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Abstract. The aim of the study was to compare the efficiency of the supply devices of passive ventilation systems
(wind catcher of the original design and window ventilator with the options of location “above the window” and
“under the window”).As a result,an assessment of the nature of air distribution and features of air flow circulation
in the room with different options for supply air supply was provided. To collect and systematise information on
passive ventilation, its effectiveness in thermally modernised buildings and to assess the possibility of ensuring
standardised air exchange in the premises, methods of generalising the results of previous studies, as well as
comprehensive and logical-structural analysis were used. Scientific and analytical analysis was used to process
and evaluate the data obtained. Computer modelling made it possible to compare the results and evaluate
the distribution of air flows, temperature gradients and air exchange efficiency in the room. A comprehensive
analysis of the efficiency of passive ventilation in a thermally modernised building using different types of
air inlets was carried out. Their influence on indoor air exchange under different climatic conditions (warm
and cold seasons) is investigated, taking into account the distribution of temperature and air flow velocity.
Optimal solutions for passive ventilation have been identified that reduce energy consumption while creating
a standard air exchange in thermally modernised buildings, which is a key aspect for ensuring energy efficiency
and comfortable living conditions. As a result of the modelling, data on the distribution of temperature and air
flow velocity in the room for a window ventilator and a wind catcher were obtained. The data obtained were
analysed in the frontal and horizontal planes, which allowed to assess the peculiarities of air distribution in the
room volume. Particular attention was paid to the analysis of the area directly near the air inlet, which made it
possible to study in detail the behaviour of the air flow at the initial stages of its distribution in the room and to
assess changes in temperature and flow rate depending on air flow and distance from the air inlet. The results
obtained allow for a detailed assessment of the air exchange in the room, taking into account the influence of
the design features of the air inlets on the efficiency of air distribution and circulation
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Introduction

Insulation of the exterior walls of buildings remains a
key measure to improve the energy efficiency of build-
ings, which suffer from freezing walls and humidity in
winter and overheating in summer. External thermal
insulation can significantly improve the microclimate
in apartments by protecting walls from the negative
effects of moisture, wind and ultraviolet radiation. Re-
placing outdated windows and balcony blocks with
sealed profiles with double-glazed windows also helps
to create a stable indoor climate, which in turn helps to
significantly reduce energy consumption.

In the context of modern requirements for energy
efficiency in buildings, it is important to find alterna-
tive ventilation methods that will reduce or even avoid
dependence on mechanical systems. Ensuring efficient
ventilation in thermally modernised buildings should
take into account not only the standard air exchange,
but also the minimum energy consumption. Ensuring
effective ventilation in thermally modernised buildings
should take into account not only the standard air ex-
change, but also the minimum energy consumption.The
study by N. Fu et al. (2021) analyses and justifies the ef-
fectiveness of several mechanical ventilation strategies
in high-rise buildings in terms of air quality and energy
efficiency. A significant amount of research and devel-
opment has been devoted to mechanical ventilation
systems and improving their efficiency, among which
the work of H.Y. Bai et al. (2022). But they all have one
drawback in common: the need for significant energy
consumption for operation. That is why it is promising
to study passive ventilation, which makes it possible to
reduce the energy consumption of mechanical ventila-
tion systems by using wind power and buoyancy. The
study by T. Ahmed et al. (2021) reveals the potential of
natural ventilation in solving problems related to the
quality of the indoor environment and confirms the vi-
ability of natural ventilation to ensure thermal comfort
in the building.

One of the most well-known elements of a passive
ventilation system used to improve indoor air quality is
awind catcher.As noted by V.Savin & V.Zhelykh (2023a),
this element provides efficient ventilation due to its
ability to direct wind flows towards the interior of the
building. G. Allesina et al. (2019) and M. Alwetaishi &
M. Gadi (2021) add that the wind catcher is a traditional
architectural solution typical of the Middle East, where
it is used to optimise ventilation using natural air flows.
Authors P. Nejat & F.Jomehzadeh (2018) and A.H. Cho-
han & J. Awad (2022) note that wind catchers demon-
strate high efficiency in providing natural air exchange,
while A.Bekleyen & Y.Melikoglu (2021) emphasise their
importance in the cultural context and architectural de-
sign. In modern architecture, this device is also gaining
popularity due to its versatility and ability to provide
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the required level of ventilation (Wahab et al., 2019;
Sangdeh & Nasrollahi, 2022). A study by A.H. Chohan et
al. (2024) confirms that wind turbines contribute to
improving the energy efficiency of buildings and ad-
dressing current environmental challenges, while also
being key elements in modern environmental design.

Another element of passive ventilation that uses
buoyancy and does not compromise the airtightness
and thermal insulation properties of a thermally mod-
ernised building is a window ventilator (Hoffmann et
al.,2021).Awindow ventilator is a device that is mounted
in the window frame and works on the principle of using
buoyancy to ensure natural air exchange, but it does not
have the ability to control the flow of incoming air. The
greater the temperature difference between the out-
side and inside air, the more efficient the air exchange.

Despite a considerable amount of research on me-
chanical and passive ventilation systems, aspects of op-
timising natural air exchange in thermally modernised
buildings remain poorly understood. This article was
aimed at studying the influence of the design charac-
teristics of air handling units on the uniformity of air
distribution in the premises, as well as their ability to
provide a standard level of air exchange in different cli-
matic conditions.

Materials and Methods

The study analyses the results of modelling the impact
of natural ventilation on the air exchange of a thermal-
ly modernised building on the example of a separate
room, which is a key aspect for ensuring energy effi-
ciency and comfortable living conditions. A thermally
modernised one-storey residential building located
in Kryvyi Rih was chosen for the study. The geometric
dimensions of the room for which the modelling was
carried out and the layout of the supply and exhaust
elements are shown in Figure 1.

The supply air temperature, taking into account the
climatic conditions of Kryvyi Rih, is -21°C in the cold
season. The internal air temperature is assumed to be
+20°C. The modelling of the impact of natural ventila-
tion on the air exchange of the thermally modernised
building was carried out using the licensed software
Solidworks Flow Simulation.

To simulate the supply air flow, the air inlets were
located as follows: the inlet of the wind catcher at a
height of 2,700 mm; window ventilator, depending on
the modelling conditions: “above the window” or “un-
der the window”. The maximum capacity of the window
ventilator is 20 m3/h (Mucha et al., 2024), which was
taken as a threshold value for modelling with flow rates
from 5 to 20 m3/h. The wind catcher was studied with a
wider range of flow rates: from 5 to 100 m®/h to identify
the optimal conditions for efficient air exchange.
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Figure 1. Layout of supply and exhaust elements in a room of a thermally modernised house
Notes: 1 - wind catcher; 2 - inlet of the wind catcher; 3 - exhaust opening; 4 - window ventilators

Source: developed by the authors

The study of passive ventilation efficiency analy-
sis and assessment of air exchange in the room was
carried out in several stages: 1. computer modelling of
the operation of a wind catcher and a window venti-
lator under different conditions of supply air supply;
2.special conditions of air distribution and circulation
in the room when using each type of supply equip-
ment and different options for its location; 3. the in-
fluence of air flow rate on the efficiency of air distri-
bution and features of air flow circulation in the room
is analysed; 4. recommendations on the choice and
installation location of supply devices of passive ven-
tilation to ensure.

Results

The modelling results showed that at the minimum
flow rate (5 m?/h) in each of the two variants of the win-
dow ventilator location (“above the window” and “un-
der the window”), the air flow develops slowly, which
ensures gradual mixing of the supply air with the inter-
nal air, although circulation is limited to areas close to
the window ventilators. The flow remains in the lower
layers of the room when supplied through the lower
window ventilators or in the upper layers — through the
upper window ventilators, which does not ensure full
coverage of the room volume.

As the flow rate increases, the air flow penetrates
deeper into the room, reaching the middle layers, which
ensures more efficient mixing with the indoor air. Re-
gardless of the location of the window ventilator, the
air flow covers a large part of the room, distributing
evenly. With a maximum flow rate of 20 m3/h in both
the upper and lower outlets (Fig. 2), the airflow demon-
strates high speed, actively circulating throughout the
room.The air flow is evenly distributed in both horizon-
tal and vertical planes, with complete mixing of supply

and internal air, providing full coverage of the room
volume and intensive air exchange.

a

Speed (s

Figure 2. Modelling the inflow velocity
in the frontal plane
Notes: a - through a window ventilator located “above the
window”; b - through a window ventilator located “under the
window”; ¢ - through a wind catcher
Source: developed by the authors
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The combination of the modelling results for the
upper and lower air supply is possible due to the iden-
tical temperature conditions of the supply and internal
environments (+20°C). Under such conditions, both air
supply options, although they have different directions
of distribution at the initial stages, demonstrate similar
patterns in air distribution at the same flow rates. The
main differences in the flow behaviour are smoothed
out at the mixing stage, when the air is evenly distrib-
uted throughout the room, indicating a similar effect on
the microclimate.

Modelling of the intake air flow through the wind
catcher showed that at minimum flow rates, the intake
air flow is uniform, without sudden changes in direc-
tion. Due to the low velocity, the flow does not pen-
etrate far from the wind catcher outlet and quickly
dissipates in the room. As the flow rate increases, the
ability of the air flow to distribute evenly through-
out the room gradually increases. At flow rates in
the range of 15-40 m?/h, the air flow circulates well
without significant turbulence, and at high flow rates
(from 60-80 m3/h) turbulent zones begin to appear,
which can cause discomfort. At a maximum flow rate
of 100 m3/h, the most intense air flow is provided
(Fig. 2). The turbulence becomes significant, and the
air movement can create unpleasant sensations for the
occupants due to excessive speed and uneven distribu-
tion of air flows throughout the room.

According to the modelling data, at low flow rates
(5 m3/h), and thus low velocities, the cold supply air is
slowly mixed with the warm indoor air. The air flow re-
mains close to the window ventilator, with a gradual
decrease in speed as it moves away. The cold air set-
tles, causing cold zones to form in the lower layers of
the room. The slow spread of air with a temperature
of -21°C has a slight effect on the temperature of the
room. Low temperatures remain in the area close to the
window ventilator.

With increased flow rates, the mixing of cold and
warm air is more efficient. The cold air is more active-
ly distributed throughout the room, but there are still
significant temperature gradients between the area
near the window ventilator and the farther parts of the
room. The temperature in the room begins to drop, es-
pecially closer to the floor. At the maximum capacity
of the window ventilator (20 m3/h), the air flow has a
high velocity, which ensures uniform mixing of the cold
supply air with the warm internal air (Fig. 3). The flow
extends over the entire area of the room, covering all
its nooks and crannies. The simulation results illustrate
that the air no longer settles in the lower layers, but is
evenly distributed throughout the room.

The room temperature remains more stable, al-
thoughthe cold airstillhasanimpactonthetemperature
drop near the window ventilator (Fig.4). However, at the
maximum flow rate, the air exchange becomes intense
enough to avoid the formation of excessively cold zones.
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Figure 3. Simulation of the inflow velocity through the
window ventilator with the location
“above the window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along
the wall
Source: developed by the authors
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Figure 4. Simulation of the supply air velocity through
a window ventilator with the location “above the
window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along

the wall
Source: developed by the authors

The simulation results show that at a cold supply
air flow rate of 5 m%/h, the cold air slowly rises and
gradually mixes with the warm room air. The air veloci-
ty remains low, and the cold zone near the floor is main-
tained over a large area. Cold air settles in the lower
layers of the room, creating temperature gradients. The
temperature patterns show that a large proportion of
the air remains cold near the floor and heating is slow
due to limited mixing with the warm room air.
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As the flow rate increases, the cold air starts to
spread upwards more quickly. This results in a more
even distribution of cold air, but there is still some zon-
al cooling near the floor, which affects the temperature
comfort in the room. At a flow rate of 20 m3/h, the cold
air actively rises upwards, providing better mixing with
the warm air (Fig. 5). The modelling results show that

a

Figure 5. Simulation of the inflow velocity through
the window ventilator with the location “under the
window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along

the wall
Source: developed by the authors

As the cold supply air flow rate increases, the likeli-
hood of localised cooling zones is reduced due to more
efficient mixing of the cold supply air and warm indoor
air. However, the increased air flow rate associated with
the increase in air velocity may cause some discomfort
to the occupants.

Discussion

Due to the high level of airtightness and thermal insu-
lation, thermally modernised buildings significantly re-
duce heat loss. M.S. Unliitiirk & T.G. Ozbalta (2024) note
that such measures contribute to a significant increase
in energy efficiency, but at the same time create new
challenges in ensuring adequate ventilation. In turn,
M. Bhandari et al. (2018) and C. Banister et al. (2022)
point out that the increased airtightness of structures
significantly limits natural air exchange, which affects
the quality of the indoor environment. Z-Y. Chen et
al. (2024) analyse the impact of external sources of
pollution on indoor air, pointing out the particular
importance of ventilation systems in such conditions.
M. Mannan & S.G. Al-Ghamdi (2021) and S. Fujiyoshi et
al. (2022) add that a significant source of air pollution
is internal factors such as furniture, finishing materi-
als, and occupants’ household activities. Mechanical

the air reaches the upper layers of the room, ensuring
uniform air exchange.The air flow rate avoids the forma-
tion of cold stagnation zones near the floor. The results
of the simulation of temperature changes in the room
demonstrate a more even temperature distribution
throughout the room (Fig. 6). Cold zones become less
pronounced, and temperature gradients are reduced.
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Figure 6. Simulation of the supply air velocity through
a window ventilator with the location “under the
window” in the frontal plane
Notes: a - along the axis of the window ventilator; b - along

the wall
Source: developed by the authors

ventilation systems are commonly used to address
this problem. As noted by V. Savin & V. Zhelykh (2023b)
note that such systems allow controlling air exchange
and microclimate parameters, however, according to
Y. Tang et al. (2022), they are characterised by high en-
ergy consumption. This contradicts the main goal of
thermo-modernisation, which is to reduce energy con-
sumption by the building.

The authors of M. Carlsson et al. (2019) conducted a
study of different methods of sealing the building en-
velope using heat recovery ventilation in multi-room
buildings. Based on the results of the study, they con-
cluded that proper modernisation reduces the overall
energy demand for heating by 78% and greenhouse gas
emissions by 83%. The work of N. Bianco et al. (2023) fo-
cused on analysing the impact of building insulation on
ventilation systems with heat recoverytechnologies.The
authors of the study emphasise that building insulation
significantly reduces heat loss due to the low thermal
conductivity of the building envelope, limiting natural
air exchange, which in turn negatively affects indoor
air quality and requires the introduction of additional
ventilation solutions. The use of heat recovery systems
can reduce energy consumption for heating and cool-
ing and ensure efficient ventilation. The results of the
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study show that regenerative and recuperative systems
technologies effectively maintain microclimate param-
eters, but are dependent on additional electricity use.

The authors H.Y.Bai et al. (2022) point out the possi-
bility of increasing the efficiency of traditional air han-
dling units by modernising them or integrating them
with other ventilation systems. The paper emphasises
that the combination of air handling units with me-
chanical components or the use of adaptive solutions
helps to eliminate air stagnation zones and improve
the uniformity of air exchange even in difficult climat-
ic conditions. Unlike traditional mechanical ventilation
systems described in H.Y. Bai et al. (2022), the proposed
solution is aimed at reducing energy consumption and
ensuring high indoor air quality. This approach empha-
sises the potential of passive ventilation as an effective
alternative to mechanical systems.

The results of the study demonstrated the high ef-
ficiency of the wind catcher in creating a standard air
exchange in thermally modernised buildings, while en-
suring an even distribution of the supply air throughout
the entire volume of the room, which meets modern
requirements for energy efficiency and a comfortable
microclimate. Similar conclusions were reached by the
authors of T. Ahmed et al. (2021) and PK. Sangdeh &
N. Nasrollahi (2022), who note that due to their design
features, wind catchers are able to provide efficient air
circulation regardless of external climatic conditions.
The results of modelling the operation of window ven-
tilators show that their use is not able to ensure prop-
er air exchange, in particular in the cold season, when
there are significant temperature gradients and the for-
mation of cold air stagnation zones, which negatively
affects the indoor climate.

It is also important to compare the results obtained
with the studies of M. Alwetaishi & M. Gadi (2021) and
A.H. Chohan & J. Awad (2022), which analysed wind
catchers of various designs and the possibility of their
integration into modern architectural solutions. The
modelling results showed that wind turbines can be-
come a key component of the natural ventilation system,
functioning effectively in different climatic conditions
without the need for additional energy consumption.

The authors of the study by Z. Liu et al. (2019) em-
phasise the need to introduce modern approaches to
fresh air treatment to improve the energy efficiency
of buildings. The use of innovative technologies helps

in cases where it is necessary to ensure high air qual-
ity with minimal energy consumption. In general, the
results obtained indicate that the wind catcher is an
effective solution for ensuring regulatory air exchange
in thermally modernised buildings, which is confirmed
by the data of many scientists mentioned in the article.

Conclusions

The analysis of the modelling results showed that the
use of ventilators in the warm season, regardless of their
location (“above the window” or “under the window”),
can partially distribute the air in the room, but even with
the maximum performance of the ventilators, the stand-
ard air exchange is not ensured. During the cold season,
there are significant temperature gradients in the vicini-
ty of the air handlers, especially when supplying through
the lower air handler. This creates cold zones in the low-
er layers of the room, which leads to a decrease in ther-
mal comfort in the room and an increase in energy con-
sumption required for additional heating of the room.

Due to its design features, the wind catcher ensures
standard air exchange in the room regardless of the
temperature difference between the internal and exter-
nal environment, promotes efficient circulation of the
supply air and prevents the formation of stagnant zones,
which is confirmed by the modelling results. Thus, the
results of the study prove the high efficiency of the wind
catcher as a passive ventilation element capable of
providing standard air exchange in the room regardless
of the season, which makes it a universal passive ven-
tilation solution for use in different climatic conditions.

The modelling of the impact of natural ventilation
on the air exchange of a thermally modernised building
was carried out on the example of a single room, which
limited the study, since the specifics of air exchange in
multi-room premises were not taken into account. The
study also adopted modelling conditions without taking
into account possible changes in external factors (wind
speed, etc.). Further research should be aimed at ana-
lysing the behaviour of air handling units in multi-room
buildings, determining the optimal design parameters
of wind catchers for different types of buildings and ex-
panding research to take into account climatic features.
This will provide more accurate recommendations for
the effective use of passive ventilation to improve the
energy efficiency of buildings.
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AHoTauifs. MeToto 4oCnigkeHHs YN0 NOpiBHAHHA eheKTUBHOCTI po6OTU NMPUNAMBHUX NMPUCTPOIB NACUBHUX CUCTEM
BEHTUNALII (BITPOBNOBAOBAYA OPUFiHANbHOT KOHCTPYKLiT Ta BIKOHHOIO MPOBITPIOBAYa 3 BapiaHTaMM poO3TallyBaHHS
«Hap, BIKHOM» i «nif BiKHOM»). B pe3ynbtaTi HafaHO OLIHKY XapakTepy MOBITPOPO3MOAiny Ta 0cobansocTen
LMpPKYAALi MOBITPSIHMX MOTOKIB B MPUMILLLEHHI Npu pi3HMX BapiaHTax nogadi npunaueHoro nosiTps. [ns 36opy
Ta cucTemaTum3auii iHdopMauii Npo NacMBHY BEHTUAALIO, i1 ePEKTUBHICTb 3aCTOCYBaHHS Y TEPMOMOAEPHI30BaHMX
OyamMHKax Ta OLiHKM MOX/IMBOCTI 3abe3neyeHHs HOPMATUBHOIO MOBITPOOOMIHY B NPUMILLEHHSAX 6YN0 BUKOPUCTAHO
METOAM Yy3arafibHEHHS pe3ynbTaTiB MONepeaHixX AO0CNIAKEHb, @ TaKOX KOMMAEKCHWM Ta NOriKo-CTPYKTYPHUNM
aHanis. [1na 06pobku Ta OLHKM OTPUMaHMX AaHMX Byno 3aCTOCOBAaHO HAaYKOBO-aHaNiTUYHMIA aHani3. KommioTepHe
MOJEeNt0BaHHS L03BOIMIO MOPIBHATU PE3YNbTaTH Ta OLIHUTM PO3MOAIN NOBITPAHWUX NOTOKIB, TEMNEPATYPHI FPaAieHTH
Ta eDeKTUBHICTb MOBITPOOOMIHY B NpuMiLLeHHI. [TpoBefeHO KOMNNEKCHUI aHani3 ebeKTUBHOCTI MACUBHOT BEeHTUAALi
B TEPMOMOZAEPHI30BaHOMY BYAMHKY i3 BUKOPUCTAHHAM Pi3HUX TUNIB NPUNIMBHWUX NPUCTPOiB.JocnigkeHo iXHil BNAnB
Ha MOBITPOOOMIH y NPUMILLLEHHI 33 Pi3HMX KNiIMAaTUYHUX YMOB (TEMIMI Ta XONOAHMI Nepioan PoKy) 3 ypaxyBaHHSAM
po3noainyTemMnepatypu Ta LWBMAKOCTI MOBITPSHOIO NOTOKY. BU3HaUeHi ONTUManbHi pilleHHS AN NAaCMBHOT BEHTUASALII,
AKi [O3BONAIOTb 3HU3UTU EHEPrOBUTPATU MPU CTBOPEHHI HOPMATMBHOIO MOBITPOOOMIHY B TEPMOMOAEPHI30BaAHMX
OyaMHKaXx, WO € K/HOYOBMM acnekToM ans 3abesneveHHs eHeproed®eKTMBHOCTI Ta KOMMOPTHMX YMOB MPOXMBAHHS.
B pesynbrati MoOentoBaHHS OTPMMAHO [aHi MpO pO3MoAin TemMnepatypu Ta LBWMAKOCTI MOBITPSHOMO MOTOKY B
NPUMILLEHHI AN BIKOHHOIO NPOBITPtOBaya Ta BiTPOBNOBAOBAYA. [IpoBeaeHO aHani3 OTPUMaHUX AaHMX Y GPOHTaNbHIN
Ta rOPM30HTANIbHIM NAOLWMHAX, WO LO3BOUIIO OLIHUTM OCOBIMBOCTI PO3MOBCIOAXKEHHS NOBITPS B 06EMi NPUMILLEHHS.
OcobnuBa yBara npugineHa aHanisy 3oHu 6e3nocepenHbo 6ing NPUNIMBHOIO NPUCTPOLO, WO A03BOAWIO AETANIbHO
BMBYUTM NOBEAIHKY MOBITPSHOIO NOTOKY Ha MOYATKOBMX e€Tanax Moro po3nofiny B NPUMILLEHHI Ta OLHUTU 3MiHK
TemnepaTypu i LWBMAKOCTI NOTOKY 3a71€XHO Bif BUTPATM NOBITPSA | BiACTaHI BiA NpunanBHOro npuctpoto. OTpuMaHi
pe3ynbTaTM [03BOSOTb AETaNlbHO OLHWUTU MOBITPOOOMIH Y MPUMILLEHHI, BPAaXOBYHUYM BMMB KOHCTPYKTUBHMUX
0cobMBOCTeN NPUNAUBHUX NPUCTPOiB HA ePeKTUBHICTb PO3MOAINY Ta LMPKYNALii NOBITPS
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