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Abstract: This work focuses on the impact of different types of glazing and the dynamic
control of shading using roller shutters on the thermal comfort and energy consumption
of office buildings. Shading systems control is based on solar radiation and outdoor
temperature during the winter period adapted to the Algerian climatic context. The main
objective is to evaluate the efficiency of different control strategies in reducing heating
demands and CO; emissions. The research was conducted experimentally and numerically
using TRNSYS 17 (Transient System Simulation Program). A validation was done of the
prototype office building and then a parametric study aimed at verifying the influence of
various parameters, including glazing type, climate, and the proposed shading scenarios
based on temperature or solar radiation on both energy demand and thermal comfort.
Different scenarios were proposed to reduce energy consumption and environmental
impact. The obtained results demonstrate that shading systems are beneficial even in
winter and highlight the effectiveness of controlling shutters based on solar radiation
compared to temperature control for the different studied regions for a standard building.
This approach achieves reductions of up to 21% for energy consumption, along with
a significant decrease in carbon footprint, contributing to the sustainability of energy
management in office buildings.

Keywords: shading control; smart building; energy efficiency; carbon footprint; climate
adaptation; TRNSYS 17 (Transient System Simulation Program); sustainability

1. Introduction

Algeria, being a large north African country, covers a vast territorial area and is
characterized by climatic diversity [1,2]. The design of most office buildings in Algeria is
linked to aesthetic aspects, neglecting thermal comfort, energy aspect, and adaptation to
climate context. The climatic inadaptation of buildings has led to a gradual increase in
energy consumption in this sector, reaching 47% of the total energy consumption of the
country, 21% of which is dedicated to the tertiary construction sector [3].

Thermal discomfort can reduce human productivity, so thermal sensation plays a
substantial role in office buildings [4-6]. Since this aspect has a significant impact, several
studies have focused on the assessment of thermal comfort in office buildings [7,8]. These
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studies have shown that indoor thermal comfort conditions are influenced by climate,
location, and built environment [9-12]. In this context, some work has been conducted
on the assessment of thermal comfort in office buildings worldwide, covering different
climates and built environments, which also led to the development of adaptive thermal
comfort models [13-17]. The adaptation of commercial buildings to the Algerian climate
requires an adequate design of the fagades for each climatic zone. In this context, Besbas
et al. [4] conducted an experimental investigation of 49 office buildings located in three
different climate zones in Algeria. The results obtained showed that the design of fagades
with openings without shading causes problems of overheating, glare, and a feeling of
discomfort. Similarly, Song, B et al. [18] have analyzed the influence of exterior windows on
the interior thermal environment of office buildings through field experiments conducted
in a typical office building in Xi’an in December and January. The results showed that
solar radiation was the main factor causing temperature variations on the inner surface of
windows, creating a non-uniform thermal environment. Temperature variations radiated
near the windows have a direct impact on the thermal perception of occupants.

Derradji et al. [19], have experimentally assessed the thermal behavior of a smart
office building located in Algeria in the winter season. A comparative simulation study
with a conventional building using Trnsys 17 (Transient System Simulation Program) was
performed to analyze its energy consumption. They found that the use of monomur bricks,
which are characterized by a high thermal inertia, and also the roof’s insulation with
expanded polystyrene leads to a reduction around 60% of energy consumption.

Other works focused on the energy assessment of office buildings by studying several
parameters, including climate type, glazing position, and lighting control system [20,21].
The study carried out by Boubekri et al. [22] aimed to examine the impact of daylight expo-
sure on the health of office workers; a comparative study was carried out on 49 employees,
27 of whom work in windowless offices and 22 in offices with windows. The results showed
that employees working in offices with windows were more active during the day, and
their sleep quality was better than that of those working in offices without windows. From
these results, it was deduced that the architectural design of working environments should
place greater emphasis on sufficient daylight exposure for workers in order to promote
their health and well-being. Additionally, the study done by Mebarki et al. [23] developed
an approach via a new daylighting model established, taking into account sky type and
window size, with a window-to-wall ratio (WWR) of 10% for single glazing and the in-
stallation of artificial lighting to minimize the building’s energy demand while improving
indoor comfort parameters, resulting in a 48% reduction in lighting energy demand and a
21.5% reduction in CO, emissions.

The approaches developed by the various studies carried out enable us to draw up
recommendations for the design of glazed surfaces in office buildings. This aspect has a
significant impact on visual and thermal comfort, hence the need to focus on the study of the
types of shading devices adapted to these glazed surfaces and which will make it possible
to manage the solar gains received on their surfaces. In this context, Sena Goknur Kog
and Sibel Magka Kalfa [24] have evaluated the impact of integrating fixed occultation on
the performance of office buildings in arid regions of Turkey. In total, 1485 scenarios were
proposed using several parameters, including the direction of occultation, type of glazing,
window-to-wall ratio (WWR), depth of occultation, and inclination. The results obtained
showed that optimizing the choice of these parameters reduced energy consumption by
37% to 49% compared with the scenario using a high-performance type of glazing, and
by 73% to 78% compared with the unshaded scenario using a low-performance type of
glazing. The annual consumption was reduced by around 33% and 70%, respectively.
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Additionally, Bellia et al. [25] used an energy simulation to evaluate the influence
of the integration of external solar shading devices on the energy requirements of an
office building adapted to the Italian climate. The evaluation was carried out for an
entire year, taking into account the most important parameters, such as climate, geometric
characteristics of shading devices, thermal transmittance of the building envelope, and
its orientation. The results obtained showed that energy savings were estimated at 8%
for the city of Milan, which is characterized by a cold climate, and 20% for the city of
Palermo, which is characterized by a warm climate. In this context, several studies have
focused on assessing the impact of different configurations of shading, such as egg-crate
by Dominguez-Torres et al. [26] and the horizontal configuration of the shutters through a
study made by Datta, G. [27]. Further studies on the vertical configuration of louvers were
done by Bai, M. et al. [28] and Ito, R., & Lee, S. [29].

Hernéndez, F et al. [30] has also evaluated a shading control strategy using horizontal
and vertical louvers on the south-facing facades of an office building, adapted to the
Mediterranean climate context. The authors concluded that the integration of this strategy
reduced air-conditioning requirements by 39% to 80%, but increased heating requirements
by 10% to 39%, as the integration of these devices blocked the received solar gain, which
in turn reduced temperatures during the winter and summer periods. In this context,
Elaouzy, Y., & El Fadar [31] have evaluated the impact of cantilever depth on annual energy
requirements in Mediterranean-climate cities such as Barcelona, Marseille, and Venice,
varying the cantilever depth from 0 (base case) to 1.5 m in 0.5 m increments. The best
results were obtained when the cantilever depth was 0 m, i.e., without shading devices,
since the greater the cantilever depth, the more it blocks the solar radiation needed to heat
the building in winter. On the other hand, a recent study focused on the optimization of new
biological algal shading systems (ABBS) integrated into building envelopes. In this study,
Talaei, M., & Sangin, H [32] have used a multi-objective optimization framework to assess
the relationship between performance objectives (thermal comfort, useful natural lighting,
and energy consumption) and design variables (shading characteristics and window /wall
ratio). The results showed that these integrated algae shading systems perform well and that
horizontal blinds and raised fins contribute to improved air quality and energy efficiency.

In analyzing the research carried out on the integration of a static shading, which is
rigid and not adapted to climatic variations, we found that it has a negative impact on
the evolution of temperatures in winter since it obstructs heat solar gains. Unlike static
shading, dynamic shading offers a flexible and effective solution, especially in regions with
high solar radiation potential, which can be used to improve thermal and visual conditions
inside buildings, particularly office buildings.

Several researchers have evaluated the integration of dynamic shading in buildings.
According to Krarti [33], whose study’s aim was to evaluate the energy efficiency of adapt-
ing dynamic sliding blinds to the openings of a building adapted to the American climate,
the rate of reduction in annual heating, ventilation, and air-conditioning (HVAC) require-
ments was estimated at 50%. Building on this approach, Wang, G., Yu, Y., & Zhang [34]
have developed a calculation method based on a shading control strategy that balances
interior lighting and the thermal environment while optimizing energy savings during
transitional seasons. The results showed that this method eliminates 100% of glare, reduces
the duration of disruptive lighting by 81.3%, decreases the occurrence of excessive heat by
87.5%, and saves 81.3% of the energy consumption related to lighting.

The environmental impact of dynamic window shading was also the subject of a study
by Abdullah et al. [35]. Their study, carried out using Design Builder simulations on a
building adapted to Abu Dhabi’s climatic context, showed that the rate of reduction in
air-conditioning requirements can be as high as 50%, corresponding to a 15% reduction
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in CO; emissions. Dynamic shading can be more cost-effective with the concept of smart
buildings when controlled according to external climatic conditions [36,37].

An experimental study with the aim of assessing occupant interaction and satisfaction
with automated shading [38], in order to optimize its design and improve energy efficiency
and occupant comfort, was carried out during the summer period in a full-scale test cell
at the University of Wuppertal, Germany. A total of 29 people took part in the study, and
six different scenarios were applied with only two hours between scenarios. This study
demonstrated that the multi-objective control strategy based on solar radiation incident
on the fagade, indoor temperature, and lighting level allow the best results in terms of
energy efficiency and thermal comfort. Thus, it is essential to understand and operate
these systems in a way that is appropriate to the climatic conditions of the site, not only in
summet, but even during the winter period, which has not been addressed in the literature,
especially in a country such as Algeria, which is characterized by significant solar potential.

Smart control of dynamic shading in winter, in the Algerian and the international context,
represents an original and an effective strategy towards the energy management of office
buildings, making it possible to enhance passive solar gains in buildings. Therefore, the
aim of this study is to explore the advantage of using smart control of dynamic shading in
winter as a function of external environmental conditions, such as solar radiation and external
temperature, taking into account climatic adaptation, type of glazing, thermal comfort, and
building occupancy in office buildings. A thermal and energy assessment of the smart control
of dynamic winter shading as a function of solar radiation and temperature was developed
according to several scenarios. Both experimental measurements and numerical modeling,
using Trnsys 17 (Transient System Simulation Program), were performed. This enabled us to
propose a decision-making tool for thermal and energy assessment of office buildings, and to
draw up recommendations adapted to the climatic conditions of each region.

2. Materials and Methods

As depicted in Figure 1, the methodology consists of performing experimental in
situ measurements in a real office building located in the city of Algiers. Experiments are
then used to validate the developed model on TRNSYS 17 (Transient System Simulation
Program), adapted to simulate office buildings in different cities, including Constantine,
Ghardaia, and Adrar. Indoor air temperature was the main parameter of concern to the
validation process.

4
Experimental measurements
Air temperature Measurement

(20 / 25 December 2022)

Literature Review
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Case study
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Building modeling oo
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Figure 1. Research framework. Source: author’s own work.
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For parametric study purposes, 88 run simulations were performed to investigate the
impact of different shading control strategies on indoor air temperature, energy consump-
tion, and CO, emissions.

2.1. Case Study Description

In this study, a high-performance office building with a heated surface of 105 m? was
evaluated, consisting of a meeting room with a floor of 52.73 m?, an office room with a floor of
23.36 m2, a hall with a floor of 16.68 m?2, and a bathroom with a floor of 12.25 m?. The floor-
to-ceiling height is 3 m. The top-view plan and building overview are presented in Figure 2.

] [
J Office
room
Hall
L

Meeting

room
] [ 1§ [
0 1 2 & 4 -]

(a) (b)

Figure 2. Studied building: (a) top-view plan (dimensions are stated in meters); (b) building overview.
Source: authors” own photograph.

The building has five windows with triple glazing. Among them, four are 2.25 m? on
the north, south, west, and east sides, and one of 1.8 m? on the north side.

These windows are protected on the outside by white PVC (polyvinyl chloride) roller
shutters, motorized and controlled with a smart system, as shown in Figure 3.

(d)

Figure 3. Smart roller shutter system overview: (a) outside view of roller shutter, (b) inside view of roller

shutter, (c) touch control interface of roller shutter, (d) integration of the system within the building.
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It was designed with optimized properties and thermal insulation, and it is presented
in detail in [18]. A validation part of this building is presented in detail in Section 4.

Another standard building was simulated where the construction materials are de-
tailed in Table 1, the data of which are taken from the Algerian regulatory technical
document DTR C3.2/4 [2].

Table 1. Construction materials.

. .re . A U
Constructive Elements Composition Thickness (m) (W/m-°K) (W/m2.K)
False ceiling 0.015 0.17
Hollow body slab 0.16 1.14
Roof Reinforced concrete 0.04 1.75 0.673
Polystyrene 0.05 0.046
Cement mortar 0.02 14
Plaster 0.02 0.5
Hollow bricks 0.10 0.5
Exterior wall Air gap 0.05 0.31 1.131
Hollow bricks 0.15 0.5
Cement mortar 0.02 14
Reinforced concrete 0.15 1.75
Low floor Cement mortar 0.02 1.4 3.093
Tile 0.02 1.5
Coating 0.02 0.5
Internal wall Hollow bricks 0.15 0.5 1.818
Coating 0.02 0.5

2.2. Experimental Procedure

In order to evaluate the thermal behavior of the studied building, we conducted
experimental measurement to estimate both the air temperature and relative humidity of
the office room and the meeting room.

Several pieces of equipment, such as Thermo hygrometers 174H, Testo 480, and
a mini weather station, were used. The experimental study was carried out between
20 and 25 December 2022.

“The mini loggers 174H used in this work were calibrated. They have an accuracy of
£0.5 °C for temperature and +0.03%HR/K for humidity”.

The thermo hygrometers were positioned in the center of both the office and meeting
room, 1.5 m above the floor. This centered position was chosen for the reason that the
center of the room minimizes the influence of the external wall. One logger was placed on
the north side to measure outdoor conditions. These data loggers were programmed to
record every one hour; the data were extracted using a direct connection via a cable and
processed using the software Testo ComSoft basic 5.0.

3. Modelling

TRNSYS 17 (Transient System Simulation Program) was used for modeling and sim-
ulation, assuming a time step of 1 h. The weather data of the studied regions have been
extracted from Metronome in TMY2 format.

The simulation assumes a well-sealed office environment with no unintended air
infiltration; windows remained closed during all the modeling period, and materials
properties and the values of the convective heat transfer coefficient of walls were taken
from the DTR (the Algerian Regulatory Technical Document C 3.2/4).
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Type 56 “Multi Zone Building and TRNBuild” was used to model the different walls,
heating system, and internal gain. The calculator component was used to model the shading
system; the orientation of windows was considered, given that each side will receive a
different amount of solar radiation. Type 57 was used to convert the unity of heating
demand output (from kJ/h to kWh), while Type 14 was used for occupancy schedules.

The office room was occupied with two people, five days a week from 8:00 a.m. to 4:00 p.m.,
while the meeting room was occupied by ten people, twice a week. Internal heat gain of about
150 W per occupant was considered in the office room (activity of seated, light work, typing)
and of about 120 W per occupant in the meeting room (activity of a seated person, very light
writing). Lighting power density was set to 10 W/m?; computers with power of 50 W were
used in the simulation modeling, representing a simplified model of a typical office computer.
The heating system maintains an indoor setpoint of 21 °C during work hours.

The high-performance building was modeled to study the impact of shading on its
thermal behavior. Three scenarios of shading were applied as follows: SO (No shading was
used), S1 (Open roller shutter at 100% from 8:00 a.m. to 4:00 p.m.; if not, closed at 100%),
and S2 (Open shutter at 75% if solar radiation less than 80 W/m?; otherwise, open at 100%).

Then, a numerical model was performed for the standard building to evaluate the
impact of different types of glazing on energy consumption and indoor temperature, and
to study the impact of shading in winter using a smart control strategy according to solar
radiation and outdoor temperature for four climatic regions in Algeria. To achieve the goals
of the standard building’s modeling, three types of glazing were studied, including simple,
double, and triple, and several scenarios of shading were modeled, and they are presented
in Section 4. The graphical model is presented in Figure 4.
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Figure 4. Simulation diagram.

4. Results and Discussions
4.1. Model Validation

For validation purposes, the Normalized Mean Bias Error (NMBE) and the Coeffi-
cient of Variation of the Root Mean Squared Error (CVRMSE) were adopted to calibrate

the developed model by comparing the obtained experimental data to the simulation
results in the office room and the meeting room of the high-performance building. The
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NMBE and the CVRMSE were calculated according to the ASHRAE Guideline 14-2014 and
Kadri et al. [39,40], using the following equations:

1)

CVRMSE = )

Figure 5 illustrates the validation results, showing the simulated and measured air
temperatures for the case study after data processing over the study period covering the
period of 20 to 25 December 2022.

Copmaraison between measured and simulated air temperature Copmaraison of measured and simulated air temperature

in office room in meeting room

Outdoor air temperature 24 QOutdoor air temperature
Air temperature measured T —— Air temperature measured
Air temperature simulated 1 Air temperature simulated
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(a) (b)

Figure 5. Comparison graph between measured and simulated air temperature temperatures (valida-
tion of the existing model): (a) office room, (b) meeting room.

When we compare the two curves, a difference attends 1 °C at maximum for the office
and the meeting room was achieved, demonstrating a correlation between the observed
and simulated data. This shows that the simulation model represents correctly the thermal
behavior of the building.

The difference between the experimental data and predicted results for the indoor
ambient air temperature of the office and meeting room in absolute NMBE is almost —1.91%
and 1.5%, respectively. Then, for the CVRMSE, the values after calculation are 23.5% and
18% for the indoor air temperature of the office and the meeting room, respectively.

Consequently, the NMBE coefficient and CVRMSE coefficient are below the permissi-
ble ASHRAE 14-2002 [34] thresholds by +10% and 30%, respectively. Then, our model is
validated.

Furthermore, for the purpose of assessing the Algerian tertiary building, we opted for
both thermal and energetic studies of a standard construction.

4.2. Air Temperature Simulation Results of the High-Performance Building

The outdoor conditions of the city of Algiers are presented in Figure 6. The air
temperatures of both the meeting and office rooms of the prototype optimized building
are presented in Figure 7. We can notice that the indoor temperature of the office room
is higher than that of meeting room, due mainly to its thermal volume and also due to
the occupancy rate of this room. Additionally, the office room has a southern orientation.
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Air temperature (°C)

Air temperature inside meeting room

Furthermore, we can see that the two temperature profiles present fluctuations due to
the internal gain during working hours of the building (from 8 a.m. to 4 p.m.). When
comparing the three presented scenarios, S0, S1, S2 (see Section 3), we can see that there
is a slight difference achieved due mainly to the thermophysical characteristics of the
constructive elements of the building, which far exceeds the impact of shading strategies.
Moreover, the impact of shading is almost insignificant in the office room, which has a high
occupancy rate. According to this figure, we can see also that when no shading system
was used (S0), the temperatures were higher compared to controlling shading. This is due
to the use of triple-glazed windows with argon, which are characterized by a low energy
transmittance (23%) but still allow transmitted energy. Implementing shading strategies
control (51, which means that shutters are open during the work hours and closed at night,
and/or S2, open 50% when radiation is less than 80 W/m? and if not, open at 100%) further
limits the amount of transmitted energy, which leads to lower temperatures.

Outdoor conditions of Algiers region

N
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Figure 6. Outdoor conditions of Algiers region.

Air temperature inside office room
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(b)
Figure 7. Air temperature of the prototype optimized building: (a) meeting room; (b) office room.

Based on these results, the impact of the high thermal performance of the materials
used and triple-glazed windows is dominant, reducing the impact of shading. For that, we
though to study the impact of this parameter of a standard building (presented in Table 1)
energy performance, which makes up the majority of existing buildings in Algeria.
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4.3. Standard Building
4.3.1. Impact of Type of Glazing

Algeria, with its climatic diversity, provides an optimum framework for studying the
impact of shading across several climates. It is classified into four climatic zones for winter
and six climatic zones in summer, according to the Algerian regulatory technical document
DTR C3.2/4 [2]. In this work, we studied four climatic zones in winter, as presented in
Figure 8 and Table 2. The outdoor conditions of the regions are presented in Figure 9.

Studied regions

P —— A

1
i
! .
DTR C3.2/4: ZONE A : Constantine
I

________________ - DTR C3.2/4 : ZONE B

Ghardaia

DTR C3.2/4 : ZONE C

1
""""" """"""""'""I DTR C3.2/4 : ZONE D

200 km

Figure 8. Geographic distribution of studied regions. Source: author’s own work.

Table 2. Presentation of the studied climatic regions.

Climatic Zone Zone A Zone B Zone C Zone D
City Algiers Constantine Ghardaia Adrar
Latitude 36.7372° N 36.3650° N 32.4891° N 27.8742° N
Longitude 3.0865° E 6.6390° E 3.6445° E 0.2856° W
Elevation/m 469 694 572 258

Simulations were carried out for four climatic zones, using single glazing (ShB1),
double glazing (ShB2), and triple glazing (ShB3) with shutter opened at 100%. Figure 10
illustrates the base case air temperature inside both the meeting and office room for the
studied regions. The results demonstrate the impact of several parameters, including
climatic zone, orientation, and internal heat gain. Firstly, for all the analyzed regions, the
temperatures inside the meeting room were less than those of the office room. This is
due to the fact that it is north-oriented, and it has a higher thermal volume. It also has
three exchange surfaces with the outdoors, of which two windows are on the north side.
Furthermore, the meeting room is occupied only twice a week (Sunday and Wednesday),
with each person generating 150 W, while the office room is occupied during all the working
days (five days a week), each generating 100 W with a lower thermal volume and a southern
orientation. Reduction rates according to those parameters were about 3.3 °C, 4.3 °C, 3 °C,
and 2.5 °C in Algiers, Constantine, Ghardaia, and Adrar, respectively. By comparing
the temperatures according to the glazing type of the same regions, we can see that the
temperatures of single-glazing SHB1 were lower than those of SHB2 and SHB3, as the
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single glazing promotes heat losses, in contrast to the two others, which limit these losses.
We can also observe that in the Algerian climatic context, the use of triple-glazed windows
does not provide significant results when compared to double glazing.

Outdoor conditions of Constantine region Outdoor conditions of Ghardaia region
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Figure 9. Outdoor conditions of studied regions. (a) Constantine; (b) Ghardaia; (c) Adrar.

As we can see in Figure 11, the use of single-glazing SHB1 increases the heating
demand in all the studies regions, but it is most noticeable in Constantine with 3733 kWh
due to its climate conditions during the winter period (temperature drops to —1.34 °C)
and less noticed in Adrar due to the large amount of solar radiation in this region and
passive solar heat gain reduced heating demand. While comparing the three scenarios, it is
observed that double-glazing SHB2 acting like an additional barrier reduces conduction
and convection heat losses and thereby reduces energy demand compared to single-glazing
SHB1, with reduction rates that are, respectively, estimated at 17.43%, 12.79%, 12.60%, and
11.97% for the regions of Adrar, Ghardaia, Algiers, and Constantine. In addition, upon
comparing the double glazing with triple-glazing SHB3, we find that the results were
almost similar for the studied regions.
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Figure 10. Air temperature of base case. (a) Algiers; (b) Constantine; (¢) Ghardaia; (d) Adrar.
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Figure 11. Heating energy consumption according to type of glazing.
4.3.2. Shading Control

This section investigates the impact of smart control strategies on indoor air temper-
ature and energy consumption. The implementation of smart shading control relies on
automated systems that regulate the roller shutters according to real-time environmental
conditions, such as solar radiation or outside temperature. These systems rely on sensors
to collect and analyze data; then, the control system sends commands to the roller shutters
to adjust their position optimally.

As we can see in Figures 12-14, temperature profiles inside the meeting room were
more stable, in contrast to the temperature profiles in the office room; this is due principally
to its intermittent occupation, which reduces temperature variation, and its larger air
volume, which enables it to act like a thermal buffer. Moreover, the office room is more

exposed to solar radiation, and it has continuous occupancy; so, this could accentuate
temperature fluctuations.
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Figure 12. Air temperature with solar radiation smart control with single glazing. (a) Algiers;
(b) Constantine; (¢) Ghardaia; (d) Adrar.
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Figure 13. Air temperature with solar radiation smart control with double glazing. (a) Algiers;
(b) Constantine; (c) Ghardaia; (d) Adrar.



Sustainability 2025, 17,2116

14 of 22

Air temperature with temperature smart control-Algiers- Air
(a) Meeting room

perature with smart control-C

(a) Meeting room | —— Tair_ShB1

Air temperature_Nit
Air temperature_ShT1507|
——Air 2_ShT1707|

temperature_ShB1
temperature_ShNit

g / Air temperature_ShT1507
o 10+ —— Air temperature_ShT1707,
g

g 9-\/\/_\/

E

&

T T T T T
300 320 340 360 380

Temperature (°C)
o

T T
300 320

340 360 380
Time (hours) Time (hours)
(b) Office room ~15 (b) Office room
Q1
<
013
212
Id
g1
g10
g
101 T T T T 8l T T T T
300 320 340 360 380 300 320 340 360 380
Time (hours) Time (hours)
() (b)
Air temperature with temperature smart control-Ghardaia- Air temperature with smart control-Ad
12 (a) Meeting room —— Air temeprature_ShB1 14 (a) Meeting room [— Air temperature_ShB1
o1 Air temeprature_ShNi1 - Air temperature_ShNit
< w (s} Air temperature_ShT1507|
° Alr temeprature_ShT1507] LA ,'/\ |—— Air temperature_ShT1707,
£10 ——Air _ShT1707 2
8 2 ) fy)(\
g9 jd
- g 1
s £
e g 1
T T T T T o I ' . , .
300 320 340 360 380 300 320 340 360 380
1 Time (hours) Time (hours)
(b) Office room _ R (b) Office room
g 15 o1 /
rell o5 \
5 5.1/ / \
g 13 ’ § 141/ /
g12 313
E " 8 12
101+ : T T T 14 T T T T
300 320 340 360 380 300 320 340 360 380
Time (hours) Time (hours)
(0 (d)

Figure 14. Air temperature with temperature smart control. (a) Algiers; (b) Constantine; (c) Ghardaia;
(d) Adrar.

The air temperatures of the studied building using the solar radiation smart control
are presented in Figure 12 for all studied regions. For Algiers (Figure 12a), we can say
that a temperature difference of about 0.5 °C was observed between the scenario when no
shutters were used (ShB1) and (ShNil) (see Table 3). For the same region, a 0.3 °C difference
was realized when we controlled the shutter according to solar radiation, which means
that closing shutters when the amount of solar radiation was low avoided unnecessary
losses. Then, for Constantine (Figure 12b), closing shutters even only at night or with
solar radiation leads to a higher temperature instead of no shutters used. However, using
solar radiation smart control is better due to maximizing solar gain and protecting the
indoor environment.

For Ghardaia (Figure 12¢), it is noted that it is sufficient that we close shutters at night
(ShNi1), since there is high availability of sunshine throughout the day; so, the application
of this scenario allowed reducing heat losses during the night. A slight difference from
using the smart control was observed compared to (ShNil).

Temperature profiles using double glazing are almost superimposed for all the studied
regions, as presented in Figure 13a—d; this indicates the effectiveness of using this type of
glazing as a thermal barrier, limiting the heat exchange between inside and outside. A slight
difference of about 0.1 °C, 0.4 °C, 0.2 °C, and 0.05 °C was realized for the regions of Algiers,
Constantine, Ghardaia, and Adrar, respectively, when using smart control compared to
the base case (no shading). This difference, though modest, reflects the role of shading
management in reducing losses and optimizing solar gain.

Figure 13 shows the air temperature with temperature smart control for the four
studied regions. The obtained results with this control are similar to those observed with
the control based on solar radiation (Figure 12) but with slightly less impact. This indicates
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that, although both control strategies offer better management of heat losses and solar gain,
adaptation to solar radiation offers more precise management of heat exchange.

Table 3. Shading management strategies.

Strategy . .
Number Shading Management Strategies
1 Open at 100% during the work hours, fully closed outside of work hours.
Case of single glazing (ShNil), double glazing (ShNi2)
5 Open at 50% if solar radiation less or equal to 80 W/m?, else open at
100%, closed at 100% at night with single glazing (ShR150)
3 Open at 50% if solar radiation less or equal to 80 W/m?, else open at
100%, closed at 100% at night with double glazing (ShR250)
4 Open at 70% if solar radiation less or equal to 80 W/m?, else open at
100%, closed at 100% at night with single glazing (ShR170)
5 Open at 70% if solar radiation less or equal to 80 W/m?, else open at
100%, closed at 100% at night with double glazing (ShR270)
6 Open at 50% if outdoor temperature less or equal to 7 °C, else open at
100%, closed at 100% at night with single glazing (Sh11507)
3 Open at 70% if outdoor temperature less or equal to 7 °C, else open at

100%, closed at 100% at night with single glazing (ShT1707)

Controlling shutters with single glazing according to solar radiation with 50% or 70%
of opening percentage leads to energy savings in all the studied regions when both are
compared to buildings with no shading used, and even when shutters were closed at night,
as shown in Figure 15a. Therefore, controlling shutters with this scenario reduces heat
losses during cold periods while maximizing solar gain during sunny hours.

Heating energy consumption by region Heating energy consumption by region
- single glazing, solar radiation control- 3500 - double glazing, solar radiation control-
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Figure 15. Heating energy consumption by region with shading control based on solar radiation.
(a) Single glazing; (b) Double glazing.

Using double glazing (see Figure 15b) with smart control of shading according to
solar radiation has resulted in heating energy savings for all the regions, compared to
the base case where no shading system was used. This reduction is owing to the synergy
between double glazing, which limits heat exchange, and the shutters management, which
optimizes solar gain and reduces heat losses at night.
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Smart control of shading according to the outside temperature contributes also to
reducing energy demands in all the studies regions compared to the base case, as shown in
Figure 16, with a reduction of about 9% and 6% for Algiers and Constantine, respectively,
and about 7% and 8% for the Ghardaia and Adrar regions, respectively. This control reduces
losses when outdoor temperatures are low. Comparing this scenario with the simple control
(ShNil (see Table 3)), a slight difference was achieved for all the studied regions.

Heating energy consumption by region
4000 - single glazing, outdoor temperature control-
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Figure 16. Heating energy consumption by region with shading control based on outdoor temperature:
“Single glazing”.

These results highlight the importance of adapting thermal management strategies to
specific climatic conditions of each region.

4.3.3. Carbon Footprint

A Tier 1 emission estimate requires the following for each source category and fuel:
data on the amount of fuel combusted in the source category and a default emission
factor. These emission factors include the default values presented, as well as an associated
uncertainty range, as provided in Section 2.3.2.1 of the IPCC guidelines [41]. The equation
for the calculation is as follows [41]:

CO, Emissions = Activity Data x Emission Factor 3)

However, the range in this emission factor for the generation of electricity by
burning natural gas falls within a range of 400 to 600 g CO,/kWh, that is, between
0.4 and 0.6 kg CO,/kWh, depending on factors like power plant efficiency and the tech-
nology used [35]. With a conservative and precautionary approach, the upper value of
0.6 kg CO,/kWh is chosen here.

This ensures slight overestimation to take into account various uncertainties in the data.
With this factor, electricity savings of 100 kWh would avoid about 60 kg of CO, emissions.
This kind of methodology would bring in Tier 1 principles with a conservative emission
factor and would provide robust quantification of the environmental benefits of the energy-
saving measures, underlining at the same time the importance of proper accounting for
emissions (Tables 4 and 5, Figure 17).

Calculation results for roller shutter control with single glazing show reductions in
CO; emissions in the four regions studied: Algiers, Constantine, Ghardaia, and Adrar. In
the first case, where shutters are opened only at night, reductions reach 11%, 10%, 11%, and
14%, respectively. These differences can be explained by regional climatic variations. For
example, the slightly higher reduction in Adrar is due to its desert climate, characterized
by high solar intensity during the day and large temperature differences between day
and night.
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Table 4. CO, emissions of the four regions according to scenario 1 of controlling shutters with single
glazing according to solar radiation.

CO, CO, CO, CO, CO, CO, CO, CO,
Emission Reduction Emission Reduction Emission Reduction Emission Reduction
(kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)
Shading control scenarios Algiers Constantine Ghardaia Adrar
ShB1 1561.2 / 2239.8 / 1359 / 850.5 /

ShNil 1383.36 177.84 2004.78 235.02 1200.06 158.94 725.58 124.92

CO; reduction rate 1(%) / 11.39 / 10.49 / 11.69 / 14.68
ShR170 1287.66 273.54 1888.2 351.6 1120.02 238.98 669.36 181.14

CO, reduction rate 2 (%) / 17.52 / 15.69 / 17.58 / 21.29

Table 5. CO, emissions of the four regions according to scenario 2 of controlling shutters with double
glazing according to solar radiation.

CO, CO, CO, CO, CO, CO, CO, CO,
Emission Reduction Emission Reduction Emission Reduction Emission Reduction
(kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)
Roller shutte.r control Algiers Constantine Ghardaia Adrar
scenarios
ShB2 1364.34 / 1971.6 / 1185.06 / 702.24 /
ShNi2 1304.4 59.94 1887 84.6 1114.68 70.38 667.92 34.32
CO; reduction rate 1 (%) / 4.39 / 4.29 / 5.93 / 4.88
ShR270 1228.26 136.08 1837.2 134.4 1101.9 83.16 646.8 55.44
CO; reduction rate 2 (%) / 9.97 / 6.81 / 7.01 / 7.89
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Figure 17. Evolution of the reduction in CO, reduction rates for the four studied regions for control-
ling shutters according to solar radiation with (a) single glazing; (b) double glazing.

In the second case, where the shutters are 70% open during the day, the reductions
are 17%, 15%, 17%, and 21%, respectively. This improvement is due to better control of
direct solar gain, thus limiting heat gain and air-conditioning requirements. The higher
performance observed in Adrar can be explained by the region’s prolonged exposure
to solar radiation. Conversely, the slightly lower values in Constantine and Algiers can
be attributed to a more moderate Mediterranean climate, where cooling requirements
are lower.

For double glazing, the reductions in terms of CO, emissions are slightly lower due
to the better thermal performance of the windows. In the first case, with shutters open
only at night, reductions reach 4%, 4%, 5%, and 4%, respectively, for Algiers, Constantine,



Sustainability 2025, 17,2116

18 of 22

Ghardaia, and Adrar. In the second case, with the shutters 70% open during the day, the
reductions are 9%, 6%, 7%, and 7%, respectively. These results show that, although the
effect of shutter control is reduced with double glazing, it remains beneficial in maximizing
passive solar gain while minimizing heat loss.

These results are also influenced by the characteristics of the buildings studied. Initial
energy consumption is estimated at 2602, 3733, 2265, and 1417 Kwh, respectively, and
the reductions observed are linked to factors such as fagade orientation, the quality of
thermal insulation, and the effectiveness of roller shutters in blocking solar radiation. For
example, south- or west-facing facades are more exposed to the sun, which explains the
more significant gains in these cases.

Controlling roller shutters according to solar radiation, whether at night or during
the day, reduces CO, emissions in the four regions studied, with more significant results
in areas with a more extreme climate, such as Adrar. Although the impact is less marked
with double glazing, these strategies remain effective in limiting heat loss and optimizing
passive solar gains. These measures contribute to substantial energy savings and underline
the importance of adapting thermal management solutions to local climatic characteristics.

The simulation results for outdoor temperature control of roller shutters show sig-
nificant reductions in CO, emissions linked to heating needs in the four regions studied:
Algiers, Constantine, Ghardaia, and Adrar (Table 6, Figure 18). In the first scenario, where
the shutters are only opened at night, the reductions in CO, emissions are 11%, 10%, 11%,
and 14%, respectively. These differences can be explained by regional climatic variations.
For example, the slightly higher reduction in Adrar is due to its desert climate, where
temperatures drop sharply at night, reducing heating requirements. In the second scenario,
where the outside temperature controls the shutters during the day at 70% opening, the
reductions are 14%, 14%, 13%, and 18%, respectively. This is related to an improved con-
trol of heat gain, thus limiting heating requirements by maintaining a more stable indoor
temperature. For Adrar, the important nighttime drop in temperature makes the shutter
control effective in limiting heating requirements, while for Algiers and Constantine, it
also reduces heat loss during the day. On the other hand, the relatively low values of
Constantine and Algiers could be explained by a more temperate Mediterranean climate,
with fewer heating requirements.

Table 6. CO, emissions of the four regions according to scenario 3 of controlling shutters with single
glazing according to outside temperature.

CO, CO, CO; CO; CO, CO, CO; CO;
Emission Reduction Emission Reduction Emission Reduction Emission Reduction
(kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)
Shading control scenarios Algiers Constantine Ghardaia Adrar
ShB1 1561.2 / 2239.8 / 1359 / 850.5 /
ShNil 1383.36 177.84 2004.78 235.02 1200.06 158.94 725.58 124.92
CO; reduction rate 1 (%) / 11.39 / 10.49 / 11.69 / 14.68
ShR707 1340.64 220.56 1918.2 321.6 1176.9 182.1 690.54 159.96
CO; reduction rate 2 (%) / 14.12 / 14.35 / 13.39 / 18.80

The control of roller shutters according to the outside temperature, whether at night or
during the day, with 70% opening leads to a significant reduction in CO, emissions linked
to heating needs in the four regions studied. Greater efficiency is observed for regions with
a more extreme climate, such as Adrar, where nighttime temperatures drop sharply. These
results put into evidence the need for an adaptation of thermal management strategies to
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the local climatic condition to optimize energy savings and minimize the carbon footprint
of buildings.

Reduction rates of Co2 emissions (%)

Algiers
Constantine
Ghardaia
Adrar

Controlling shutters with single glazing
according to outside tem perature

| [0

Case 1 (ShB2-ShNi1) Case 2 (ShB2- ShT1707)
Studied regions

Figure 18. Evolution of the reduction in CO, reduction rates for the four studied regions for control-

ling shutters with single glazing according to outdoor temperature.

5. Conclusions

This study aims to achieve two main goals: studying the impact of shading of a

high-performance building, and the impact of glazing types and shading control strategies

on indoor temperature evolution, heating energy demands, and the carbon footprint of a

conventional building. The study was carried out during the winter period for four climatic

regions in Algeria. The main results of this work are as follow:

In a high-performance building with triple-glazed windows, the impact of the
envelope and materials used is dominant for the impact of the three applied
shading scenarios.

In our initial analysis, which examined the impact of glazing type when no shading
was applied for all the studied regions, using double-glazing windows offers clear
energy consumption reduction compared to single glazing by approximately 12.6%,
11.97%, 12.79%, and 17.43% for the Algiers, Constantine, Ghardaia, and Adrar regions,
respectively. Meanwhile, using triple-glazed windows provides a further reduction;
the incremental benefit compared to double glazing is minimal. Therefore, considering
the marginal cost, triple glazing is not recommended for the studied Algerian climates.
An additional analysis demonstrated that even a basic strategy of closing shutters
completely at night and opening them during the workhours in winter results in
reduced energy consumption and Co; emissions for both single- and double-glazed
windows. Energy savings and decarbonization rates of about 11.4%, 10.5%, 11.7%,
and 14.7% were observed for the regions of Algiers, Constantine, Ghardaia, and Adrar,
respectively. These findings suggest that readily implementable shading control
strategies can play a significant role in environmental impact reduction.

Smart control of shading according to outdoor conditions, including solar radia-
tion and temperature, was proposed for all the studied regions. This control re-
sults also in decreasing energy loads and the carbon footprint for both single- and
double-glazed windows.

Controlling shutters according to solar radiation for single-glazed windows contributes
to energy savings and lowering emissions by about 17%, 15%, 17%, and 21% for
Algiers, Constantine, Ghardaia, and Adrar, respectively. In contrast, controlling
shutters according to the outdoor temperature results in lower reductions by 9%, 6%,
7%, and 8% for the same regions respectively.
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e A comparative analysis between the two types of smart shading control demonstrates
that using solar radiation as a parameter of control is more effective than temperature
in all the studied regions, as it takes advantage of solar preheating during winter.

e  When we compare the effectiveness of the shading smart control of single-glazed
windows with double-glazed windows, we notice that it is more effective with the first
type of glazing, as the double glazing itself provides additional thermal resistance.

e  Finally, Shading systems are beneficial even in winter for the Algerian climatic context
due to maximizing solar radiation during sunny hours accordingly to ensure passive
heating and reducing heat losses at night.

This study assumes that the conventional office building used in our simulations is
a well-sealed environment with no unintended air infiltration. This study was limited
by investigating the impact of shading control based on solar radiation and outdoor
temperature separately, thus excluding an analysis of the combined effect of both strategies.

Future work will assess experimentally the impact of solar radiation- and temperature-
based shading control on the energy and environmental performance of a prototype office
building in order to further optimize solar gain management strategies and reduce energy
consumption, as well as CO; emissions. Additionally, the study will explore the case
of combined temperature and solar radiation control to evaluate its potential benefits in
enhancing sustainable energy efficiency and indoor comfort.
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