a naturally ventilated residential building located in Sidi Abbaz during the
summertime from 12 to 14 August 2022. The monitored building selected as a case study
was modeled and calibrated under EnergyPlus (v8.4) software. A dynamic simulation was
then performed in order to assess the cooling efficiency of the ventilated mask wall in terms
of indoor environment, thermal comfort, and cooling energy demand. The EnergyPlus
software was used to simulate the thermal model based on the external naturally vented
cavity module. By applying different alternatives for the materials of the enclosure, it was
possible to evaluate the importance of the mask wall on the reduction in thermal discomfort.
The following main results were obtained:

• The ventilated mask wall allows a time lag of 12 h, a decrement factor of 0.28, and a re-
duction in the radiant temperature by up to 10 ◦C. These achievements are best
appreciated when compared to the other two examined alternatives, notably: a
45 cm thick stone wall that provides only 5 h of phase shift and a 0.125 decrement
factor, and a 30 cm thick hollow clay brick wall that induces 2 h of phase shift and a
0.3 decrement factor.

• The bedroom, with a mask wall represents 8.6% of the total envelope area, and with
a shape factor of 0.98, provides thermal environment conditions that are slightly
cooler than the sitting room; even though this room (with shape factor of 0.20) is less
exposed and features a massive structure of 45 cm thick load bearing walls built of
local limestone.

• Implementing a 30 cm thick clay brick wall instead of a ventilated mask wall leads to
higher indoor temperatures for most of the time with a maximum difference of 2.9 ◦C
and results in more substantial energy consumption.

• The daily cooling energy savings that can be achieved by using a ventilated mask wall
are approximately 8.5%.

Finally, the study demonstrated how the thermal behavior of the building enclosure
can be significantly improved through the use of passive cooling alternatives such as
ventilated facades with opaque external massive cladding. The results confirmed that
ventilated mask walls could help to reduce summer thermal loads and, therefore, the
energy consumption due to air-conditioning systems.

The findings of this study are very promising for further implementation of the
ventilated mask wall as a passive design strategy in warm desert climates. Nevertheless, to
enhance its performance, some of its design parameters need to be thoroughly assessed, in
particular the height of the air gap, its width, the materials to be used for the construction
of the inner and outer slabs, and the exposure. Moreover, the airflow patterns should be
investigated further for future development. This prospect allows for the identification of
the velocity-field characteristics in the wall cavity through an accurate evaluation of the
effects of parameters, such as the ventilation opening size, its position, and orientation.
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