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The article explores the effective implementation of energy-efficient technologies in passive
ventilation systems for residential buildings. As energy efficiency and environmental sustainability
become more critical in construction, ensuring natural air exchange is essential for a comfortable indoor
microclimate. The study analyzes contemporary ventilation systems, evaluates climatic factors, and
applies numerical modeling to assess passive ventilation effectiveness. Findings show that solar
chimneys, wind catchers, and hybrid ventilation systems improve natural air exchange and reduce
reliance on mechanical systems. Despite advances in renewable energy technologies, solar chimneys are
underutilized, particularly in multi-story buildings, due to limited research and the lack of validated
methodologies. The article also offers recommendations for integrating passive ventilation technologies
into modern construction for more sustainable and energy-efficient designs.
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Introduction

An increasing number of European countries are transitioning to renewable energy sources,
incentivizing their citizens to modernize building engineering systems and prioritizing the development of
energy-efficient buildings (Arce et al., 2009; L. Yang et al., 2014). A key aspect of this process is the proper
organization of natural ventilation, which plays a vital role in maintaining indoor air quality and overall
building performance (Broderick et al., 2017; Chen et al., 2017; Coggins et al., 2022; L6pez Plazas & Sdenz
De Tejada, 2024; Sukholova et al., 2024; Voznyak et al., 2020; B. Wang et al., 2023).

The issue of ensuring adequate passive ventilation in residential buildings is widespread; however,
it is often underestimated and overlooked. Insufficient ventilation leads to the accumulation of harmful
substances, increased humidity levels, and a decline in indoor air quality, all of which negatively impact
the health and comfort of occupants (Cakyova et al., 2021; Chenari et al., 2016; Haverinen-Shaughnessy et
al., 2018; Jia et al., 2021; Liu et al., 2023; Rodrigues et al., 2000; Rojas et al., 2024; Y. Wang et al., 2017;
Zaniboni & Albatici, 2022). Beyond human well-being, natural ventilation is essential for preserving the
integrity of building materials and structural stability. Furthermore, a well-designed airflow system
facilitates the uniform distribution of temperature within indoor spaces, enhancing overall thermal comfort.

Properly calculated air exchange not only ensures optimal microclimatic conditions for occupants
but also prevents detrimental effects on building structures, including moisture accumulation in protective
layers, corrosion, and the degradation of construction materials. Consequently, the implementation of
effective passive ventilation strategies is integral to both occupant well-being and the long-term durability
of buildings (Chenari et al., 2016; Etheridge, 2015; Tognon et al., 2023; Zaniboni & Albatici, 2022;
T. Zhang & Yang, 2019).
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A key factor in the organization of indoor ventilation is the phenomenon of free convection, which
enables air movement without reliance on mechanical systems (Walker et al., 2011; D. Yang et al., 2013;
Ziskind et al., 2002). The effectiveness of natural ventilation driven by convection is influenced by the
temperature differential between indoor and outdoor environments, the height of ventilation ducts, and the
strategic placement of ventilation openings. Enhancing ventilation efficiency can be achieved through the
implementation of specialized design solutions, such as the integration of dedicated ventilation shafts or
thermally insulated ducts (Bansal et al., 1994; Kalidasan et al., 2014; Sornek et al., 2023; T. Zhang & Yang,
2019).

One of the most innovative approaches to optimizing passive ventilation technologies is the
utilization of solar chimneys, also referred to as thermal chimneys. A solar chimney is a passive system
that harnesses solar energy to facilitate ventilation within buildings (Letan et al., 2003; Matsunaga et al.,
2021; Monghasemi & Vadiee, 2018; H. Zhang et al., 2021). This advanced design leverages solar thermal
energy to generate natural air circulation through the principle of free convection. As solar radiation heats
the air within the chimney, the warmed air rises, creating an upward airflow. This process induces the
removal of warm indoor air through the chimney while simultaneously drawing in fresh air from lower
ventilation openings, thereby enhancing indoor air exchange and thermal comfort.

Solar chimneys enhance the efficiency of natural ventilation, operating on principles similar to those
of Trombe walls by utilizing solar energy to facilitate air exchange (Ali et al., 2024; Arce et al., 2009;
Myroniuk et al., 2024; Rabani et al., 2019; Shi et al., 2016; Simdes et al., 2021). This technology not only
optimizes indoor climate regulation but also contributes to overall energy conservation. Specifically, the
implementation of solar chimneys can lead to a reduction in the average daily electricity consumption of
air conditioning systems, thereby decreasing reliance on mechanical ventilation (Ardila et al., 2023; Chew
et al., 2022; Hassan, 2023; Khanal & Lei, 2011; Punyasompun et al., 2009; Zamora & Kaiser, 2010).

As a passive ventilation solution, solar chimneys effectively ensure adequate air exchange and
cooling in summer. This significantly enhances a building’s energy efficiency without incurring additional
operational costs. Consequently, the integration of solar chimneys presents a highly effective strategy for
addressing two fundamental challenges in energy-efficient construction — maximizing energy efficiency
and promoting environmental sustainability.

Materials and Methods

This study aims to highlight the significance of investigating and further researching the application
of solar chimneys in temperate climates. Solar chimneys represent a promising solution for enhancing
building energy efficiency and optimizing ventilation processes through the utilization of solar energy.
However, due to the variability of climatic conditions, their operational effectiveness may fluctuate
significantly, necessitating comprehensive research and analysis.

For numerical modeling in this study, the Energy2D software was employed — an interactive
multiphysics simulation program designed to analyze thermal processes in dynamic conditions. This
program models three fundamental heat transfer mechanisms — thermal conduction, convection, and
radiation — along with their interactions, which are crucial for examining thermal and hydrodynamic
phenomena in solar chimneys. The use of Energy2D enables the visualization of heat transfer processes,
the assessment of system efficiency, and the identification of key parameters influencing performance.

Results and discussion

This article presents the results of a numerical simulation analyzing the performance of a solar
chimney as a component of a passive ventilation system for residential buildings. The implementation of
this ventilation technology is a highly effective strategy under stringent energy conservation requirements,
as it leverages natural mechanisms — such as temperature and pressure differentials — to facilitate efficient
air exchange. This ensures the maintenance of appropriate sanitary and hygienic conditions within indoor
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environments without relying on electrically powered fans. Consequently, this approach reduces
operational costs and contributes to lowering the building’s overall carbon footprint.

The study investigates convection phenomena and hydrodynamic processes within an enclosed space
using the Energy2D software. As part of the modeling process, scenarios were developed to replicate real-
world conditions for utilizing a solar chimney in natural ventilation. The simulation demonstrated that the
establishment of an airflow between supply and exhaust ventilation openings, positioned on opposite walls
of the building, was driven by pressure differences. This enabled the implementation of one of the
fundamental forms of passive ventilation — cross-ventilation — further enhancing the system’s effectiveness
(Benlefki et al., 2021).

The modeling results provided a comprehensive assessment of the hydrodynamic processes
governing natural convection, the distribution of air temperature within the solar chimney, and the impact
of the room’s geometric characteristics on airflow dynamics. Utilizing the interactive Energy2D approach
enabled the visualization of temperature fields, airflow trajectories, and the effects of variable external
climatic conditions. This analysis was based on the fundamental physical equations of heat transfer and
hydrodynamics, ensuring a rigorous evaluation of the system’s performance.

1. Heat conduction equation (Fourier’s Law)

& = av?T, (1)

. k . L
where T — temperature, K; t — time, s; €= p_Cp — thermal conductivity coefficient, m?/s; k — thermal

conductivity coefficient, W/(m K; p — material density, kg/m?3; ¢, — specific heat capacity, J/kg-K.

2. Convection heat transfer equation.

Convection is modeled by the Navier — Stokes equation for an incompressible fluid in combination
with the energy equation:

ST
p (5 +9xV)=—VP+pur29 + pg, @)

where P — pressure, Pa; u— dynamic viscosity, Pa-s; g — acceleration of gravity, m/s2.
3. Stefan-Boltzmann law, which describes heat transfer by radiation between surfaces:

q = eoT*, (3)

where g — radiation power, W/m2; & — surface emissivity; o — Stefan-Boltzmann constant (5.67x1078),
W/mz-K*, T - surface temperature, K.

4. Dependence of buoyancy force (Archimedes’ Law). Takes into account the effect of temperature
on the change in air density, which causes natural convection:

F, = pgB(T —Tp), 4)

where 8 — coefficient of thermal expansion, 1/K; Ty —ambient temperature, K.

During the modeling process in the Energy2D software package, finite difference discretization and
explicit numerical schemes were employed to enable interactive simulations. This approach allowed for
real-time analysis of heat transfer, convection, and radiation within complex thermodynamic systems
incorporating solar chimneys and cross-ventilation. The following data and assumptions were adopted.

The solar chimney design included a glass layer with a high heat absorption coefficient to maximize
the utilization of solar radiation for heating the air inside the chimney. To prevent excessive heating of the
structural walls, an insulation layer was incorporated, with properties corresponding to mineral wool in
accordance with DSTU 9191:2022. The angle of incidence of solar radiation was set at 45°, while the solar
energy density was considered under ideal conditions at 1000 W/m? (Venhryn & Shapoval, 2019). The
ambient air temperatures were assumed to be 25 °C. The results of the visualization are presented in Fig. 1.
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Fig. 1. Diagram of airflows around a building equipped with a Solar Chimney: a — a single-story building
with an attached Solar Chimney and cross-ventilation; b — a two-story building with an attached
Solar Chimney and cross-ventilation; ¢ — a two-story building with a Solar Chimney integrated into
the roof structure

The simulation results obtained using the Energy2D software, as illustrated in Fig. 1, confirm the
effectiveness of natural ventilation facilitated by a solar chimney under varying climatic conditions. The
analysis of temperature distribution and airflow dynamics indicates that solar radiation induces an upward
movement of warm air within the vertical channel, thereby enhancing the performance of passive
ventilation through the process of convection. The red arrows in the diagram depict the direction of airflow,
demonstrating the formation of stable air circulation that ensures efficient air exchange within the indoor
environment. The temperature contour lines illustrate a uniform heat distribution, thereby minimizing
localized overheating and preventing air stagnation. Simultaneously, external air enters the building through
window openings and ventilation grilles, moves through the interior space, gradually heats up, and follows
the preceding airflow. As the air temperature within the solar chimney increases, its density decreases,
generating an upward airflow. A higher temperature within the chimney results in a greater pressure
differential, thereby increasing the velocity of air movement within the room.

Based on the obtained data, graphical dependencies were established, illustrating the relationship
between air velocity under cross-ventilation conditions and the temperature of the heated air at the outlet
of the Solar Chimney (Fig. 2). These dependencies enable the assessment of the efficiency of the passive
ventilation system under varying thermal conditions and different geometric configurations of the Solar
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Chimney. Furthermore, they facilitate the prediction of air exchange rates necessary to maintain optimal
indoor conditions, ensuring thermal comfort and adequate ventilation within the living space.
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Fig. 2. Graph of air velocity change at the outlet of the solar chimney shaft versus exhaust air temperature
a — one-story house with an attached solar chimney and cross-ventilation;
b — two-story house with a solar chimney on the roof;
¢ — two-story house with an attached chimney and cross-ventilation

The graphical dependencies of air velocity on the temperature of heated air at the outlet of the solar
chimney, as presented in Fig. 2, illustrate the linear nature of airflow parameter variations across different
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building configurations. In the case of a single-story house with an attached solar chimney and cross-
ventilation, a consistent increase in air velocity with rising temperature is observed, as evidenced by a high
coefficient of determination (R2 = 0.9253). For a two-story house with a rooftop solar chimney, the airflow
velocity also increases with temperature; however, the steeper slope of the regression line suggests an
enhanced chimney effect, despite a slightly greater dispersion of experimental data (R2 = 0.83). In contrast,
for a two-story building with an attached chimney and cross-ventilation, the relationship between air
velocity and temperature is less pronounced, with the regression line exhibiting the smallest slope among
the analyzed cases. This indicates a more uniform distribution of airflow, though with a diminished
temperature-driven influence on air velocity (R? = 0.8147). The obtained results confirm the effectiveness
of the solar chimney in augmenting natural ventilation, while also demonstrating that the degree of
temperature influence on air circulation is significantly dependent on the architectural and design
characteristics of the building.

Conclusions

The results of numerical modeling in the Energy2D software confirm the effectiveness of utilizing a
solar chimney to enhance the performance of passive ventilation systems under varying climatic conditions.
Analysis of temperature distribution and airflow patterns indicates the formation of stable air circulation,
which facilitates efficient air exchange within indoor spaces through convection-driven processes.

The graphical dependencies of air velocity on the temperature of heated air at the solar chimney
outlet reveal a linear relationship across different building configurations. The most pronounced effect of
air heating is observed in a one-story house with an attached solar chimney and cross-ventilation, as
evidenced by a high coefficient of determination (R2 = 0.9253). In a two-story house with a rooftop solar
chimney, a more pronounced stack effect is achieved, albeit with slightly greater variability in the data (R2 =
0.83). In contrast, a two-story building with an attached chimney and cross-ventilation exhibits the lowest
slope of the regression line (R? = 0.8147), suggesting a more uniform airflow distribution with a reduced
influence of temperature on air velocity.

The findings provide a comprehensive assessment of the effectiveness of passive ventilation systems
under varying thermal conditions and structural configurations. While the solar chimney proves to be an
efficient mechanism for enhancing natural ventilation, its performance is highly dependent on the
architectural design and structural characteristics of the building.
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TIEYCHHS! TPUPOIHOTO MOBITPOOOMIHY JUIsi CTBOPEHHSI KOM(OPTHOTO MIKpOKIIiMaTy. JlOCHiIXKEHHS OXOILTIOE
aHaJIi3 CydyacHUX BEHTWIAIMIMHUX CHCTEM, a TAKOX OI[IHIOBAHHS BIUIMBY KJIIMaTHIHUX (akTOpiB Ha iX edek-
TUBHICTh. Ba)XXJIMBOIO CKJIaJIOBOIO € 3aCTOCYBAaHHS YHCIIOBOTO MOJICIIOBAHHS ISl BU3HAUCHHS €(PeKTUBHOCTI
MIACHBHOT BEHTWJIALIT B PiI3HUX KJIIMAaTHYHUX YMOBaX.

PesynpTaTél MOKa3yrOTh, IO TEXHOJIOTIi, Taki SK COHAYHI ITUMOXOHIH, cTiHa Tpombe, onTHMalbHE
PO3MIIIICHHS BEHTWIAIIHUX OTBOPIB Ta pajialiifHi maHemi, 3AaTHI iCTOTHO TOKPAIIUTH IPUPOIHUNA TTOBITPO-
0OMIH 1 3HIDKYIOTh MMOTPeOy B MEXaHIUHIN BEHTIIISLI, IO Ja€ 3MOTY 3HAYHO 3MEHIIIUTH CHEPTOCIIOKUBAHHS
Ta MiJBUIIUTH €EKTUBHICTh BEHTWIALIMHUX cUCTeM, 3a0e3rnedyroun KoM(OpTHUIT MIKpOKIIIMAT y NpHMi-
IICHHSX.

[Tonpy PO3BUTOK TEXHOJIOTIH BiTHOBIIOBAHOI €HEPTii, COHSYHI TUMOXOIU 3aJUIIAI0THCSI HEIOCTATHHO
BUBYEHHMMH, IX PIJKO 3aCTOCOBYIOTb, 30KpeMa, B OaraTonoBepxoBux OymuHkax. Lle mosicHIoeTbCS oOMe-
JKEHUMH 1H)KCHEPHUMH JTOCIIHKCHHIMHE, BIICYTHICTIO HAYKOBO OOTPYHTOBAHHMX METOIUK iX pO3paxyHKy Ta
HEJIOCTATHBOIO JIANTAINEIO 10 PI3HUX KIIMAaTHYHUX YMOB. HeoOXimHI J0MaTKOBI JOCTIIKEHHS 1711 BUBYCHHS
e(EeKTUBHOCTI T2 ONTHMAJILHUX YMOB 3aCTOCYBaHHS COHAYHUX AUMOXO/IB Y PI3HUX KJIIMAaTHYHUX 30HAX.

VY cTaTTi TaKOXK HaBEJCHO PEKOMEHJalii IOA0 iHTerpamii MacHBHUX BEHTWIILIMHUX TEXHOJOTIH y
cydacHy Oy/iBeIbHY MPAKTUKY, 30KpeMa 111010 ONITUMAJIBHOTO TPOEKTYBAHHS Ta PO3MIIEHHST BEHTHIISILI HHUX
CHCTEM JIJIsI MAaKCUMaJIbHOTO BUKOPHUCTAHHSI IPUPOIHHUX PECYPCIB.

KoaiouoBi cioBa: coHAYHUIT TMMOXif, COHSIYHA EHEPris, IHTEPAaKTHBHE MOJEIIOBAHHS, KOHBEKIIiS,
MTACHBHA BEHTHJIALIS, IPUPOAHA BEHTHIIIIIS.
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