Bensafi, M., et al.: Optimization of Thermal Comfort in Buildings via Analysis of ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 4B, pp. 3423-3432 3423

OPTIMIZATION OF THERMAL COMFORT IN BUILDINGS
VIA ANALYSIS OF A TROMBE WALL FOR
ENHANCED ENERGY EFFICIENCY

by

Mohammed BENSAFI®, Mustafa BAYRAM®®, Oumr Adnan OSRA®,
Sultan Bader ALMUTERY"Y, and Younes MENNI*'

a Laboratory of Energetic in Arid Zones (ENERGARID), University Tahri Mohamed of Bechar,
Bechar, Algeria
b Department of Computer Engineering, Biruni University, Istanbul, Turkey
¢ Department of Islamic Architecture, Faculty of Engineering and Islamic Architecture,
Umm Al-Qura University, Makkah, Saudi Arabia
d Department of Heritage Resources Management, Faculty of Tourism and Archeology,
King Saud University, Riyadh, Saudi Arabia
¢ Department of Technology, University Center Salhi Ahmed Naama (Ctr. Univ. Naama),
Naama, Algeria
f College of Engineering, National University of Science and Technology, Dhi Qar, Iraq

Original scientific paper
https://doi.org/10.2298/TSCI2304423B

This study investigates heat transfer phenomena in a building envelope in Be-
char, Southwest Algeria, under arid climatic conditions. The meteorological sta-
tion Energarid provides precise recordings of solar radiation and outdoor tem-
perature. A calibrated model is used to analyze diurnal temperature variations.
Wall temperatures exposed to solar radiation are estimated using recorded data.
The heating power requirements of the building envelope are determined through
a thermal balance approach based on the regulatory technical document from the
National Center for Building Studies and Integrated Research. Simulation results
demonstrate favorable conditions for achieving thermal comfort, with elevated
air temperatures and velocities at the outlet. Incorporating solar energy consid-
erations into architectural design, such as double facades, south-facing orienta-
tions, and glazed surfaces, is crucial. These findings highlight significant energy-
saving potential, particularly in the Bechar region.
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Introduction

Algeria, renowned for its arid climate and abundant fossil fuel reserves, is currently
confronting the implications of climate change and the imperative to curtail GHG emissions.
Consequently, there has been a surge in attention towards the adoption of RES in order to
tackle these exigencies. This scientific exploration focuses on Algeria renewable energy sec-
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tor, with a particular emphasis on the arid climate of the southern region, the residential sector
electric consumption, and the role of Trombe walls in mitigating CO. emissions [1-3].

The arid climate of Algeria presents distinctive challenges in relation to the exten-
sive deployment of RES. The scarcity of rainfall and high temperatures make conventional
agricultural practices and water-intensive energy production methods impractical. However,
the country vast potential for solar and wind energy offers promising solutions. By harnessing
these renewable resources, Algeria can reduce its dependency on fossil fuels and contribute to
global efforts in combating climate change [4-6].

Within the residential sector, electric consumption is a significant contributor to
overall energy demand in Algeria. The rising population and increasing urbanization have led
to an upward trend in energy consumption for households. This surge in demand, primarily
fueled by conventional energy sources, has resulted in higher CO; emissions. The adoption of
renewable energy technologies, such as solar panels and wind turbines, has the potential to al-
leviate pressure on the electricity grid and mitigate the ecological impact associated with con-
ventional energy generation approaches [7-9].

The CO; emissions arising from the combustion of fossil fuels have been identified
as a primary cause of climate change. In the Algerian context, the reliance on fuel for electric-
ity production exacerbates the emission levels. However, one promising technology that has
garnered considerable interest is the Trombe wall. Originally developed in the 1960°s by en-
gineer Felix Trombe, this passive solar heating system has been effectively employed in nu-
merous countries with the objective of curbing energy usage and mitigating CO, emissions in
residential settings [10-12].

The Trombe wall operates by capturing and storing solar energy during the day,
which is then gradually released into the interior space during colder periods. Its construction
typically consists of a dark-colored, heat-absorbing surface placed behind a transparent glaz-
ing layer. This design allows sunlight to pass through the glazing and heat the surface, which
then radiates the stored heat indoors. The Trombe wall ability to regulate indoor temperatures
without the need for active mechanical systems makes it an attractive solution for reducing
energy consumption and reliance on fossil fuels [13-15].

Recent advancements in Trombe wall technology have further enhanced its efficien-
cy and applicability. Researchers have explored novel materials and designs to optimize heat
transfer, insulation properties, and overall performance. Additionally, the integration of
Trombe walls with complementary sustainable technologies has exhibited synergistic effects,
contributing to the reduction of energy consumption and the optimization of renewable re-
source utilization [16-19].

Ongoing research and development efforts in the field of Trombe walls have aimed
to address specific challenges, such as optimizing the system for different climatic conditions,
improving thermal storage capabilities, and enhancing overall integration with existing build-
ing structures. These advancements highlight the continued relevance and potential of Trombe
walls as a sustainable solution for the residential sector, fig. 1.

In conclusion, Algeria endeavor to embrace RES plays a critical role in addressing
the challenges associated with climate change and diminishing CO2 emissions. The unique ar-
id climate in southern Algeria, along with substantial electricity consumption within the resi-
dential sector and the constraints imposed by fossil fuel dependence, necessitates the adoption
of innovative and sustainable approaches. The Trombe wall, with its long-standing history
and evolving technology, offers a promising solution to harness solar energy efficiently, re-
duce energy consumption, and contribute to a greener future for Algeria.
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Figure 1. The ventilation strategy employed by the Trombe wall under (a) winter and
(b) summer conditions [19]

In our preceding investigation, Bensafi et al. [20], our primary objective was to en-
hance our comprehension of the heat transfer mechanisms occurring through the exterior wall of
a residential structure when subjected to solar flux. Building upon these findings, the present
study endeavors to advance our understanding by analyzing real-world scenarios, specifically
focusing on actual solar radiation levels and outside temperatures during the winter season. To
accomplish this, we have developed a code capable of conducting a comprehensive analysis of
the heat transfer process. By incorporating measured values of temperature and solar radiation,
we have employed interpolation techniques to establish an equivalent temperature function for
the exterior walls. This function serves as a practical representation of the thermal behavior ex-
hibited by the walls under the specific prevailing conditions. Through our continued investiga-
tion under authentic conditions, our research aims to gain valuable insights into the effective-
ness and performance of passive heating systems. By expanding our understanding in this area,
we contribute to the development and optimization of energy-efficient solutions for residential
buildings, thereby ensuring enhanced thermal comfort and reduced energy consumption.

System description: A comprehensive overview

Consider a flat glazed wall positioned di-
rectly facing south, constructed from a homoge-
neous and isotropic material, namely glass. The
dimensions of the wall are such that its lateral T
extents significantly exceed its thickness, fig. 2.

This glazed wall experiences a winter s0-  gjas
lar flux, fig. 3, and is concurrently impacted by
an external temperature that has been experi-
mentally measured, fig. 4.

The transmittance of the solar flux
through the glazing, as represented by the func-
tion shown in fig. 5, is directed towards a verti-
cal wall that also faces south. This vertical wall consists of a homogeneous and isotropic ma-
terial, specifically granite.

The right and upper walls are both subject to solar radiation and are influenced by

the external temperature variations. On the other hand, the lower floor is thermally insulated,
effectively preventing energy exchange with the external environment (termed adiabatic).
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a

Figure 2. Examined physical model
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Figure 5. Equivalent temperature profile

Digital simulation: Computational modeling and analysis

The governing equations can be mathematically represented as follows:
—  Continuity:

ou;
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—  Momentum:
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—  The boundary condition:
The global solar flux (x=ep¢, y=H —gy):

G, (i =90°) (4)
The equivalent temperature (x=0,y=H —ey):
G
Teq =Tex + Ah—S (5)

e

The outdoor temperature is depicted in fig. 4. Through the application of polynomial
interpolation, the equation describing the temperature at the end of the introduction to the
boundary conditions has been derived.

T,, =—0.0080t° +0.25935t% —1.7251t + 6.9712 (6)

aT
x=0, y=0:5=0 @)
X=€y +ten+L+ey, Y=H=Ty[G (), 1=0° »=0°] (8)
X=€n, Y=H-2xe, =T, 9
Toq =0.0042t* —0.2230t% + 3.6569t —1.77035t + 21.7617 (10)
X=€py +ten+L+e,, Y=H-e; =T,[G(t);i=0%y=0] (112)

Findings and discussions

Analysis of the simulation results reveals several noteworthy observations pertaining
to the performance of the Trombe wall. Firstly, in accordance with the Technical and Regula-
tory Document (DTR), the external temperature aligns with the baseline outdoor temperature.
As a result, at time t = 0, the indoor temperature remains constant at 15 °C. However, after
one hour of simulation, distinct thermal stratification becomes apparent.

Within the simulated space, the lower region exhibits a temperature of 4.4 °C, indi-
cating the presence of colder air. Conversely, near the upper section, the temperature rises to
14 °C, resulting in a noticeable 31.43% disparity between the two levels. This disparity in
temperature distribution underscores the establishment of a stratified thermal profile within
the space.

An intriguing observation is the existence of relatively lower temperatures, ranging
from 1-3 °C, in the space between the Trombe wall and the glazing. This phenomenon can be
attributed to convective heat transfer occurring in this region, where heat is efficiently ab-
sorbed and stored within the wall. The resulting natural convection within the space facilitates
temperature stratification, contributing to the observed thermal distribution, figs. 6(a) and 6(b).

Taken together, these findings offer valuable insights into the behavior of the simu-
lated Trombe wall system, emphasizing the significant influence of natural convective pro-
cesses on temperature stratification within the space. During noon, when the sun is positioned
at a high angle in the sky and the outdoor temperature reaches its maximum, our simulation
reveals significant thermal impacts on both the exterior walls and the indoor environment.
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Figure 6. The indoor isotherm at two distinct time points; (a) 02:00 h and (b) 08:00 h

The Trombe wall system exhibits efficient absorption and storage of thermal energy as solar
radiation penetrates the glazing. Consequently, there is a notable increase in the indoor tem-
perature, ranging from 22 °C to 24 °C.

Furthermore, the direct exposure of the Trombe wall to solar radiation induces heat-
ing, particularly in the section facing the glazing. This localized heating effect contributes to
the overall dynamics of heat transfer within the simu-
lated space, fig. 7. These findings underscore the effi-
cacy of harnessing solar energy through the Trombe
wall, leading to enhanced thermal conditions within
the building. The gradual storage and release of heat
by the system contribute to the maintenance of a com-
fortable indoor environment, even under conditions of
heightened solar intensity.

Figure 8 provides a detailed representation of
the velocity distribution within the simulated space,
illustrating the evolution of air-flow in relation to
height. Notably, three distinct regions can be dis-
cerned, each possessing distinct characteristics and
contributing to the overall patterns of air movement.
The first region, located at the highest section of the
room, corresponds to the region where hot air is expelled. This area is characterized by ele-
vated velocities, signifying the upward displacement of heated air as a result of thermal
buoyancy.

In contrast, the second region, located in the lower section of the room, corresponds
to the area where cold air is drawn in. In this region, the velocities are comparatively higher
than the surrounding areas, indicating the intake of cooler air. The third region, situated be-
tween the zone of hot air expulsion and the cold air intake zone, exhibits the presence of
thermal stratification. Within this region, the influence of volume forces contributes to the
formation of distinct air-flow patterns. Significantly, the velocities observed in this zone are
noticeably lower, reflecting the effects of thermal stratification and the suppression of convec-
tive motion. These observations offer valuable insights into the complex air-flow dynamics
within the simulated space, revealing the zones of heat exchange, air mass circulation, and the
influence of volume forces on the overall velocity distribution.

Figure 7. The indoor isotherm at 12:00 h
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Figure 8. Spatial distribution of air inlet and outlet velocities
within the enclosure
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unveil distinct thermal characteristics within
different sections of the Trombe wall. The up-
per part experiences a significant increase in
temperature, indicative of efficient heat absorp-
tion and retention. In contrast, the lower part
displays a relatively lower temperature profile,
suggesting heat dissipation and potential cool-
ing effects. The average temperature variation,
represented by the blue line, provides a com-
prehensive overview of the overall thermal dy-
namics experienced within the investigated lo-
cation. These findings highlight significant
temperature discrepancies across different re-
gions of the Trombe wall, emphasizing the im-
portance of careful monitoring and understand-
ing of temperature distribution for effective
heat management and energy optimization.

Figure 9. Temporal evolution of temperature
from 8:00 a. m. to 2:00 p. m.
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Figure 10. Temperature stratification along the
red line from 8:00 a. m. to 2:00 p. m.

Figure 10 depicts the horizontal distribution of temperature at a height of 1.6 m
above the floor, specifically highlighting the temperature changes between 8:00 a. m. and
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2:00 p. m. These observations yield valuable insights into temperature stratification and the
resulting thermal conditions within the investigated location.

The graph reveals a relatively minor variation in temperature along the horizontal
axis, indicating a stable thermal environment. This uniform distribution of temperature im-
plies a comfortable living situation for occupants within the space. The limited temperature
fluctuations across the studied location signify a favorable thermal equilibrium, promoting a
pleasant and consistent thermal experience for human habitation.

These findings emphasize the effectiveness of the Trombe wall system in maintain-
ing a balanced temperature profile, contributing to improved comfort and livability within the
simulated space. The ability to achieve temperature stability and minimize variations at a spe-
cific height above the floor highlights the potential advantages of incorporating such passive
heating strategies in architectural design to create comfortable and energy-efficient living en-
vironments.

Future studies for optimizing thermal comfort in buildings via computational model-
ing of a Trombe wall passive heating system could include the following:

Experimental validation. Conducting field studies and experiments to validate the
accuracy and performance of the computational models developed for the Trombe wall sys-
tem. This would involve monitoring and analyzing real-world data from buildings equipped
with Trombe walls to compare against the predictions of the computational models.

Optimization of design parameters. Investigating the impact of various design pa-
rameters on the performance of the Trombe wall system. This could include studying the ef-
fect of wall thickness, glazing materials, air gap size, absorber plate properties, and venting
strategies on thermal comfort and energy efficiency. Optimization techniques such as GA or
machine learning algorithms could be employed to identify the optimal design configurations.

Climate adaptation. Assessing the operational efficacy of the Trombe wall system
across various climatic conditions and investigating potential modifications or adaptations to
enhance its effectiveness in diverse environments. This could involve studying the system
performance in extreme climates (e.g., hot arid, cold arctic, and humid tropical) and develop-
ing climate-specific design guidelines for Trombe walls.

Integration with other passive strategies. Investigating the synergistic benefits of in-
tegrating the Trombe wall system with other passive heating and cooling strategies, such as
natural ventilation, thermal mass, and solar shading. Assessing the combined effect of these
strategies on thermal comfort, energy efficiency, and indoor air quality could provide valuable
insights for designing holistic and optimized building envelopes.

Dynamic simulation and control. Developing dynamic simulation models that can
accurately predict the transient behavior of the Trombe wall system under changing external
and internal conditions. This could involve incorporating weather forecast data, occupancy
patterns, and indoor heat gains/losses into the models to optimize control strategies, such as
adaptive venting or PCM, to maintain optimal thermal comfort throughout the day and across
Seasons.

Economic and life cycle analysis. Conducting cost-benefit analyses and life cycle as-
sessments to evaluate the economic viability and environmental sustainability of implement-
ing Trombe wall systems in different building types and locations. Assessing factors such as
initial costs, energy savings, maintenance requirements, and embodied energy would help de-
cision-makers determine the long-term feasibility and benefits of adopting this passive heating
technology.
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Occupant comfort and perception studies. Conducting occupant surveys, question-
naires, and subjective evaluations to assess the perceived comfort levels and user acceptance
of buildings equipped with Trombe wall systems. Understanding occupants comfort prefer-
ences, satisfaction, and behavior patterns would provide valuable feedback for refining the
design and operation of the system to enhance occupant well-being.

Integration with active systems. Exploring the integration of Trombe wall systems
with active heating, cooling, and renewable energy systems to develop hybrid solutions that
optimize energy performance while maintaining thermal comfort. This could involve investi-
gating strategies such as coupling the Trombe wall with solar photovoltaics, heat pumps, or
geothermal systems to achieve a balance between passive and active energy management in
buildings.

Retrofitting existing buildings. Developing guidelines and strategies for retrofitting
existing buildings with Trombe walls to improve their thermal performance and energy effi-
ciency. Assessing the challenges and opportunities of implementing passive heating systems
in retrofit projects would be crucial for promoting sustainable building practices and reducing
the environmental impact of the existing building stock.

Advanced materials and technologies. Investigating new materials, coatings, and
technologies that can enhance the thermal efficiency and performance of Trombe walls. Re-
searching emerging technologies such as smart glazing, transparent insulation materials, or
phase-change materials integrated into the Trombe wall system could lead to significant ad-
vancements in optimizing thermal comfort and energy conservation in buildings.

These future studies would contribute to a deeper understanding of the Trombe wall
system potential, leading to improved design guidelines, optimized control strategies, and en-
hanced energy efficiency in buildings

Conclusions

The simulations conducted in this study yield the following.

The thermal conditions at the upper apertures (representing areas of elevated tem-
perature) exhibit a strong dependence on solar flux. The simulation results demonstrate rela-
tively high air temperature and velocity at the outlet, which is conducive to optimal thermal
comfort. The utilization of solar energy entails harnessing direct solar radiation, necessitating
its careful integration into architectural design considerations (e.g., double facades, south-
facing orientation, glazed surfaces, etc.). The findings obtained for the Bechar region demon-
strate encouraging potential for achieving energy savings.

The correlation between solar flux and temperature at the upper openings under-
scores the significance of solar energy utilization. The simulation outcomes indicate favorable
conditions for achieving desirable thermal comfort, characterized by elevated air temperatures
and velocities at the outlet. Therefore, incorporating solar energy considerations into architec-
tural design, such as the incorporation of double facades, south-facing orientations, and glazed
surfaces, becomes imperative. These findings, particularly when applied to the Bechar region,
provide compelling evidence of substantial opportunities for energy savings.
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