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Abstract: This study presents the potential of using a natural ventilation system integrated with
different combinations of enhancement techniques. The focus was on the perspective of using such
configurations of passive ventilation systems (PVSs) in buildings located in different European cities.
This work presents the results of obtaining the level of volumetric air flow rate for considering
natural ventilation systems. Furthermore, the influences of local weather conditions (temperature,
solar radiation, wind speed) were analyzed. Moreover, the year-round operation of all systems
was presented. Also noted was the limitation of using PVSs based on the natural draft effect,
additionally assisted by wind turbine ventilators in all European localizations. However, for the
cities located in the northern part of Europe, it was confirmed that such a system can still meet
minimum hygienic recommendations. It was also noted that a system additionally supported by a
solar chimney is a much better solution. The best system was a PVS supported by a wind turbine
ventilator and solar chimney integrated with PCM accumulation mass. The system should be
additionally supported by waste heat from low-temperature sources. In the presented study, a high
potential to reduce CO, emission from building stock by the recommended system is additionally
highlighted. However, there is still a need to analyze the proposed solutions by additional field tests
and experimental investigations.

Keywords: object-oriented modeling; PCM; solar chimney; low-temperature waste heat; wind force;
solar radiation; natural ventilation enhancement techniques; air exchange per hour

1. Introduction and Theoretical Background

According to the conclusions highlighted in the last EU directive (EU/2023/1791),
85% of buildings in the EU were built before 2000 and, among those, 75% have poor
energy efficiency. Generally, the building stock sector amounts to about 40% of the world’s
total energy demand [1]. It should be also noted that 35% of this amount of energy is
consumed by ventilation [2]. Moreover the consumption by ventilation systems is the
least constant. It depends on hygiene requirements, local law regulations, the character of
building objects, and safety requirements [3]. Many European countries are still dominated
by natural ventilation. In Poland, according to the data for 2007, about 87% of buildings
had natural ventilation. Furthermore, 90% of such systems are so-called ventilation with
collective ducts [4]. A similar situation is found in other countries from Central and Eastern
Europe like Romania, where up to 90% of houses made before 2008 have only natural
ventilation. After 2010, this did not change very much, and 80% of new installations are
still based on gravity air movement [5]. If we look at Western Europe, there are many more
countries with an obligation to use mechanical ventilation in buildings, e.g., in France,
such regulations were applied in 1969. However, France has the largest number of single-
and multi-family houses in the EU (see Figures 1 and 2) and about 19% of the existing
buildings still have natural ventilation. So, in absolute numbers, the quantity of buildings
with gravity ventilation in Poland and France is similar.
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Figure 1. Number of single-family houses in selected European countries based on literature data [6].
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Figure 2. Number of apartment blocks in selected European countries based on literature data [6].

Efficient ventilation is crucial for the health of a building [7]. Furthermore, properly
working natural ventilation together with good insulation and shadowing systems is
significantly important for reducing the total energy consumption of a building (by up
to 59%) [8]. In this context, it should be noted that natural ventilation does not work
well during hot weather when the ambient temperature is higher than the temperature
inside buildings. Generally, the efficiency of natural ventilation is a function of localization
(Figure 3). In northern and eastern parts of Europe, such systems work efficiently during the
daytime in winter and partly during spring and autumn. However, this time is significantly
reduced in the southern part of Europe. Despite this, during the summer, natural ventilation
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can work efficiently at night and has a large cooling potential (see Figure 4). This system
also has big technical advantages: it is maintenance-free, does not need external energy, is
low-cost, has no moving parts, has high reliability, and is environmentally friendly. Due to
this, natural ventilation is still very popular. There are many literature studies focused on
enhancing the efficiency of using double window facades, wind towers, Trombe walls, and
solar chimneys [9]. This issue is also critical in the context of potential, especially for old
building ventilation retrofitting.

One of the best solutions in this field seems to be solar chimneys (5Cs). The solar
chimney has been used for many centuries. Its popularity has increased visibly over the last
two decades because of its economic and environmental benefits [10]. This device utilizes
solar radiation energy to generate a buoyancy force for air movement. The air is driven
through solar chimneys, where it is heated up and, due to lower-than-ambient air density, it
is discharged into the atmosphere. In parallel, the fresh air is transported to the building by
the intake system and the cycle is repeated. Solar chimneys as an element of natural ventila-
tion systems were extensively studied in terms of optimization system performance. Lei Y.
et al. [11] proposed a novel roof solar chimney with a perforated absorber plate to enhance
the efficiency of building passive ventilation. Jing H. [12] experimentally investigated the
influences of the gap-to-high ratio on solar chimney efficiency. Other significant parameters
that influence solar chimney efficiency are inclination angles [13], tilt [14], solar collector
area [15], chimney diameter [16], inlet and outlet area to the ventilation system [17], and
cavity depth [18]. The main disadvantage of the traditional solar chimney is the fact that
it does not operate during the night or on cloudy days. Moreover, it is very sensitive
to solar radiation levels [19]. It should be noted that, e.g., in Central Europe, the direct
utilization of solar energy typically lasts around 4-5 h per day during winter months and
around 8-10 h per day during summer months [20]. Furthermore, there are significant
seasonal disparities in solar radiation intensity in different parts of Europe. For example, in
Poland, the average solar radiation intensity varies between approximately 200 W/m? and
700 W/m? from January to June, whereas, in Turkey, the average solar radiation intensity
ranges from around 500 W/m? to 1000 W/m? from January to June. Additionally, there is
a large disproportion between the average annual temperature in different countries and
a great disproportion between daily temperature amplitude [21-24]. The solution could
be the integration of solar chimneys with thermal energy storage. However, the thermal
capacity of the conventional chimney (e.g., concrete, brick) is too small to store enough
energy. A prospective material that could be used to solve this issue is phase change
material (PCM). Thermal energy storage (TES) has a big potential to increase the efficiency
of using renewable energy over days and seasons.

Figure 3. Europe climate map classification according to Képpen—Geiger classification [25].
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RC average power potential [W/m?] .

Figure 4. Cooling potential at night in Europe [26].

S. Liua and Y. Lic experimentally and numerically investigated the influences of
different technical parameters of solar chimneys and the properties of PCM on the efficiency
of SCs. They noted that the main important parameters in the performance of the systems
are the latent heat of the PCM, heat flux, the thermal conductivity of the insulation, the
transmissivity of the glass, and ambient temperature [27]. ]J.C. Frutos Dordelly et al.
experimentally investigated the SC integrated with a rectangular aluminum panel filled by
PCM (paraffin RT42). The average total potential for energy storage by 21 used panels was
up to 5.12 kWh. It was confirmed that even with a relatively low gain of solar radiation
equal to 550 W/m?, it is possible to obtain a satisfactory level of air volumetric flow through
the SC (70 m3/h). Furthermore, it is possible to keep the temperature inside the chimney at
about 40 °C over 6 h after the absence of solar energy. During this period, it was possible to
still keep a similar average volumetric flow of air equal to 60 m®/h [28]. A.A.M. Omara
et al. revised the possibility of the performance enhancement of SCs by using PCMs. The
authors noted a few limitations and directions for future studies. Firstly, there is still a
need to optimize the thickness of PCM in solar chimneys. More focus should be put on
the analysis of influences of SC integrated with PCM at the humidity level in buildings,
which, together with temperature, is the basic parameter of comfort; the possibility to
integrate LTES with sensible energy storage; and the integration of SC supported by PCM
with a low-temperature source like a PV /T system to provide both thermal and electrical
performance [29]. Yan Cao et al. numerically investigated the perspective of integrating
PV modules with PCM storage and a solar chimney ventilation system (SCV-PV-PCM).
It was confirmed that in the Hong Kong climate, such a system has the best performance
during the summer and autumn. The largest economic benefit might be provided in June
by saving $ 2.88/month. It should also be highlighted that the electrical performance of
SCV-PV-PCM is better by about 14.8% than that of conventional systems based on a solar
chimney integrated with a PV panel (SCV-PV).

An additional possibility of enhancing natural ventilation is through induced air
movement by wind force. One of the most popular solutions is using a wind turbine
ventilator due to the possibility of working independently from the wind direction and
providing the possibility to flow air without wind force and only by a stack effect [30].
However, the efficiency of the combined system of the roof wind turbine ventilator and SC
has not been well studied [31]. Numerical investigations have confirmed the significant
influence of wind on solar chimneys with wind-induced channels [32].

Nevertheless, there is a big potential to use LTES systems to enhance the effective
use of solar chimney technology, but this cannot solve all the issues. Firstly, in the case of
low radiation for a longer time, the ventilation system efficiency drops significantly and
does not provide the possibility to meet the technical requirements for such systems. A
possible solution could be to connect the LTES to an additional heat source, which could
be even temporarily available during the day or night time. This would give a chance
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to combine using free solar energy with additional waste heat. The largest possibilities
for the application of such an idea might be in highly urban areas. According to recent
research, each year in Europe there is around 1.2 EJ of low-temperature heat available from
urban sources like data centers, metro stations, service sector buildings, and wastewater
treatment plants. However, the main challenge of using such heat is that the temperature
is usually less than 40 °C [33]. Nevertheless, there is also a large potential for individual
air cooling and drying systems. According to the International Energy Agency, there are
1.6 billion HVAC units in the world. Due to climate change and the economic growth of
countries such as China or India, it is expected that, by 2050, the total number of HVAC
units will reach 4.5 billion. A good example could be waste heat from AC used for drying
clothes. The available temperature range for condensers of such units varies between
~42 °C and 42.6 °C. In the case of refrigeration systems used for drying food like potatoes,
the available temperature is between 34 °C and 44 °C. However, the most common method
in urban areas seems to be waste heat from domestic refrigeration cooling systems, with a
temperature of up to 52 °C (depending on ambient temperature) [34]. Furthermore, in the
European industry, there is around 469 TWh of heat at a temperature below 100 °C [35]. The
priority of using the higher temperature of heat is for, e.g., the production of domestic hot
water or heat for space heating. Nevertheless, in general, the demand for heat is a function
of ambient temperature. So, in the hot period of the year, most of the waste heat is not
used. On the contrary, the demand for heat from passive ventilation systems grows with
growing ambient temperatures. It has already been confirmed that waste heat improves
the efficiency of SC power plants [36]; however, there is still a lack of data about integrating
solar chimneys with low-temperature waste heat for passive ventilation (please see the
summary of the presented literature in Table 1).

Table 1. Summary of presented literature regarding the different enhancement methods in natural
ventilation systems: WC—wind catcher.

SC-PCM- SC-WTV-

Year Publication SC WC SC-PCM PCM Novelty
2016 [11] v roof solar chimney equipped with a perforated
absorber plate
experimental study for a solar chimney with large
2015 [12] v gap-to-height ratios
design of a solar chimney to induce natural ventilation
2007 [13] v in a residential building
mathematical modeling of optimal till for maximizing
2008 [14] v air flow rate through solar chimney referring to daily
solar radiation level
2014 [15] v mathematical model for rooftop solar chimney
2016 [17] v a universal empirical model for volumetric airflow at the
solar chimney
2009 [18] v experimental results for solar chimney operated in
real conditions
2017 [19] v numerical simulation of solar chimney integration with
PCM material for different operation parameters
2015 [27] v numerical simulation of heating performance for solar
chimney integration with PCM for different parameters
2019 [28] v experimental investigations in laboratory conditions of a
solar chimney integrated with PCM
2021 [31] v experimental investigations of solar chimney integration

with a wind turbine ventilator
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Table 1. Cont.

Year Publication SC SC‘-I\I;SM- SC-PCM Sle;g\"/l[" V- Novelty
possibility of integrating rooftop solar chimneys with
2020 371 v waste heat from PV panels
integration of solar chimneys with an accumulated wall
2020 [38] v (filled by PCM) and windcatcher
2024 [39] v determining the efficiency of passive solar systems based

on using solar chimneys integrated with a wind catcher

According to the presented literature sources, the main technologies that could be pro-
vided to enhance passive ventilation systems rely on using solar energy with accumulated
mass (PCM). There are limited studies regarding the integration of solar and wind energy.
The main disadvantage of using such a system is the periodic and intermittent character of
renewable energy sources. The solution could be hybrid systems using both solar energy
and wind forces. One of the best possibilities seems to be the integration of solar chimneys
with wind turbine ventilators [31] and solar chimneys integrated with accumulated mass.
However, it has already been confirmed that traditional chimney construction based on
concrete cannot provide sufficient accumulation levels of thermal energy. The alternative
is to use PCM as an additional accumulation mass in the solar chimney. The positive
influence of the integration of waste heat energy sources with solar chimney power plants
has also been confirmed. There are no studies about the integration of solar chimneys with
wind turbine ventilators and PCM or the possibility of using waste heat energy in passive
ventilation systems. There is also limited information about the year-round operation of
passive ventilation systems in different European locations [37]. Due to these facts, the
main purposes of the presented study were as follows:

e  Simulation of year-round operation of passive ventilation systems based on the use of
renewable energy sources (solar, wind) and low-temperature waste heat.

e  Providing comprehensive results for the different arrangements of natural ventilation
systems in different European urban areas.

e  Presenting the comparisons of different ventilation strategies to avoid concentration
of building indoor pollution in selected locations.

e Analysis of the possibility for CO, reduction by using a passive ventilation system.

The year-round operation of the system was presented by using object-oriented mod-
eling in Modelica for selected cities in Europe. Three different scenarios were analyzed:
natural ventilation using a wind turbine ventilator, solar chimney wind turbine ventilator,
solar chimney with wind turbine ventilator, and PCM mass integrated with a waste heat
source. Calculations were made for typical residential spaces in European conditions. This
work will present the results for volumetric flow levels by analyzing natural ventilation sys-
tems. Furthermore, the influences of local weather conditions (temperature, solar radiation,
wind speed) will be analyzed.

2. Simulation of Combined Natural Ventilation Techniques
2.1. Characteristics of Proposed Systems

This section introduces the procedure used to analyze the potential of using different
combinations of natural ventilation techniques to enhance the performance of fresh air
supplied to the building objects. The three different models of passive ventilation systems
were selected. Figure 5 presents the model of passive ventilation with a roof wind turbine
ventilator located at the end of the air chimney. This type of turbine is driven by wind
and, compared to the different chimney cowls, could improve ventilation rates for all
wind directions [40]. According to the definition of the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE, 1999), the main active forces are
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the wind induction and stack effect. The second model is presented in Figure 6. This is
a natural ventilation system with a solar chimney also supported by a wind turbine. As
has been already noted, the solar chimney is based on natural convective air movement
created by the density differences between the air inside the chimney and the environment.
Generally, it is based on using a solar heater as an integral element of one of the chimney
walls. It generates air movement by bouncy force created by heating the air inside the
chimney with solar energy. This system works until there is enough solar radiation to
increase the air temperature to be higher than the ambient one [41]. However, in the case
of using a roof wind turbine ventilator, it can also be operated by using wind forces. To
mitigate the variability of the SC system performance and wind turbine ventilator, using
additional storage mass, which could keep energy longer and heat the air for a longer
period, was next analyzed. It seems that the best technology is based on PCM materials [42].
However, the reasonable range of operation time of LTES due to the limitations of space and
mass and economic reasons should be no longer than a few hours [37]. Furthermore, the
operation time of an SC with PCM is strongly related to the level of solar radiation, which
is variable also due to weather conditions [28,43]. Also, the performance of wind turbine
ventilators is strongly affected by the location [44]. As the European Environment Agency
highlighted, the average wind speed is relatively higher in Northern Europe and along the
coastline than in the southern part of the continent. Due to this fact, it was proposed to use
for Model 3 (see Figure 7) a hybrid system relying on using SC with PCM supported by a
wind turbine ventilator and integrated with low-temperature waste heat energy.

Wind turbine
ventilator

BRICK

-

Figure 5. The idea of Model 1. Natural ventilation supported by a roof wind turbine ventilator.

Wind turbine
ventilator AR

GLASS

BRICK

C T 1
IIW‘I
* ]
L T 1

Figure 6. The idea of Model 2. Natural ventilation supported by a solar chimney.
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Wind turbine
ventilator
AlR
GLASS INSULATION
HEAT
PCM SOURCE
/

Figure 7. The idea of Model 3. Natural ventilation supported by a solar chimney with latent thermal
energy storage connected to a heat source.

2.2. Mathematical Model
2.2.1. Volumetric Flow Rate Calculation

The proposed ventilation systems were mathematically modeled regarding select
semi-theoretical correlations available in the literature. However, it should be noted that
the accuracy of the presented correlations is confirmed by limited experimental data.

The average volumetric flow into the solar chimney as a function of solar radiation
heat flux was calculated according to the model proposed by Long Shi et al. (see also
Figure 8).

Figure 8. Schematic of SC for Equation (1).
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_ w(sin 07)1/3q1/2q07132/3
Vsc q = Slope , o
Slope = 37E + 50M + 66G — 41 4 82

where

w—cavity width (m);

p—inclination angle from the horizontal (°);

q—heat input intensity (W/m?);

d—air gap thickness (m);

H—cavity height (m);

Slope—regressed slope;

E—environmental factors, 1 for outdoor test and 0 for indoor test;

M-—cavity materials, 1 for metal structured cavity and O for others;

G—glazing, 1 for non-glazing and 0 for glazing;

I—insulation, 0 for heavy insulation with a thickness near 5 cm or above and 1 for
normal insulation.

The average volumetric flow into the solar chimney as a function of PCM temperature
was calculated according to the correlation proposed by Afonso and Oliveira [45] (see also
Figure 9).

Aﬂut ‘Am

\ To
Tc

Tin

Figure 9. Schematic of SC for Equation (2).

2Be(T. — To)H
Vscr = Aout Bg( CA 02) 2)
FEL ki (520 + out

where
f—thermal expansion coefficient (1/K),
g—gravity (m?/s),
T—temperature in the cavity space (K),
To—ambient temperature (K),
f—wall friction coefficient,
Dy—hydraulic diameter (m),
kin—pressure loss coefficient at the inlet,
kout—pressure loss coefficient at the outlet.
In the case of natural draft volumetric flow into the ventilation duct, the equation

below was used [46].
1/2

D? [ 2g(p, — p,)h

VNp =7 5T
HE L Ep,
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where

po—outside air density (kg/ m3),

pr—inside air density calculated according to room temperature (kg/m?3),

h—height between outlet and inlet air (m),

A—Darcy—Weisbach friction coefficient,

l—length of duct or pipe (m),

Tin—room temperature (C).
P = 1.1614 — 0.00353(T, — 300) 4)
pr = 1.1614 — 0.00353(Tj, — 300) )

Furthermore, an additional equation from the literature was used for extracted air
flow rates in m3/h by wind turbine ventilators (Equation (4)) [47].

Vi = 0.0185v2, 4 11.819v,, — 6.3174 (6)

where

Vw—wind flow velocity (m/s).

In the case of a combination effect of wind force and buoyancy force, the equation
recommended by Walker and Wilson in 1993 was used [47].

sc_q

11\

sc_q

1 1 \" 1 1 \" 1/ 1/n\"
Vi = (vtnv+v;qm> for Model 2 if (vtnv+v;¢m> > (Vi/"+ Vi) "and Model 1,

1 n

sc_T

1 1\" . 1 3 1/ 1/n\"
Vi = (thv + van_T) for Model 3 if <thv + VIQID> < (VW“ + V4 ) , )

sc_T

1 1 A\" 1 1 \" 1/ 1/n\™
Vi— (vg‘v —l—VI‘QTD) for Model 3 if (Vg;,+V§ID> > (V" +VY) or To < 278K

where

Vi—total volumetric flow (m3/h),

Vsc—volumetric flow in the solar chimney (m3/h),

n—equal to ¥ for large openings.

The total volumetric flow was calculated based on the superposition method. It
assumed both the wind force and buoyancy force occurrence. In the case of buoyancy force,
this was created based on simple indoor and outdoor temperature differences (ambient
and room temperature) or by the additional influence of the solar chimney effect. Total
volumetric flow was a function of air pumped by the wind turbine ventilator and buoyancy
force (natural draft) for Model 1. This was also true in the case of Model 2 in the case
of the absence or weak influence of solar radiation (see Equations (3), (6) and (7)). If the
total volumetric airflow created by buoyancy force in the solar chimney and wind turbine
ventilator was larger than in the case of the previous assumption, then the volumetric
flow needed to be calculated for Model 2 regarding Equation (8) (see also Equations (1)
and (6)). For Model 3, total volumetric flow was a function of wind speed and temperature
from a stable low-temperature heat source (see Equations (2), (6) and (8)). However, if
the volumetric flow calculated by the assumption for Model 1 was higher, that value was
also set for Model 3. The presented logic was implemented into Modelica. The process is
schematically presented on the flow chart in Figure 10.
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Begin

/ Provide geometrical parameters of 5C /

|

Provide room temperature and temperature of
low-temperature waste heat

/ Choose the system location /

Generate one-vear scenario for solar radiation,
ambient temperature, and wind speed

|

Calculate air physical parameters ]

Calculate p, using Eq. (4)
Calculate p, using Eq.(5)

Calculate volumetric flow rate

Calculate ¥V, , using Eq. (1)
Calculate V; ; using Eq. (2}
Calculate V,p using Eq. (3)
Calculate ¥, usingEq.(6)

Calculate total volumetric flow rate for Model 1, hModel 2,
and Model 3

Calculate ¥ for Model 2 using Eq. (7) and Eq. (8)
Calculate 1 for Model 1 using Eq. (8)
Calculate ¥ for Model 3 using Eq. (8)

Figure 10. Flow chart to predict PVS volumetric flow rates.
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2.2.2. Simulation of Passive Ventilation by Objected-Oriented Modeling

For modeling the year-round operation of different passive ventilation systems,
objected-oriented language was used. The special programming procedure was prepared
by using Modelica software version 3.2.3 (see Figure 11). Modelica Buildings Library
Version 8.1.3 and Modelica Standard Library Version 3.2.3 were used to build the model.

RoamTemperature

3
2
HiGioHar
GdanskWheterData
weasat i
: n
PCU_Temperature '
| 3 wsge (Gdansk o
GdansiiWheterDak
»
T M
2 g\ b
=323
Vminim "

k=128 n O%

Figure 11. Schematic model of passive ventilation systems: 1—submodel prepared for simula-
tion of different passive ventilation systems (Model 1, Model 2, Model 3), 2—package containing
models to read weather data, 3—expandable connector used to implement the weather data bus,
4—mathematical component representing minimum value for volumetric flow supplied to residential
building objects.

All systems (Model 1, Model 2, Model 3) were analyzed for typical weather conditions
throughout the year. Climate data were provided for selected cities in different geographic
regions and climate zones in Europe according to Energy Plus weather (see Figure 12).
The locations were chosen according to two assumptions. Firstly, they covered different
urban areas in Europe located in different climate zones. However, the main factors that
influenced the decision were the maximum and minimum air temperature (see Figure 13).
The second factor was wind speed and wind stability (see Figure 14). It should be also
noted that all the presented urban areas (cities) were located in countries that belong to the
European Economic Area.
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Figure 12. Geographical distribution of the selected European cities (map was created in Matlab
version 2022a according to the geographical position presented in Google Maps).

Figure 13. Air shape temperature maps: (a) maximum, (b) minimum [48].
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Mean wind speed - ERAS , Maximum Vmax = 9.81 m/s
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Figure 14. Average wind speed in Europe [49].

Calculations were made for changes in solar radiation, ambient temperature, and wind
speed, with a time step of 0.5 h. The presented simulation covered 8760 h of the year from 1
January to 31 December. A constant room temperature equal to 297 K (24 °C) was assumed.
Furthermore, the constant temperature of mass accumulated in the chimney (PCM) was set
as equal to 323 K (50 °C). The solar chimney technical dimensions were H=2m, 6 = 90°,
w=1m,d =0.075m, and 1 = 3.5 m. As the reference value for the calculation was set, the
recommended minimal amount of volumetric flow range by hour was equal to 128 m3/h.
This value was calculated regarding the average area of the apartment in the EU (assumed
to be 96 m?) and average height (assumed to be 2.65 m) [47]. Then, the final volumetric
flow rate was calculated according to the typical apartment volume and typical minimal
value of air change per hour for Europe, which is 0.5~1 [50].

3. Results and Discussion
3.1. Potential of Using Different Passive Ventilation Technologies in Selected European Locations
The average percentage times in which the minimum required volume flow of fresh

air could be provided by using approaches of Model 1, Model 2, and Model 3 are presented
in Table 2.

Table 2. Percentage times in which the minimum required flow of fresh air was provided by different
simulated passive ventilation technologies for different European cities.

Model/City Gdansk Warsaw Wroclaw Cracow
E Model 1 61.30% 55.34% 54.45% 51.65%
S Model 2 61.32% 60.74% 57.35% 56.1%

Model 3 99.40% 99.81% 99.73% 99.58%
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Table 2. Cont.
o Model/City Hamburg Berlin Frankfurt Munich
é Model 1 59.09% 55.00% 54.21% 48.34%
S Model 2 62.63% 60.00% 59.51% 53.54%
Model 3 99.88% 99.79% 99.61% 99.59%
Model/City Paris Lyon Marseille Nantes
é Model 1 52.08%% 46.00% 39.28% 44.10%
r-g Model 2 58.15% 53.52% 52.08% 51.40%
Model 3 99.69% 99.56% 99.37% 99.64%
Model/City Bilbao Madrid Murcia Sevilla
-g Model 1 49.19% 47.99% 31.93% 13.64%
) Model 2 58.71% 65.54% 50.45% 29.86%
Model 3 99.24% 99.41% 99.31% 96.30%
Model/City Milano Napoli Palermo Rome
%, Model 1 37.69% 25.91% 12.52% 30.82%
= Model 2 42.56% 33.34% 25.91% 39.42%
Model 3 99.49% 99.41% 99.49% 99.35%
E - Model/City Bergen Oslo Helsinki Copenhagen
E % Model 1 74.45% 63.97% 69.82% 70.46%
T2 Model 2 75.49% 66.45% 73.41% 74.54%
g “ Model 3 99.95% 99.95% 99.92% 99.95%
Model/City Athens Thessaloniki
g Model 1 19.85% 33.01%
5 Model 2 32.82% 45.46%
Model 3 99.25% 99.31%
« Model/City Sofia Varna
a Model 1 47.05% 41.86%
2 Model 2 52.75% 48.03%
Model 3 99.57% 99.36%
« Model/City Bucharest Constanta
5 Model 1 43.92% 46.84%
E Model 2 54.12% 57.62%
Model 3 99.07% 99.59%
Model/City Brussels Amsterdam
-% Model 1 57.59% 63.20%
3 Model 2 60.54% 67.39%
Model 3 99.81% 99.88%




Energies 2024, 17, 3795

16 of 36

Based on the results of the simulation, it can be noted that the passive ventilation
system integrated with a wind turbine ventilator and solar chimney assisted by PCM
(Model 3) has the biggest potential. Such a system could provide the required amount of
fresh air for more than 99% of the time in all presented locations. In the case of passive
ventilation supported by a wind turbine ventilator (Model 1), this has the biggest potential
in cold regions of Europe (e.g., North Scandinavia, Benelux countries). However, even in
these regions, the system can operate properly for about 60% up to 74% of the time. For the
southern part of the continent, e.g., Sevilla, Athens, and Palermo, the system could provide
the required amount of fresh air for not more than 20% of the time. The system with an
additional solar chimney (Model 2) operated significantly better, but without PCM mass
and based only on solar radiation availability. The differences between the results obtained
for Model 1 and Model 2 for colder countries were not larger than a few percentages. For
the cities located in the southern part of Europe, the difference could be significant (e.g., for
Palermo, more than x2).

3.2. Detailed Results: Effect of Solar Radiation, Ambient Temperature, and Wind Speed

Due to the large amount of simulated data, it is problematic to show all the results of
the simulations for every 0.5 h. For this reason, to simplify the interpretation process for
readers, the following data presentation methodology is proposed:

e In the case of all the parameters such as volumetric flow, temperature, radiation level,
and wind speed, the average values for every 30 days are shown.
e  The additional trend lines for presented data are proposed.

The proposed methodology makes it possible to still catch the character of changes,

presented as an example of selected results for Gdansk City (see Figures 15 and 16).
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Figure 15. Volumetric flow of fresh air simulated for Gdansk: black continuous line presents the
simulated data with a frequency of 0.5 h; red dots present the average value of volumetric fresh flow

for every 30 days.
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Figure 16. Average climate parameters for Gdansk: black continuous line presents the simulated data
with a frequency of 0.5 h; red dots present the average value for each 30 days.

It should be emphasized that for all the presented cities, the ambient temperature for
the first 100 days of the year was lower than room temperature (<20 °C). Furthermore,
the wind speed was relatively higher in the first and last 100 days. On the contrary, the
maximum radiation level occurred between the 100th and 250th days of the year (see
Figures 17-40). In the case of Poland, the largest amplitude of temperature was noted for
Wroclaw and Cracow during the winter and summer periods. The solar radiation level
varied significantly over the year; the minimum was recognized as less than 50 W/m? in
December and the maximum was between more than 250 W/m? for Cracow and up to
more than 300 W/m? for Wroclaw (see Figure 17). The highest wind speeds were noted
for Gdansk (located close to the Baltic Sea) and the lowest for Cracow, situated deep in
the land (see Figure 17). Over the year, the variation of the average volumetric flow of
air could be noted in all simulated system scenarios. Furthermore, a higher amplitude
of volumetric flow change was visible during the hotter part of the year. The smallest
amplitude was obtained for Gdansk, which seemed to be strictly related to the ambient
temperature characteristic in this city (see Figure 41). Furthermore, it is noticeable that for
all locations in Poland, the systems represented by Model 1 and Model 2 did not provide
a minimum level of fresh air for a large part of the year, and, in the hottest months, the
ventilation system was not effective (see Figures 41 and 42). However, in Warsaw, the
system based on integrating a wind turbine ventilator and solar chimney (Model 2) was
characterized by visibly better use, even in summer, than in Wroclaw and Cracow. It
can be concluded that the main climate parameter that influenced ventilation operation
parameters was ambient temperature. Quite similar results were obtained for cities located
in Germany (see Figures 18 and 20). Only for the city of Munich (Figure 19), different
characteristics of volumetric flow range could be noted in the results for Model 1 and
Model 2. It is noticeable that, for this city, the efficiency of such systems was the lowest.
There was a relatively longer period of sufficient ventilation operation in summer than in
other analyzed cities. Even in spring and autumn, longer breaks could occur due to a lack
of passive ventilation operation. Germany generally represents similar climate conditions
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to Poland but with relatively higher temperatures during the winter and longer periods
with higher availability of solar radiation at higher levels.
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Figure 17. Average climate parameters for selected cities in Poland.
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Figure 18. Volumetric flow of fresh air simulated for (left) Hamburg and (right) Frankfurt.
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Figure 19. The volumetric flow of fresh air simulated for (left) Berlin and (right) Munich.
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Figure 20. Average climate parameters for selected cities in Germany.



Energies 2024, 17, 3795

20 of 36

220 ; : ; ; ; ; ; 220 ‘ . ‘ ‘ ‘ ; ‘
200 - «’°'"°*\o o~ 2 8 | 200 JF TN o= 1
- ~ ©. 5 = N _o o - p/ b\l,
180 F V. o~ ] 180 o 0~ .
° ~o- —©~ /"
£ 160gr T 1 € 1600 «, 3
% ~a N E P #
S 140 b 1 S 140} /
3 8 = >
€ L----2 $mmmm e — - L= - g F---- B oo A -
=120t Yo. ) 1 £ 120 & 3 1
" s e’ ArNes il
100+ ~, ®-e-% ] 100t ® ® <o -0 O ]
N p Se X P
80+ - 1 80 1
o_ o o- o~
- ‘ ‘ ‘ ; ; ‘ ; - ‘ ; ‘ : ; ‘ ;
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time [d] Time [d]
[ O Model O Model2 ©O Model3s = = Vmin] [ O Model O Model2 ©O Model3 = = Vmin
Figure 21. Volumetric flow of fresh air simulated for (left) Paris and (right) Lyon.
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Figure 22. Volumetric flow of fresh air simulated for (left) Marseille and (right) Nantes.
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Figure 23. Average climate parameters for selected cities in France.



Energies 2024, 17, 3795 21 of 36
220 ; : ‘ ‘ : ; 220 . . ; ; ‘ : ,
P —0- O~ P ) o = o -0 |
= e ~
200 ol 3 » i 200¢ “o_ ~ 1
oo o .9 <o 1 ~ 4
~e N
180 ] 180 - ~o- -0— ©~ q
< < /
“ 160} 1 e 1608~ o &l
z -0= 2 ~ 2
< 140t PO . 7% 2 140 &QO\ /]
= Bs e o [
——————— \‘—\\-\o—————z——jﬂ——-\\ SRS N -
120 i _-e\-o’ LI N 120 N Ry s i B g
Vs
100 | ~e ,»\o’ 1 100 - N ° 1
~ ®
-] 3 s
56 : : ‘ ‘ ‘ ‘ ‘ 50 : : . e-0-% ‘ ‘
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time [d] Time [d]
[ O Modell O Model2 O Modeld = = Vmin] [ O Modell O Model2 ©O Modeld = = Vmin
Figure 24. Volumetric flow of fresh air simulated for (left) Bilbao and (right) Madrid.
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Figure 25. Volumetric flow of fresh air simulated for (left) Murcia and (right) Sevilla.
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Figure 26. Average climate parameters for selected cities in Spain.
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Figure 27. Volumetric flow of fresh air simulated for (left) Milano and (right) Napoli.
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Figure 28. Volumetric flow of fresh air simulated for (left) Rome and (right) Palermo.
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Figure 29. Average climate parameters for selected cities in Italy.
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Figure 30. Volumetric flow of fresh air simulated for (left) Athens and (right) Thessaloniki.
30 ; : . ; ; ; ; 400 ; ; ; ; ; ; :
-~ ®
R _ N 350 J
_ 25 f’ e ~8 -~ a ] 2 8 -~ a
) i N 300 / N No -G |
S 20} 3’ A 1 o 8 = L
E / e & 250 / a5 ® ]
g " s\ z A % X
g15) P \ YT = 200 po £\ ]
3 /P - = 7
= N =
5 . ¢ 2. o_ CREI" 1 8\ 1
% 10% -o- P 1 E 7 A\ S
E L 7 A\
< o 100 g
B g e &
50 F 1
0 ‘ ‘ . ‘ ‘ . ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time [d] Time [d]
‘ O Athen O Thessaloniki | O Athen O  Thessaloniki
6 ; ; ; ; ; ; :
51 |
=
E
T 4r 1
-6
o O~ ”
% & /O’ %\ R~® g ~ - ®
-E 3 y AN / ﬁ (-4 “\ o\ /G P O’ 4
s ¢ g~ e\ > o’
o A
Dol \
[ \
>
<
s v
q . ; ‘ ; ; ‘ ;
0 50 100 150 200 250 300 350
Time [d]
| © Athen O Thessaloniki ‘

Figure 31. Average climate conditions for selected cities in Greece.
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Figure 32. Volumetric flow of fresh air simulated for (left) Sofia and (right) Varna.
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Figure 33. Average climate conditions for selected cities in Bulgaria.
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Figure 34. Volumetric flow of fresh air for (left) Bucharest and (right) Constanta.
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Figure 36. Volumetric flow of fresh air for (left) Bergen and (right) Oslo.
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Figure 37. Volumetric flow of fresh air for (left) Helsinki and (right) Copenhagen.
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Figure 38. Average climate conditions for selected cities in the Scandinavia region.
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Figure 40. Average climate conditions for selected cities in Benelux countries.
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Figure 41. Volumetric flow of fresh air simulated for (left) Gdansk and (right) Warsaw.
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Figure 42. Volumetric flow of fresh air simulated for (left) Cracow and (right) Wroclaw.

In the case of cities located in France, especially Lyon and Marseille (Figures 21
and 22), there was a long, stable period when passive ventilation represented by Model
1 and Model 2 did not work properly. Moreover, the level of fresh air transferred to the
object could be less than 60 m>/h, less than 50% of the amount of air that is required to
fulfill hygienic recommendations. This would visibly decrease indoor air quality. One of
the most visible aspects of this would be the increased concentration of air pollution inside
the object. This is especially important for highly polluted urban areas. The risk of higher
levels of pollution concentration in indoor air than in outdoor air has been confirmed by a
majority of studies [51]. Due to this fact, the possibility of using passive ventilation systems
represented by Model 1 and Model 2 will be limited in such destinations. The problem is
even more visible in Spanish cities like Madrid and Sevilla (Figures 24 and 25) or Palermo
in Italy (Figure 28) and cities in Greece (Figure 30). Even for relatively colder cities like
Varna in Bulgaria (Figure 32) or Bucharest in Romania (Figure 33), such a system would be
ineffective. For this reason, ventilation systems should not rely only on such solutions.

In the case of results for Italy (Figures 27 and 28) and Greece (Figure 30), there was
a clear disproportion between simulation results for Model 1 and Model 2. In Athens or
Thessaloniki, about 30% more effectiveness for the ventilation system represented by Model
2 was observed. In the case of Italy, this difference was smaller, but could still reach about
20%. This can be explained by the more stable average wind speed for Greece conditions
with relatively high levels of solar radiation (similar to Italy).
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The relatively longer period of proper levels of natural ventilation performance rep-
resented by Model 1 and Model 2 was noted for the cities in Bulgaria and Romania (see
Figures 32 and 34). In the case of the Scandinavian region, the passive ventilation systems
worked properly even without solar chimneys for most of the year, except in shorter heat
wave episodes between June and August (Figures 36 and 37). Nevertheless, even in these
destinations, there could be a longer period with relatively weak ventilation performance.
This situation was more obvious for cities located in the Benelux region (Figure 39). Even
a minimum amount of fresh air related to hygienic requirements could be not provided
by the system for a longer time (system represented by Model 1 and Model 2). The most
optimal scenario for this region is to use the system represented by Model 3.

4. Comparisons of Different Ventilation Strategies to Avoid the Concentration of
Building Indoor Pollution in Selected European Locations

In industrial countries, the time spent by people inside buildings could reach about
90%. Ventilation plays a significant role in ventilation air quality, reduces infectious diseases,
decreases the relevance of Sick Building Syndrome, increases the productivity of people,
and reduces generated pollutants [52]. According to many studies, indoor air pollution
can be 2—4 times higher than outdoor air pollution. The direct involvement of the Sick
Building with the level of air change per hour (ACH) has been confirmed [53]. To simplify
the analysis, the simulated cities were divided into two groups: cities located in North
Europe and those in South Europe. Furthermore, the trend lines for simulated results are
shown (see Figures 43 and 44). All of the propagation trend lines were obtained based
on detailed year-round calculation results presented in the previous section. According
to the American Society of Heating, Refrigeration, and Air-Conditioning Engineers, a
minimum of 8.4 air exchanges per 24 h should be provided in a building to avoid the risk
of the concentration of indoor air pollution. For the analyzed space (about 254.4 m?), the
minimum level (ACH) would be about 89 m3/h. In the case of the first group of cities,
all the analyzed systems met the minimum recommendations for air exchange levels for
24 h. In the case of Gdansk, Hamburg, and Brussels (Figure 45), it is recommended to
choose passive ventilation integrated with at least a traditional solar chimney and wind
turbine ventilator on the roof (Model 2). The same recommendation could be followed for
some other cities with relatively low average ambient temperatures and high average wind
speeds, e.g., Warsaw and Amsterdam (see Figures 27 and 39—41). In the case of Bergen, a
natural ventilation system supported by a wind turbine ventilator would also be sufficient
(Model 1). This is similar to other locations in the northern part of Europe, especially in the
Scandinavian region (see Figures 36 and 38).

Still, in all the analyzed examples, there would be longer periods with an insufficient
amount of fresh air inside the building, which could result in worse well-being. However,
there would be no risk of Sick Building Syndrome [54]. Finally, the best choice would be
to use passive ventilation integrated with a wind turbine ventilator and solar chimney
supported by thermal energy storage with an additional source of waste heat, especially
during warmer parts of the year. This would be particularly important for larger residential
objects like schools, offices, etc., where the occupant density can be equal to or higher than
5 per 93 m? [55].

In the case of the second group of cities, in the southern part of Europe, it should be
highlighted that the minimum requirement for ACH is possible to reach in the systems
presented in Model 1 and Model 2 only in the short, coldest periods of the year. This is
clearly seen in the case of Palermo or Athens (Figure 44). In all presented cities, better
operating systems included the involvement of solar chimneys. However, only the last
proposed system (Model 3) could be used to meet minimal hygienic conditions.
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Figure 43. Comparison of propagation trend lines for selected cities located in the northern part
of Europe.

Based on the results, it should be recommended to use different systems depending on
the location (Figure 45). Generally, the best will be the system relying on the assumption of
Model 3. However, in the case of colder regions, it is possible to use only natural ventilation
supported by a wind turbine ventilator (Model 1) or, in the case of a high, stable level
of solar radiation, it could be possible to use a natural ventilation system with a solar
chimney supported by a wind turbine ventilator (Model 2). However, this assumption
could be reasonable for residential buildings that are not occupied by people all day, and
ventilation systems could be enhanced by using window ventilation. In this context, Model
1 or Model 2 can be recommended, especially regarding the visibly higher investment cost
of the natural ventilation system represented by Model 3 or the absence of an available
low-temperature waste heat source.
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Figure 44. Comparison of propagation trend lines for selected cities located in the southern part

of Europe.
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Figure 45. Geographical distribution of selected European cities (map was created in Matlab ac-
cording to the geographical position presented in Google Maps) with a recommended type of

ventilation system.

5. CO; Reduction Using a Passive Ventilation System

To estimate the potential reduction of carbon dioxide emissions, it was assumed that
the passive ventilation system presented in Model 3 could be compared with a hybrid
ventilation base of using a roof wind turbine ventilator powered by wind and an electric
motor [56]. Potential energy fan consumption for mechanical ventilation related to natural
draft pressure created by the passive ventilation system presented in Model 3 was calculated
according to the equations below. The fan efficiency was set as equal to 0.15 due to the
relatively low flow rates of an axial-type fan [57]. The average density of ambient air was
calculated as a function of the average ambient temperature for selected countries and
regions of Europe.

Apnp = 8 X (Po — pr) X1 ©)

I\Tp = (Vmin X APND) /M (10)

where

Np—pumping power (W),

Apnp—natural draft pressure (Pa),

n—energy efficiency.

Next, the total saved emissions of CO, were calculated according to Equation (11). The
average CO, emissions per KWh of electric energy were assumed referring to European
Environment Agency data, where the average emission of CO, from 1 kWh in the EU is
equal to 295.8 g. The final emission was calculated only for periods where the ventilation
system presented in Model 1 could not supply the required amount of air to the considered
space. The calculations were made according to the previous results of volumetric flow for
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selected locations in European countries. For simplification, the mean value of volumetric
flow for each country was taken into account.

Mco, =m X Np X e X T (11)

where

m—emission CO, per kWh,

Mcop—saved emissions of CO; (kg),

e—percentage relation of time when the ventilation system presented in Model 1 could
not supply the required amount of air (%),

T—time of operation (one year).

It should be noted that it was assumed that all the energy supplied to heat the air in
the chimney was produced from the solar system (chimney solar collector) or supplied
from waste heat sources. The highest potential savings were found for countries located
in the southern part of Europe, like Italy and Romania, and the lowest were found for the
Scandinavian region (Figure 46). If we additionally consider the example of Romania with
more than 4 million single-family houses, where more than 90% of houses have only natural
ventilation, the potential for passive ventilation system improvement is large, especially in
the context of growing expectations regarding the indoor air quality of buildings. It should
be highlighted that the presented potential of reduced CO, emissions did not account for
the reduction of cooling energy, which could reach up to 40% [58].

CO, emmision saved per considered space
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[211]
=
=
Q

“ o
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Figure 46. The potential of CO, emissions saved by using a passive ventilation system presented in
Model 3.

6. Conclusions

The presented study confirmed the limitations of using passive ventilation systems,
both those supported by wind turbine ventilators and wind turbine ventilators integrated
with traditional solar chimneys. Regarding the year-round simulations, the potential of
using a passive ventilation system integrated with a wind turbine ventilator and solar
chimney and supported by latent thermal energy storage and a low-temperature waste
heat source was noted. There is currently a gap in the literature, with studies focused on the
integration of SC assisted by PCM with low-temperature sources like PV /T systems or low-
temperature urban heat sources, especially refrigeration systems. The presented procedure
did not analyze all of the important issues related to passive ventilation system operation.
More focus should be put on the analysis of passive ventilation influences at the internal
humidity level in buildings, which is, together with the temperature, a crucial parameter of
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building comfort levels. Additional analyses should also be prepared regarding the cooling
potential of passive ventilation and the reduction of cooling demand, as well as potential
CO; emissions reduction. Furthermore, it is recommended that future studies should focus
also on the economic aspect of natural ventilation systems. Special care should be taken
when considering the idea presented in Model 3 regarding the availability of different
waste heat sources. Moreover, there is a literature gap regarding available correlations
validated for a long period, e.g., a year of operation. In this context, future experimental
investigations should focus on year-round testing.

By conducting simulations on the examined scenarios, the following results were
obtained:

e The domination of ambient temperature and solar radiation in passive ventilation
performance was confirmed in locations deep in the land.

e It is possible to meet minimal hygienic requirements by using natural ventilation
supported by wind turbine ventilators and/or solar chimneys only in the northern
part of Europe. However, in the case of public buildings (e.g., schools, offices) or
non-residential objects, due to the higher requirements of ACH, such a system cannot
be recommended.

e  The passive ventilation system presented in Model 3 can be used in all analyzed
localizations. However, additional waste heat energy is required.

e The biggest potential for CO, reduction by using an improved passive ventilation
system (Model 3) is in the southern part of Europe.
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