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This paper demonstrates the results of both thermal and airflow simulation of existing

naturally ventilated in double-bedroom homes in Poland.

ue to climate change, the rise in tem-
D perature causes an increase for cool-

ing demand to provide occupants’
thermal comfort [1]. The increase in tem-
perature, decreases the heating demand
for buildings during winters [2], on the oth-
er hand, in summers energy consumption in-
crease for cooling needs [2].

As over 40% of global energy use is
accounted for by the building sector [3];
Application of architecture passive strate-
gies, is more essential and crucial to under-
take active cooling methods in order to
provide thermal comfort [1]. The goal of pas-
sive design is to reduce the building's energy
consumption. Also, as for passive cooling
strategies, natural ventilation, solar shading
and evaporative cooling, radiative cooling,
and ground cooling [4] are the major studied
strategies. This paper mainly focuses on nat-
ural ventilation during hot seasons in central
European countries, especially Poland. Build-
ings consume roughly between 30-40% [3,
5, 6] of energy use in almost all countries
around the world, while in Poland the precise
number is among highest of 38% [7].

Utilizing large windows can minimize heat-
ing demand and allow for the use of solar
heat gains in the cold season. Nonethe-
less, blinds should be installed for the sum-
mer months [8, 9]. But, the effect of large

windows and the shading devices on hot sea-
sonal thermal comfort and natural ventila-
tion has never been studied before. While
some researches [9] emphasize the need to
study the effect of natural ventilation on
environmental conditions and occupants’
thermal comfort in future research. On the
other hand, in Poland there are few design
reviews or construction quality control for
high-performance houses, including airtight-
ness and ventilation [10]. Some good exam-
ples of these applied research in Poland are
the Polish Ventilation Association [11] and
the Polish Association of Wind Engineering
(PAWE), which are mainly working on imple-
mentation of the ventilation and window
standards in Polish construction regulations.

Natural ventilation (air currents without
the use of fans) can be divided into two cat-
egories: wind-driven ventilation and stack or
buoyancy-driven ventilation [4, 12]; The for-
mer relies on wind-induced pressure differen-
tialsand airinlets (fenestrations like windows
and doors) in the building facade, while the
latter results from convective flows origi-
nated by vertical temperature gradients [4].
Also as design point of view, it includes sin-
gle-sided ventilation, cross ventilation, and
stack ventilation [12] (fig. 1.).

Several research experiences have shown
the potential of ventilation for cooling

demand savings, ranging from 40% to 80%,
depending on flow rates, climate context,
and particularities of the building [13].
According to this research, Vertical Pivot win-
dow performs most effectively in terms of air
velocity and airflow direction [14]. It should
be noted that climate change and the impor-
tance of windows for better thermal comfort
are global and many researchers investi-
gated this issue all over the world [15], but
this study tries to focus on large-scale apart-
ments with real window sizes as well as their
dimensions. This study addresses a research
gap by investigating housing buildings with
flat roofs and non-symmetric window place-
ments. A detailed model is created, includ-
ing internal walls and available windows in
the Polish market. The study examines tem-
perature and airflow in different areas of the
house, considering solar radiation and worst-
case scenarios for cooling.

Methodology

As the research process is shown below,
this study includes 3 main steps: first theo-
retical framework and state of art second,
input modeling and possible alternatives
and analysis and finally Part 3: Analyzing the
outcomes.

In the first stage, weather data in some
important cities in Poland was examined. The

Fig. 1. Natural ventilation: single-sided ventilation (left), cross ventilation (middle) and stack ventilation (right); source: [4]



worst (hottest) scenario is for to July 2022.
Onthis day, the air temperature of most cities
in Poland are as for Warsaw 35,5°C, Poznan
37°C, Gdansk 35°C, and Krakow 36°C, the
relative humidity is between 50-60% and
the minimum wind speed is between 3-4 m/s
(fig. 3.).

The Polish housing is classified based on
four archetypes: single-family houses, ter-
race houses, multi-family houses, apart-
ment blocks [10], but the Polish residential
building is dominated by two types: multi-
family houses in dense urban regions by
37% and single-family houses in rural and
low-density areas by 36% [17, 18]. This
study includes the study of more than 25
residential complexes in different regions
of Poland. These are based on library study
mainly Polish architecture magazines,
books and reports called ARCHITEKTURA
(1945-2022). In total, more than 300 types
of housing studios (no bedroom), one-bed-
room, two-bedroom, three-bedroom and
four-bedroom residential unit plans were
included. This information categorized by
the location, size (bedrooms), year of con-
struction/design, type of possible venti-
lation (cross ventilation or single-sided
ventilation), and organization along the
facade as shown below.

The graph shows that two-bedroom
housing units have cross ventilation poten-
tial, while single-bedroom and flats typi-
cally have single-sided ventilation potential.
Based on interviews with architects and
experts, the most commonly used types of

Part 1: Theoretical framework and state of art
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Fig. 2. The research processes

windows in Poland were selected, with two
different sizes: 120 cm wide by 150 cm high
and 150 cmwide by 150 cm high. A 3D model
was generated, considering the fenestra-
tions such as window size and solar protec-
tion. Test models were created with different

window protection options, including base
model, horizontal louvres, and overhangs
(fig. 4.).

To facilitate the presentation of results,
each model has been named briefly as shown
inthetable 1.

-1 :;. i He e :

Fig. 3. Climate data for main Polish cities (Warsaw, Poznan, Gdansk and Krakow); source: [16]
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Graph 1. The frequency of each type according to the type of natural ventilation

Table 1. The given names of each model

Small window (S) Big window (B)
Base model (BA) S-BA B-BA
Shading devices (overhangs and side fins) (SH) S-SH B-SH
Louvers (LO) S-LO B-LO
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Fig. 4. Plan and 3D model of the 2-bedroom house with the potential of cross ventilation

Model geometry

and boundary conditions

For the design and evaluation of cross-
ventilation in buildings, a reliable CFD sim-
ulation of combined external wind flow and
indoor airflow is required [19]. Cross-ventila-
tion, may be modeled in two basic ways: the
decoupled method and the coupled method.
A decoupled approach necessitates the use
of two sets of CFD models: one for external
space and one for internal space. After cal-
culating the outdoor airflow field, the sec-
ond stage involves performing anindoor CFD
simulation by using the outdoor pressure

profiles at the opening positions as bound-
ary conditions for the indoor model [12, 19].
As aresult, current research replicates cross
ventilation across wide openings using a cou-
pled technique. Because the coupled CFD
simulation includes both indoor and outdoor
regions in the same computational domain.
Simulation process has been taken
place using a CFD software from Autodesk
(Autodesk CFD 2019). After modeling cases,
a typical city block should also be modeled.
All the building blocks have the height of
atwo-story building. The top floor represents
the highest floor of residential buildings that
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Fig. 5. Relation between built environment geometry and boundary condition size using
recommended relative dimensions and proportions by Autodesk CFD; source: [20]

receive solar heating from the roof, and the
ground floor represents other normal floors
of the building. The whole block including
the neighbors is located in a model of an
urban area, which simulated based on a high-
density city standard.

Model features (boundary

condition and materials)

The cases were modeled on a boundary
with a domain size of 6d, 5w, 3h, where d is
modeled length, and h and w are the height
and width, respectively. The dimensions
were selected following former studies and
Autodesk recommendations (fig. 5.and 6.).

The ratio of the building height to the
street canyon width has been set by the Pol-
ish code of residential buildings like consid-
ering the minimum distance between the
wall with windows and/or doors from the
plot border/neighbor blocks in the worst-
case scenario. The second parameter that
was taken into consideration was the build-
ing aerodynamic standard, where the dis-
tance between the building blocks should
not considered greater than their height.
This causes more static flow behind the
building and the worst ventilation condi-
tions. Then, the model has been placed
inside a volume of air with the inlet air veloc-
ity of 3 m/s with the temperature of the hot-
test day (37°C) and relative humidity of
50%, the outlet gauge pressure has been set
to OPaand the other four faces of the bound-
ary condition has been set to be slip/sym-
metry. The simulation has been executed
to 6 types in 8 different orientations (0=N,
45=NE, 90=E, 135=SE, 180=S, 225=5W,
270=W, 315=NW). Glass material was used
for the windows, and UPVC material for the
window frames. For balcony railings, wood
material and concrete construction ele-
ments were applied for the rest.

Results and discussions

Here the results are presented based on
the wind direction toward the model. The
final results include the evaluation which is
the presenting of the accuracy the data meas-
ured by CFD comparing with the other CFD
simulations or experimental data [21]. In this
research evaluation is done by repeating the
simulation on DesignBuilder software and
comparing the results related to air temper-
ature, wall temperature, and the airflow rate.

Wind angel O:

Among the 6 different modes examined
on the ground floor, the cases with large win-
dows generally had the better performance.
The base model with big windows (B-BA)
has the most stable temperature behavior
between 36°C and 36,5°C. With the addition
of the overhangs (B SH), the maximum tem-
perature reaches slightly more than 36°C,
with the difference in some areas, in which



the temperature drops to about 34,5°C. While all the models with small
windows had a temperature above 37°C (outdoor temperature). Even in
some areas, the temperaturerises to 39°C. In the living room, the graphs
show that the use of a larger window reduces the temperature by more
than 2°C, i.e., to about 33-35°C. Among these three models, louvered
windows (B-LO) performed better for the minimum temperature.

In terms of airflow in rooms, small windows had also the worst per-
formance. Only in front of the window in the rooms with small windows
model (S-BA), the air speed reaches about 0,7 m/s, and in the rest of the
room, the airflow speed is about 0,1 m/s. In general, large windows have
relatively more stable performance, the best example of which is win-
dows without solar protection (B-BA). After that, there are cases with
louvers and then with shadings. In the living room, except for the small
shaded window model, which has a more balanced air distribution but
with low velocity, and the small louvered window model have the worst
performance; Other models convey similar behavior, with anunbalanced
airflow of 0,2-0,35 m/s (very low) in the kitchen, and maximum between
0,6-0,8 m/sin the living room to aminimum of 0,05 t0 0,1 m/s.

Lt Flonr Bedrooms Temperanise
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Fig. 6. Boundary condition and neighborhood units and how to place
the model in dense urban space

Graph 2. and 3. Temperature data for the rooms (left) and the living room (right) located in ground floor

Graph 4. and 5. Velocity analysis for the rooms (left) and the living room (right)

On the first floor, in front of the windows, there is a significant
increase in temperature caused by the entry of outside air. Except
this, the increase in temperature can be seen in the part of the room
with a louvered big window (B-LO) model. In other cases, tempera-
ture changes are almost stable. Among the 6 modes, the models with
large windows with louvers, shadings, and without sun protection
(B-LO, B-SH, and B-BA) respectively have a relatively lower tempera-
ture (about 36°C), while models with small windows experience higher
temperatures (37-39°C) than the outdoor temperature.

In the living room, the situation is the same, the louvered sample
with a large window (B-LO) recorded the lowest temperature of 33°C,

and other options with a large window (B-BA and B-SH) have a tem-
perature of 34-36°C. All small window models reach the outside
temperature in this scenario.

Regarding the airflow, in the rooms, the large window base model
(B-BA) and shaded one (B-SH) have the better performance with
aspeed of 1,0 to 1,1 m/s. The worst performance in terms of speed
and airflow is related to the small louvered window (S-LO), which both
provides a lower air speed and affect less space in the room with nat-
ural ventilation. Living room airflow Improved in large window cases.
The best is the base model and the shaded model with a difference of
0,1 m/s.
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Graph 6. and 7. Temperature data for the rooms (left) and the living room (right) located in 1st floor
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Graph 8. and 9. Velocity analysis for the rooms (left) and the living room (right) in 1st floor
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Graph 10-13. Temperature analysis for the rooms (left) and the living room (right)
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Wind angel 45:

The analysis of the temperature outputs in the rooms shows that
the large window model with overhangs (B-SH) has the best perfor-
mance with a temperature of about 36°C. After that, the base model
(B-BA) and then large windows with louvers (B-LO) with a tempera-
ture between 37°Cand 38°C are in second place. On the ground floor,
the base model had a significant temperature drop of 4°C. In the liv-
ing room, the sample with the shading (B-SH) documented the lowest
temperature (33-34°C). After that, there are the large louvered win-
dow (max. 36°C), and the basic model (max. 37°C).

149 Flzezer Belerspem Vighoet ity

Ge. Floor Bedeoom Yelainy

Graph 14-17. Velocity analysis for the rooms (left) and the living room (right)

Wind angel 90:

Inmodelswhere the wind blows with anangle of 90 degrees, a lower
temperature of 34-36 is made in rooms with large shaded windows.
In this situation, the base model also works well. Due to the location
of the entrance windows in the wake region, rooms experience highly

141 Flops Bedenam Temperatine
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As airflow, overhanging big window model (B-SH) performs better.
The airspeed in these models in the room reaches about 0,9 m/s; And
inthe livingroom, it arrives at a maximum of around 1 m/s. In addition,
the distribution of airflow in this model is much better, and more space
in the room is affected by natural ventilation. Sometimes, following
the shaded model, the big window base model (B-BA) also shows as
good performance as the B-SH model. In these analyses, both lou-
vered models always provide the lowest airflow speed (max. 0,5 m/s).

151 Floor Living Room Velocty

inefficient and unpredictable functions when using louvers. In the liv-
ing room, the basic model, which provides more ventilation volume,
has better efficiency, and in this model, the temperature is reduced to
at least 32°C. This number reaches a maximum of 34°C with the addi-
tion of the canopy on the ground floor.

50 Pl 1aving Baetem Trrogh f1LCE

Graph 18-19. Temperature analysis for the bedrooms (left) and the living room (right)
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Regarding air flow, in all cases, the basic models with large win-
dows had better efficiency, but it should be noted that in this scenario
the maximum air flow is 0,3 m/s, which is completely insignificant. In

Gr. Flooe Bedroses Temperaiure

this situation, the models with overhangs can work close to the basic
modelin some cases.

Gr. Fice Bedrore= TEmperatine

Graph 20-21. temperature analysis for the bedrooms (left) and the living room (right)
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Graph 22-25. velocity analysis for the rooms (left) and the living room (right)

Wind angel 135:

In this scenario, large windows have better performance and keep
the room temperature in a lower range. The performance of differ-
ent cases is not very different and only slightly better conditions in
sun-protected rooms. In the living room, large windows behave simi-
larly, but here the base model shows a slightly better performance. In
this scenario and also later scenarios, the air enters the building from
the side where the walls and other components of the building such
as windows and solar protectors are exposed to the sun and this heat

enters the house. Therefore, the importance of using shading devices
is better understandable.

Airflow speed is also higher in models with large windows. The
performance of all three models is close to each other, but since there
is no obstacle against the wind in the base model, the speed is a bit
higher. But the difference is not really significant. The speed of airflow
in the rooms on the ground floor is about 0,7 m/s and 0,9 m/s on the
first floor. In the living room, the large window model works best.
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Wind angel 180:

In the scenario of 180 degrees, the tem-
perature of large windows is still significantly
lower than that of small windows. In these
cases, in some situations, the performance
of large windows with louvres (B-LO) is the
best. The temperature of the living room in
this simulation with big windows is between
36-38°Candintheroomsitreaches 34-36°C.

The speed of the air flow is higher for the
models with big windows of the base and

Conclusion

Design strategies must be reconsidered
to address the effects of climate change.
This study explored small-scale solutions to
improve thermal comfort. Results base on
evaluation showed that larger windows had
a positive impact on air temperature and flow
inmost of the 48 samples tested. Adding sun
protection with overhangs further enhanced
this effect. Generally, temperature in Lliv-
ing rooms is lower when the inlets are bed-
room’s windows, in these cases usually large
windows perform better bothin temperature
and velocity. Also, other general conclusion
to make is that ground floor temperature is
lower because of the protection against solar
radiation; and airflow is relatively less than
the first floor. But the airflow pattern and
temperature distribution is almost the same
in both floors. This shows the importance of
the effect of the windows and their features
to thevariables.

Two places are vulnerable to the high tem-
perature, areas in front of the inlet windows
(also hallway in this case because of the ven-
turi effect), and areas far from the inlet or
outlet windows or better to explain the areas
hard to ventilate. Inboth cases the larger win-
dows help a lot to reduce these areas with
high temperature. The focus in this study is
more on these areas as the temperature fluc-
tuationis not comfortable so the aimin analy-
sis was to optimize it.

Finally, two more point to mention; First,
the shoe box models (models with just a box
as a room of a house, with fixed dimensions
that even are not common in architecture,
and also the unrealistic size and location of
the windows) are not useful for making deci-
sionsinthefield of architecture. Thisresearch
method, which is very common in the field of
mechanics, cannot be used in architecture.
This research shows that there are many
other important variables in architecture like
solar radiation, indoor walls, air inlet direc-
tion, and the floor (here ground and 1st floor
studied) that effect on the temperature and
air velocity. Secondly, louvers and sometimes
overhangs are not suitable because of solar
radiation and should be used carefully.

shaded models (B-BA and B-SH) and shows
a better air distribution. This variable was
measured between 1 and 1.1m/s in the room
and 1.2m/s for the living room.

Wind angel 225,270 and 315:

Due to the fact that the outputs and
results of the analyzes at angles higher than
180 degrees were very similar to their coun-
terparts, we will not describe them sepa-
rately. It should be noted that the results at
the angle of 225degrees were similar to the
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results at 135degrees. Also, the conditions
in 270degrees were very close to 90degrees.
Finally, the results of the case outputs at
315degree were similar to the 45degree
case. Below are the pictures of each of these
studies (225, 270 and 315). All the research
process, data and graphs are presentedin the
link [22].
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Abstract: In countries with cold winters such
as Poland, there is growing evidence for pro-
liferating overheating in summer times due
to climate change. Hence, buildings become
more uncomfortable for their occupants dur-
ing hot summers. To tackle this challenge,
we use the passive strategies potential to
adapt buildings in line with their experimen-
tal and engineering analysis of the indoor
environment. This paper demonstrates the
results of both thermal and airflow simula-
tion of existing naturally ventilated in dou-
ble-bedroom homes in Poland. Thermal and
airflow simulation is used to improve the nat-
ural ventilation system and to address sum-
mer thermal comfort problems due to exces-
sive hot airflow caused by climate change.
In the first step of the research, over 300
multi-family home plans all over Poland were
categorized by size, ventilation type, facade
organization, and fenestration type. In the
second part, computational fluid dynamics
(CFD) analysis is used on 3D models to pre-
dictindoor airflow velocities for different lev-
els of the building envelope airflow perme-
ability. Then, a coupled thermal and airflow
simulation with 2 different window size, fully
open, and with 3 integrated shadings options
(base model or no shadings, 30 cm overhang
with side-fin, and 10 cm depth horizontal
louvers) are done to investigate whether the
more opened envelope reduces a summer
overheating problem. The results for the opti-
mized natural ventilation through fenestra-
tions successfully address houses' summer
discomfort problem by reducing the indoor
temperature between 2-3°C and in some
cases up to 4°C cooler than similar model
with small windows.

Keywords: Passive strategies, Natural ven-
tilation, CFD simulation, polish multi-family
home



Streszczenie: WPEYW WIELKOSCI PRO-
JEKTOWANYCH OKIEN NA PRZEPLYWwW
POWIETRZA | TEMPERATURE W NATU-
RALNEJ WENTYLACJI KRZYZOWEJ. STU-
DIUM PRZYPADKU: MIESZKANIE DWUPO-
KOJOWE W ZABUDOWIE WIELORODZIN-
NEJ W POLSCE. Z powodu zmian klimatu
w krajach o mroznych zimach, takich jak Pol-
ska, pojawia sie coraz wiecej dowoddw na
coraz czestsze przegrzewanie sie pomiesz-
czen w okresie letnim. Dlatego budynki staja
sie bardziej niewygodne dla ich mieszkancow
podczas upalnego lata. Aby sprostac temu
wyzwaniu, wykorzystano potencjat strate-
gii pasywnych do adaptacji budynkéw zgod-
nie z ich eksperymentalng i inzynierskg ana-
liza $rodowiska wewnetrznego. W artykule
przedstawiono wyniki symulacji termicznej
i przeptywu powietrza wistniejacych polskich

mieszkaniach dwupokojowych z naturalng
wentylacja. Symulacja termiczna i przeptywu
powietrza stuzy do poprawy systemu natu-
ralnej wentylacji i rozwigzania problemow
zwigzanych z komfortem cieplnym w lecie,
spowodowanych nadmiernym przeptywem
gorgcego powietrza zwigzanym ze zmianami
klimatycznymi. Na pierwszym etapie badan
ponad 300 projektéw domédw wielorodzin-
nych z catej Polski zostato skategoryzowa-
nych pod wzgledem wielkosci, rodzaju wen-
tylacji, organizagji elewacji i rodzaju okien.
W drugiej czesci analiza obliczeniowej dyna-
miki ptynow (CFD) byta wykorzystywana na
modelach 3D do przewidywania predkosci
przeptywu powietrza w pomieszczeniach dla
réznych poziomdw przepuszczalnosci powie-
trza przez powtoki zewnetrzne budynku.

Nastepnie przeprowadzano potaczona
symulacje termiczng i przeptywu powietrza
zdwomaréznymirozmiaramiokien, catkowicie
otwartymi, i trzema zintegrowanymi opcjami
zacienienia, aby zbada¢, czy bardziej otwarta
powtoka budynku zmniejsza problem prze-
grzania mieszkania w okresie letnim. Wyniki
pokazuja, Ze zoptymalizowana naturalna wen-
tylacja przez okna skutecznie rozwigzuje pro-
blem dyskomfortu w domach latem, obni-
zajac temperature wewnetrzng o 2-3°C,
a w niektérych przypadkach nawet o 4°C
w poréwnaniu do podobnych modeli ze stan-
dardowymi oknami.

Stowa kluczowe: architektura wielorodzinna
w Polsce, wentylacja naturalna, strategie
pasywne, symulacja CFD
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