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Abstract: In Poland and other countries in Central Europe, residential buildings from the second half
of the 20th century dominate, which have recently undergone deep thermomodernisation. Research
on the retrofitting of residential buildings has focused mainly on energy efficiency, with only a few
studies on indoor air quality. The aim of this study was to present a comparative analysis of the
impact of five ventilation scenarios (three natural and two mechanical) on CO2 concentration and
energy demand for heating and ventilation in residential spaces of a multi-family building located
in Poland. The analyses were based on the results of building performance co-simulation using
the EnergyPlus and CONTAM programs carried out under dynamic conditions with a 5 min time
step for the entire heating season. The calculations took into account the instantaneous occupancy
variability of twenty apartments. In the buildings equipped with new tight windows, the natural
ventilation system provided extremely low air exchange (on average 0.1 h−1) and poor indoor air
quality (average CO2 concentration at the level of 2500 ppm). Opening windows to ventilate the
rooms generated a multiple increase (up to 8 times) in heating demand during these periods, but
average CO2 concentration was on the level of 930 ppm. The use of mechanical ventilation was
profitable both in terms of energy savings (at the level of 50%) and improvement in the indoor air.

Keywords: CO2 concentration; ventilation; heat demand; multi-family building; energy simulation;
indoor air quality

1. Introduction

People spend 80–90% of their lives indoors, including two thirds of this time in their
homes or apartments [1,2]. Pollutant concentrations in rooms can be two to five times
higher than in the outdoor air [3], resulting in unsatisfactory indoor air quality (IAQ).
Indoor air quality is one of the most important factors affecting the health of people [4–7],
and is associated with sick building syndrome [8].

Ventilation plays an important role in ensuring adequate air quality in buildings.
There are various methods of ventilation in buildings, both natural, mechanical, and
hybrid. Previous studies comparing the air quality in mechanically and naturally ventilated
dwellings located in different climates showed lower concentrations of pollutants such
as formaldehyde, volatile organic compounds, carbon dioxide (CO2), fungi, mold spores,
and radon in mechanically ventilated houses [9–11]. In the study [12] based on long-term
indoor air monitoring in Tianjin in China, the authors observed even 22.3% higher CO2
concentrations in apartments with natural ventilation. Kotol [13] assessed indoor air (on
the basis of CO2 and humidity measurements and interviews with residents) in buildings
located in the Greenlandic climate that the air quality was significantly improved thanks to
the use of sustainable mechanical ventilation with heat recovery. McGill et al. [14] evaluated
the CO2 concentration in the rooms of eight apartments in the United Kingdom, comparing
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the use of mechanical and natural ventilation systems. Their conclusions included problems
with indoor air quality in both natural and mechanical ventilation cases. In turn, Park
and Kim [15] assessed residents’ ventilation practices and corresponding heating energy
consumption in 1390 mechanically ventilated apartments in Seoul. These authors argued
that the operation of the mechanical ventilation system significantly affects the perceived
acceptability of indoor air.

Sufficient building ventilation can improve occupants’ health by 20% or more [16].
However, ventilation increases energy consumption in the building by increasing the
cooling or heating demand and the electricity consumption of fans [17]. Although buildings
account for approximately 40% of total energy consumption, ventilation systems account
for approximately 50% or more of this consumption [18]. Therefore, proper ventilation in
the building should aim both at indoor air quality and energy efficiency. The way people
ventilate their homes plays a significant role in building energy consumption because the
ventilation system replaces heated or cooled indoor air with outdoor air. In Poland and
many European countries, the vast majority of residential buildings have natural gravity
(stuck) ventilation, and reducing the level of pollution is usually achieved by opening
windows. The window is most often tilted inward by 5 to 10 degrees from the base of the
frame, which can cause air exchange up to 40 h−1 depending on the speed and direction
of the wind and the size of the window sash [19]. In the case of natural ventilation, all
fresh air must be heated in the room (it is not possible to recover heat from exhausted air),
which generates a significant instantaneous heating demand in the winter months, while
ineffective and uncontrolled window ventilation does not guarantee good air quality in
rooms [20]. The fact that the behaviour of residents in terms of different window opening
patterns is crucial to achieve a high IAQ was also confirmed by Pereira et al. [21] for the case
of residential buildings located in regions with a mild climate, such as the Mediterranean
regions. The results of the research conducted by Galvin [19] suggest the need for more
research to quantify energy losses due to poor ventilation management.

There are indications that energy-retrofitted buildings may pose a risk to the indoor
air quality and, therefore, to the health and comfort of residents [2]. In Europe, residential
building renovations focus mainly on thermal insulation and increasing the airtightness
(replacing existing windows) of the building envelope, with limited emphasis on building
ventilation. However, achieving energy efficiency does not automatically result in better
IAQ. Improved thermal insulation and increased tightness of the building envelope usually
worsen IAQ due to reduced ventilation and usually do not lead to expected energy con-
sumption [2]. This is confirmed by research; for example, Coggins et al. [1] evaluated air
quality and occupant satisfaction in Irish residences that had been thoroughly modernised.
Only 30% of the bedroom met the requirements, and the measured airflow, in most cases,
did not meet the minimum performance requirements set out in Irish regulations. Also in
Ireland, in the winter periods of 2015 and 2016, the concentrations of air pollutants were
monitored in the rooms of fifteen three-storey semi-detached cooperative social apartments
before and after thermomodernisation [22]. The increase in pollutant concentrations corre-
lated with lower air change rates in the building after modernisation. Calama-González
et al. [23] presented a comparative analysis of the impact of different ventilation scenarios
(natural or mechanical ventilation only and natural plus mechanical ventilation) in social
housing spaces in Spain before and after modernisation on thermal comfort and indoor air
quality. The obtained results showed small differences between ventilation system in terms
of human thermal comfort in rooms with low thermal inertia, but indicated energy and
economic efficiency of the passive ventilation system. In turn, Măgurean and Petran [24]
analysed the indoor environment in sixteen apartments located in Romania in five recently
renovated multi-family buildings. Even if the thermal comfort conditions in the rooms
increased after modernisation, it was found that almost half of the time the bedrooms had
poor indoor air quality due to inadequate ventilation. Thus, it was found that building
ventilation is a key issue in the renovation process and is currently not properly addressed
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in mass renovations of existing multi-family residential buildings. Several other studies
also confirmed the negative impact of energy modernisation on IAQ [25–27].

As indicated, insufficient ventilation worsens air quality, which can reduce the comfort
of building residents. On the other hand, excessive ventilation may waste energy [28].
Therefore, it is important to use effective control of ventilation systems to supply the appro-
priate amount of fresh air to each zone to maintain the required air quality while reducing
the energy consumption of the ventilation system. Demand-controlled ventilation (DCV)
systems can help meet these requirements [29]. DCV systems dynamically adjust venti-
lation airflow based on occupancy patterns [30], indoor sensors [31], or indoor pollutant
concentrations [32,33], which can generate significant energy savings (up to 40%) compared
to conventional ventilation systems that provide a constant amount of air [17,34,35]. The
most common DCV strategy involves the use of CO2 concentrations. Lu et al. [36] reviewed
several CO2-based DCV methods and explained the role of CO2 in ventilation control. The
results showed that CO2-based DCV methods are effective in controlling air quality. Due
to the ease and reliability of CO2 measurements, carbon dioxide is widely used as an air
quality indicator [37]; is a suitable indicator of the acceptability of human body odour and
environmental comfort. Although CO2 concentration does not reflect the concentration of
other air pollutants, it can help assess air quality in spaces devoid of other major sources of
pollution [38].

Improving the energy efficiency of residential buildings has obvious direct benefits
in terms of improving occupant comfort [22]. However, few studies have assessed the
impact of increased airtightness of the building on the level of ventilation airflow and
pollutant concentration. Unlike building energy, the indoor air quality assessment is often
voluntary because it is not required by national building regulations and is therefore one
of the biggest challenges facing the building sector, especially in the era of widespread
thermomodernisation of existing residential buildings. Minimising energy consumption
without compromising indoor air quality and thermal comfort would bring health and
financial benefits. Therefore, taking into account the significant share of multi-family houses
in the total existing building stock in the European Union, the aim of this study was to
present a comparative analysis of the impact of different ventilation scenarios (both natural
and mechanical) on CO2 concentration and heating demand in the flats of a multi-family
building located in a moderate climate in Poland (Central Europe). The analyses were based
on the results of building performance co-simulation using the EnergyPlus and CONTAM
programs carried out in dynamic external and internal conditions with a small time step for
the entire heating season. Each of the 20 flats with varying degrees of use and the building
as a whole were assessed. Many previous studies in this area were based mainly on static
calculations [39,40], which did not take into account the instantaneous variability of the
ventilation airflow in rooms on different floors of the building and the diversified schedule
of occupancy, which did not allow for a reliable assessment of the instantaneous level of
indoor air quality. Even if the calculations were carried out in dynamic external climate
conditions, most studies assumed a constant infiltration air exchange during the year.

2. Methods
2.1. Building Description

A detached multi-family building after thermomodernisation of the external envelope
with a total heated area of 1482 m2 and a cubature of 4151 m3 was selected for research. The
building has a basement and consists of five floors, each with four flats with an area of 54
to 82 m2 (including two with a bathroom and two with a bathroom and an additional toilet)
(Figure 1). The building is constructed using prefabricated reinforced concrete technology.
Such shapes and structures were very popular for Polish buildings built in the 1970s and
1980s. Similar buildings are often found throughout Central Europe. The external walls
have a three-layer structure, are 30 cm thick, and are additionally insulated with 10 cm
of polystyrene (heat transfer coefficient is 0.19 W/(m2·K)). The roof is also insulated with
20 cm mineral wool and covered with roofing felt (heat transfer coefficient is 0.15 W/(m2·K)).
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Windows with the Pilkington Insulight™ Therm Triple glazing unit (Nippon Sheet Glass
Co., Ltd., Tokyo, Japan) [41] and a solar radiation transmittance coefficient of 47% and a
heat transfer coefficient of 0.6 W/(m2·K) do not have any covers. The building has central
heating system with water radiators natural gravity ventilation (two or three chimneys in
each flat). The basement is not heated.

Energies 2024, 17, x FOR PEER REVIEW 4 of 21 
 

 

insulated with 10 cm of polystyrene (heat transfer coefficient is 0.19 W/(m2·K)). The roof 
is also insulated with 20 cm mineral wool and covered with roofing felt (heat transfer 
coefficient is 0.15 W/(m2·K)). Windows with the Pilkington Insulight™ Therm Triple glaz-
ing unit (Nippon Sheet Glass Co., Ltd., Tokyo, Japan) [41] and a solar radiation transmit-
tance coefficient of 47% and a heat transfer coefficient of 0.6 W/(m2·K) do not have any 
covers. The building has central heating system with water radiators natural gravity ven-
tilation (two or three chimneys in each flat). The basement is not heated. 

 
Figure 1. Plan of the floors; flat C on the ground floor is smaller due to the entrance to the building. 

2.2. Cases under Consideration 
The indoor air quality, ventilation airflow, and thermal efficiency of both individual 

flats and the entire building were evaluated. Five cases of ventilation systems were ana-
lysed (Figure 2). All calculations were performed with a time step of 5 min for the heating 
period from October to April. 

2.3. IAQ and Energy Indicators 
In this study, the CO2 concentration, external airflow, and heating energy consump-

tion were assessed. There are various recommendations and standards that suggest the 
required levels of CO2 and ventilation airflow in residential rooms [42,43]. The EN 16798-
1:2019 [42] standard suggests default limit values for CO2 concentration in IAQ categories 
that correspond to the required airflow per person: 
• I category: CO2 concentration of 550 ppm above the outdoor level (fresh air of 10 

dm3/s per person); 
• II category: CO2 concentration of 800 ppm above the outdoor level (fresh air of 7 dm3/s 

per person); 
• III and IV categories: CO2 concentration of 1350 ppm above the outdoor level (fresh 

air of 4 dm3/s per person). 
A CO2 concentration of 700 ppm above the outdoor level has been considered an ac-

ceptable indoor CO2 level in the ASHRAE standard [43]. In the scientific literature, a com-
mon limit of CO2 concentration for indoor spaces is also 1000 ppm [44]. It should be noted 
that the CO2 concentration levels typically recorded in residential buildings are not harm-
ful to human health and are only used as an indicator of air quality. Carbon dioxide be-
comes a dangerous pollutant if the concentration exceeds 5000 ppm after exposure for 
eight hours [45].  
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2.2. Cases under Consideration

The indoor air quality, ventilation airflow, and thermal efficiency of both individual
flats and the entire building were evaluated. Five cases of ventilation systems were analysed
(Figure 2). All calculations were performed with a time step of 5 min for the heating period
from October to April.
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2.3. IAQ and Energy Indicators

In this study, the CO2 concentration, external airflow, and heating energy consump-
tion were assessed. There are various recommendations and standards that suggest the
required levels of CO2 and ventilation airflow in residential rooms [42,43]. The EN
16798-1:2019 [42] standard suggests default limit values for CO2 concentration in IAQ
categories that correspond to the required airflow per person:

• I category: CO2 concentration of 550 ppm above the outdoor level (fresh air of
10 dm3/s per person);

• II category: CO2 concentration of 800 ppm above the outdoor level (fresh air of
7 dm3/s per person);

• III and IV categories: CO2 concentration of 1350 ppm above the outdoor level (fresh
air of 4 dm3/s per person).

A CO2 concentration of 700 ppm above the outdoor level has been considered an
acceptable indoor CO2 level in the ASHRAE standard [43]. In the scientific literature, a
common limit of CO2 concentration for indoor spaces is also 1000 ppm [44]. It should be
noted that the CO2 concentration levels typically recorded in residential buildings are not
harmful to human health and are only used as an indicator of air quality. Carbon dioxide
becomes a dangerous pollutant if the concentration exceeds 5000 ppm after exposure for
eight hours [45].

In this study, the limits of carbon dioxide concentration in the flats according to the
EN 16798-1:2019 standard [42] were used as an air quality indicator. The entire 24 h period
on each day was taken into account. The minimum ventilation airflow per person, which
was 20 m3/h, was adopted according to Polish building regulations [46]. In turn, the
seasonal heating demand for flats and the entire building (usable energy or its index per
m2) was adopted as an indicator of thermal efficiency. When calculating the indicator for
the entire building, the area of the entire building was taken into account; when calculating
the indicator for flats, the area of the flat was taken into account.

2.4. Simulation Model

Thermal simulations of the building under dynamic conditions using the EnergyPlus 9.4
(US Department of Energy, Washington, DC, USA) [47] and CONTAM 3.4 (National Institute
of Standards and Technology, Gaithersburg, MD, USA) [48] programs were carried out. CON-
TAM and EnergyPlus were coupled, which allowed for data exchange during calculations
(co-simulation) in accordance with the scheme shown in Figure 3.Energies 2024, 17, x FOR PEER REVIEW 6 of 21 
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The building was divided into 31 thermal zones, and the geometry of the rooms
was adapted to the dimensions in the axes of the building partitions. It was assumed
that each apartment was a separate zone and that there was no uneven temperature
distribution inside it. The division of flats into individual rooms was omitted; taking into
account the small size of the rooms, it was assumed that they were used as “open spaces”.
Internal walls in flats were included as additional internal storage mass and added to
individual zones.

2.4.1. Infiltration and Ventilation

One-way flow using the powerlaw model was used to calculate infiltration through
window and door cracks (Equation (1)):

.
V = a × l × (∆p)n (1)

where:
.

V—volumetric airflow [m3/h], a—airtightness factor [m3/(m·h·Pan)], l—length of
the window cracks [m], n—exponent, and ∆p—pressure difference [Pa].

Based on previous studies [49,50], the following values of a and n were adopted:

• for windows, a = 0.1 m3/(m·h·Pa0.67) and n = 0.67;
• for external entrance doors, a = 0.1 m3/(m·h·Pa0.5) and n = 0.5;
• for internal doors to flats, a = 1.0 m3/(m·h·Pa0.5) and n = 0.5.

It was assumed that the doors to the flats were closed all the time. The Darcy–
Colebrook model was used to calculate flow resistance through gravity chimneys (made of
brick, dimensions of 14 × 14 cm, roughness of 3 mm). For the calculation dynamic losses
in ducts, the terminal loss coefficients amounted to 4.0 (grill, elbow, and outlet) [51]. The
chimneys extended above the roof to a height of 1.5 m.

Two-way flow model: a single opening was used to calculate the ventilation through
an open (ajar) window. The open area is presented in Figure 2. In case 1, if the carbon
dioxide concentration exceeded a value of Lupper, one window was opened after 15 min.
The window remained open until the CO2 concentration dropped to a value of Llower

(it closed 15 min after reaching this level). Taking into account the CO2 concentration levels
calculated with closed windows, the following was assumed:

• value of Lupper: 1200 ppm (upper limit of environmental category II);
• value of Llower: 600 ppm (value close to the external background);
• windows could only be opened if at least one person was in the flat;
• between 11 p.m. and 6 a.m., the windows were always closed (the windows were

manually operated, and therefore it was assumed that the windows were not opened
after going to sleep).

The assumed probability of opening and closing the window for case 1a depending
on the external temperature is presented in Table 1 (after leaving the flat during the day
and at night between 11 p.m. and 6 a.m., the windows were always closed, as in case 1).

Table 1. Probability of opening/closing the window within 1 h.

External Temperature <−5 ◦C ≥−5 ◦C and <5 ◦C ≥5 ◦C

Opening 0.4 0.6 0.8

Closing 0.8 0.6 0.4

The simple air-handling system model was used to calculate the mechanical ventilation
(cases 2 and 3):

(1) Case 2: the air handling unit operated 24 h a day at a constant flow of 2700 m3/h,
including:

• Flats A and D: 120 m3/h per flat.
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• Flats B and C: 150 m3/h per flat.

(2) Case 3: the air handling units operated 24 h a day with a variable airflow using a DCV
system. The efficiency of the fans was controlled proportionally to the carbon dioxide
concentration: 400–500 ppm ⇒ 30 m3/h, 1200 ppm ⇒ 220 m3/h.

In both cases 2 and 3, supply and exhaust ventilation units with a heat exchanger
with a temperature efficiency of 82% were used (based on current data from air handling
unit manufacturers).

2.4.2. CO2 Emission

Based on ASHRAE Standard 62.1-2022 [43], the value of 3.82 × 10−8 m3/(s·W) was
assumed, i.e., 0.0048 dm3/s per person during the day and 0.0028 dm3/s per person at
night. The concentration of carbon dioxide in the outdoor air was set at 400 ppm.

2.4.3. Internal Heat Gains

Human heat gains were calculated based on ASHRAE Standard 55-2017 [52]:

• between 6:00 a.m. and 11:00 p.m.: total heat was 126 W per person (1.2 met), including
sensible heat 70%;

• between 11 p.m. and 6 a.m.: total heat was 73 W per person (0.7 met), including
sensible heat 70%;

• there were no heat gains in the staircase.

The number of residents was assumed depending on the size of the flat; however,
on the third and fourth floors, the number of residents was reduced and increased by
one person, respectively. Occupancy schedules are shown in Figure 4.
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Lighting in flats was turned on if the natural lighting intensity dropped below
300 lx, assuming a maximum heat gain of 5 W/m2. The power of the light depended
on the intensity of the natural lighting. The lighting could only be turned on at 6 a.m. to
11 p.m. and only if there were people in the flat.

Heat gains from equipment were based on Recknagel and Schramek [53]. It was
assumed that each flat was equipped with a hob (cooking), a fridge, a computer, and a TV.

There were no heat gains in the staircase and basement.

2.4.4. Indoor Temperature

It was assumed that flats were 21 ◦C (whole day), staircases were 16 ◦C (whole
day), and that basements had no heating. The assumption was made for category II
thermal environments in accordance with the EN 16798-1:2019 standard [42], for which the
operative temperature was 20 ◦C. The average difference between the air temperature and
the operative temperature was assumed to be 1 K [54].

2.4.5. Weather Condition

A typical meteorological year for Warsaw in Poland was used to simulate external
conditions [55] with a lowest temperature of –12.3 ◦C, a highest temperature of 24.5 ◦C and
an average of 4.2 ◦C in the analysed period from September to April. This location has a
moderate transitional climate (Dfb class according to the Köppen–Geiger classification [56]).

3. Results
3.1. Natural Ventilation

Buildings in this group are characterized by the uncontrolled ventilation of rooms and
the inability to recover heat from the exhausted air, which affects the building’s energy
consumption. The airflow from outside is caused by the wind and stack effect and depends
on the location of the rooms depending on the cardinal direction and the storey. Therefore,
in such buildings, air exchange varies greatly both in the time and space of the building.
The average air change rates N in flats during the heating season is given in Table 2.

Table 2. Seasonal average air change rate (Navg), external airflow (
.

Vavg) entering flats, and CO2

concentration (Cavg and Cmax) in buildings with natural ventilation.

Storey Ground Foor I Floor II Floor III Floor IV Floor

Orientation N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W

Flat A B C D A B C D A B C D A B C D A B C D

Case 0

Navg

[h−1]
0.14 0.15 0.15 0.14 0.12 0.13 0.14 0.13 0.11 0.12 0.12 0.11 0.09 0.10 0.10 0.09 0.07 0.08 0.08 0.07

.
Vavg

[m3/h]
21 28 29 22 19 25 31 20 16 22 28 17 13 18 23 14 10 15 19 11

Cavg
Cmax

[ppm]

1768
3162

1718
3459

1652
3040

1709
3153

2429
3812

2330
4014

1970
3219

2349
3901

2871
5451

2872
5638

2411
4641

2786
5624

2094
3680

2180
4252

1829
3482

2068
4070

3767
7316

3658
8760

3012
6746

3860
9158

Case 1

Navg

[h−1]
0.46 0.48 0.48 0.46 0.60 0.58 0.45 0.60 0.56 0.64 0.52 0.56 0.32 0.36 0.27 0.32 0.42 0.43 0.34 0.42

.
Vavg,

[m3/h]
70 92 92 70 91 110 104 91 85 122 120 86 49 68 63 49 64 82 79 64

Open
time *

[%]
19% 19% 19% 19% 29% 26% 23% 28% 27% 31% 28% 27% 16% 17% 14% 15% 24% 25% 23% 24%

Cavg
Cmax

[ppm]

859
1661

871
1724

869
1713

856
1596

957
1770

972
1796

967
1774

957
1773

961
2364

952
2169

923
1994

958
2218

852
1610

874
1693

886
1580

859
1608

963
2334

981
2363

964
2242

963
2279
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Table 2. Cont.

Storey Ground Foor I Floor II Floor III Floor IV Floor

Case 1a

Navg

[h−1]
0.39 0.45 0.47 0.40 0.66 0.66 0.56 0.67 0.52 0.60 0.50 0.54 0.31 0.33 0.27 0.30 0.39 0.45 0.35 0.40

.
Vavg,

[m3/h]
59 85 89 60 101 126 129 102 79 114 115 82 48 63 63 46 60 85 81 60

Open
time *

[%]
15% 16% 17% 15% 32% 30% 28% 31% 25% 28% 26% 25% 15% 15% 13% 14% 22% 25% 24% 22%

Cavg
Cmax

[ppm]

1038
2144

1027
2113

1006
2114

1030
1995

1036
2185

1043
2205

980
1989

1037
2305

1176
3291

1142
2921

1079
2515

1153
2828

1002
2201

1069
2450

1022
2022

1012
2127

1210
3184

1199
3145

1149
2811

1185
3191

* Percentage of window opening time in relation to the entire heating season.

Case 0 should be treated as a theoretical case (complete lack of window opening is
unlikely to occur in buildings with natural ventilation). However, it is a reference for
other cases and showed the effectiveness of using the proposed solutions. In the case of
infiltration only (case 0), the ground floor zones were characterized by a higher average air
exchange. In turn, the lowest airflow occurred in flats on the top floor, which was related to
the length of the gravity chimney. The instantaneous value of the airflow on the top floor
was up to even three times lower than the airflow on the ground floor.

The average air change rates in flats was extremely low; on the top floor it was below
0.1 h−1. The instantaneous fresh airflow ranged from 0 to only 105 m3/h during windy
periods and at low external temperatures in flat C-I on the lowest floor (flat with the largest
number of windows). In a small apartment A-IV on the top floor, the maximum calculated
airflow did not exceed 50 m3/h. On average during the season, the airflow does not exceed
20 m3/h (i.e., approx. 5 m3/h per person). According to the EN 16798-1:2019 standard [42],
the airflow per person should not be less than 4 dm3/s, i.e., 14.4 m3/h; however, the
building can then be classified into environmental category III. In the case of category
I, the required airflow is 10 dm3/(s·person), i.e., 36 m3/(h·person). Such diversified air
exchange was reflected in the CO2 concentration in flats. The maximum and average
CO2 concentration calculated in all flats are presented in Table 2. Only in three of them
on the ground floor the average CO2 concentration was below the upper limit of indoor
environment category III according to the EN 16798-1:2019 standard [42] (1350 ppm above
the background). The calculated maximum CO2 concentration values were very high, in
flats on the top floor they even exceed 8000 ppm. It should also be noted that the CO2
concentration did not fall to the background level even when people are not in the flat; flats
remained empty for only a few hours, and with tight windows limiting the inflow of fresh
air, the time to dilute pollutants was too short.

Figure 5a,b show the cumulative distribution of CO2 concentration in all flats A and C
for case 0 (calculated from all 5 min values of CO2 concentration during the entire analysed
season). The indoor air quality in apartments was practically all the time in categories
higher than I. At least 50% of the time the air quality was above category III; on the top
floor, where the length of the gravity chimney was short, this condition persisted for over
90% of the time. The highest environmental category I could be assigned to rooms on
average for less than 5% of the time they were used.

Heat demand index for flats is presented in Table 3. The seasonal heat demand for
the entire building was only 7.3 MWh, which gives an index of 4.9 kWh/m2. The building
needed to be heated only for 3 months per year; in October and April, the heat demand
is zero, and in November and March, it was negligible. Unfortunately, such low energy
consumption was largely caused by the extremely low air exchange in the building. In
practice, such large energy savings conceal for users a huge disadvantage, which is a
significant deterioration of air quality.
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Table 3. Heat demand index in flats for all cases.

Storey Ground Foor I Floor II Floor III Floor IV Floor

Orientation N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W

Flat A B C D A B C D A B C D A B C D A B C D

Usable energy (heating demand) [kWh/m2]

Case 0 8.0 6.7 8.4 9.4 3.1 2.4 3.9 3.8 3.5 2.4 3.9 4.3 5.4 3.8 5.6 6.6 8.6 6.8 9.1 9.9

Case 1 32.3 31.1 33.0 33.9 32.7 30.4 24.6 34.0 33.0 35.0 29.5 34.3 22.5 22.1 18.6 23.6 34.1 32.1 28.7 35.6

Case 1a 25.7 27.4 30.4 28.0 37.0 35.2 30.8 38.2 28.5 30.9 27.0 30.8 20.3 18.5 17.1 20.9 31.1 31.6 27.4 33.0

Case 2 10.3 8.5 10.3 11.7 4.7 3.5 4.6 5.5 5.5 3.9 5.0 6.6 8.7 6.4 7.6 10.1 13.6 11.0 12.7 15.3

Case 3 8.5 6.4 8.1 9.9 4.1 2.6 3.7 4.9 4.6 2.7 4.0 5.6 6.2 4.1 5.5 7.6 11.4 8.4 10.4 13.0

The instantaneous heating demand in flats was variable, which resulted from the
changing load on the rooms during the day and fluctuations in the ventilation airflow.
One day for flats B-0 and B-I is shown in Figure 6. In flat B-0, we can observe the moment
when the residents left the apartment after 8 a.m. because the CO2 concentration slowly
disappeared until the first person arrived at 2 p.m. Within six hours, the CO2 concentration
dropped by 700 ppm, but unfortunately it did not reach the background level. In flat B-I,
where minimum one person was all time (two people during working hours), the CO2
concentration fluctuated around 1600 ppm. On the other hand, in flat B-I, constant heat
gains related to the use of the zone reduced the heating demand during the day.
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Figure 6. Variability of the heat demand, the air change rates, and CO2 concentration (case 0) in flat B
on the ground floor and on first floor on Monday 9 January.

As mentioned earlier, case 0 is a theoretical case; in practice, residents open windows
less or more often to ventilate rooms. In cases 1 and 1a, the impact of regularly opening (tilt-
ing) windows in flats was tested. In real buildings, residents open windows spontaneously
when they feel stuffiness or an unpleasant odour. The windows remain open for some
time until the residents consider the air quality to be satisfactory or the residents begin to
feel thermal discomfort related to the cooling of the room during periods of low external
temperature, and the heating system is unable to keep up with the heating needs. Typically,
residents close their windows before leaving their flats (e.g., before going to work) and
before going to bed. The description provided concerns the behaviour of residents during
the heating season; in the summer, the windows usually remain open for most of the day
(this aspect was not the subject of this study).

Table 2 shows the average air change rates in the flats for case 1 during the heating
season. The average air change rates increased, compared to the case without opening
the windows, from three times on the ground floor to even six times on the top floor.
With the windows closed, the instantaneous airflow was the same as in case 0, i.e., at the
level of 20 m3/h, while during the window opening time, the airflow always exceeded
200 m3/h, reaching a maximum value of 1590 m3/h in flat C-IV, which was almost seven air
changes per hour. Even though the airing time was only a small part of the heating season
(from 19% to 31% depending on the flat), opening the windows increased the average
seasonal external airflow to such an extent that each flat could be classified at least into
environmental category III, assuming an average family of four. Flats B-I, C-I, B-II, and C-II
could be classified, on average, even into environmental category II. This was caused by
opening windows much more often than in other flats. It is also noted that windows were
opened much more often in flats with constant presence of people on the first floor, in flats
on the second floor with an increased number of residents, and on the top floor where the
ventilation airflow was the smallest in the entire building.

Regular airing of flats improved air quality (Table 2). With the exception of flats on the
top floor and those with higher loads on the second floor, the maximum carbon dioxide
concentration was less than 2000 ppm. The average CO2 concentration in nine apartments
was within the limits of the highest category I of the indoor environment according to
the EN 16798-1:2019 standard [42] (550 ppm above background). In the remaining eleven
apartments, this limit was only slightly exceeded, never exceeding 1000 ppm.

Figure 5c shows the cumulative distribution of CO2 concentration in flat A for case 1.
The indoor air quality could be classified to at least category II on average 80% of the
time; in flats with higher loads or on the top floor, the level of category III was more often
exceeded, but only a little over 5% of the time. The air quality in flats was much better than
in the case without opening windows.
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Opening the window caused the inflow of large amounts of cool air from the outside,
and thus a sudden instantaneous increase in heat demand, which is presented in detail
for one day in Figure 7. The moment of opening the window is clearly visible, the heat
demand then increases up to eight times due to the inflow of large amounts of cold air.
This variability is correlated with changes in CO2 concentration. During periods of lower
ventilation, e.g., April (Figure 7b), the CO2 concentration increased significantly at night,
from a low level resulting from evening ventilation to a level exceeding 1200 ppm (the
window could only be opened at 6 a.m.). Residents who stay at home during the day were
more likely to open their windows in April, when the flow of air infiltrating through leaks
was lower.
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Figure 7. Variability of the heat demand, the air change rates, and CO2 concentration (case 1) in flat B
on the ground floor: (a) on Monday 9 January; (b) on Sunday 16 April.

The seasonal heat demand in the building increased by as much as five times com-
pared to the case without opening the windows (Table 3) and amounted to 38.0 MWh
(25.6 kWh/m2). The use of airing significantly improved the air quality, but it had a
drastic impact on the heating demand, and it also required great discipline; in prac-
tice, it is performed very irregularly. The external air change rates reaching the value of
5–6 h−1 during window opening time may cause significant local reductions in the indoor
temperature during periods of low external temperatures, which may be a source of great
local discomfort.

In practice, intermediate ventilation between cases 0 and 1 is used in flats; therefore,
additional calculations were made taking into account the probability of opening and
closing the window depending on the outside temperature (Table 1)—case 1a. In this case,
the windows were not always opened at the assumed threshold CO2 concentration, the



Energies 2024, 17, 2232 13 of 20

window opening time decreased compared to case 1 (Table 2). This situation resulted
in the deterioration of air quality, both the average and maximum CO2 concentration in
flats increased. The average CO2 concentration value in each flat was above the limit
of the highest category I of the indoor environment according to the EN 16798-1:2019
standard [42] (550 ppm above background). The maximum value exceeded the threshold
of 3000 ppm (Table 2). Figure 5d shows the cumulative distribution of CO2 concentration
in flats A for case 1a. The indoor air quality could be classified into at least environmental
category II on average 60% of the time; in flats with higher loads or on the top floor, the
upper level of category III was exceeded more often than in other flats (even almost 20% of
the season). Air quality corresponding to category I occurred in flats on average 40% of
the season.

On the other hand, residents could forget to close the window after achieving the
required air quality, which resulted in a prolonged period of increased heating demand.
Although the air quality deteriorated by an average of 16%, the heat demand of the entire
building turned out to be lower by only 5%, and the differences in individual flats were
at different levels, on the first floor the heat demand even increased (Table 3). The total
opening time of windows in the building was at a similar level, as in the case of regular
airing according to established rules, but this opening did not always take place at the most
favourable time from the point of view of air quality. In this case, the seasonal heat demand
in the building was 36.2 MWh, which gave an index of 24.4 kWh/m2.

3.2. Mechanical Ventilation

In case 3 a central mechanical ventilation system with heat recovery was used, dedi-
cated to multi-family residential buildings, without control of the airflow depending on
the needs of individual flats. Table 4 shows the air change rates in flats after implementing
mechanical ventilation system.

Table 4. Seasonal average air change rate (Navg), external airflow (
.

Vavg) entering flats, and CO2

concentration (Cavg and Cmax) in buildings with mechanical ventilation.

Storey Ground Foor I Floor II Floor III Floor IV Floor

Orientation N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W N/E S/E S/W N/W

Flat A B C D A B C D A B C D A B C D A B C D

Case 2

Navg

[h−1]
0.83 0.84 0.84 0.84 0.82 0.83 0.69 0.83 0.81 0.82 0.68 0.82 0.81 0.81 0.68 0.82 0.80 0.81 0.67 0.81

.
Vavg

[m3/h]
127 159 160 128 125 157 160 126 124 155 158 125 123 154 157 124 122 153 156 124

Cavg
Cmax

[ppm]

628
821

640
854

638
853

626
820

695
824

695
853

690
847

693
823

707
967

729
972

724
968

705
966

567
687

588
738

586
733

566
687

636
819

648
853

645
848

634
820

Case 3

Navg

[h−1]
0.59 0.54 0.54 0.59 0.68 0.61 0.51 0.69 0.65 0.61 0.51 0.66 0.49 0.46 0.39 0.49 0.57 0.52 0.44 0.58

.
Vavg,

[m3/h]
89 102 103 90 104 116 118 104 99 116 118 100 74 88 90 75 87 99 101 88

Cavg
Cmax

[ppm]

691
831

733
898

730
897

689
830

752
831

792
899

787
898

750
831

739
899

796
959

793
959

738
899

650
752

698
830

696
829

648
752

700
831

742
897

740
897

698
831

The airflow supplied to the flats by the system was constant, but a small amount
of air infiltrating through leaks additionally entered the zones, which increased the total
ventilation airflow. The air change rates in flats A, B, D, and C on the ground floor was
0.8 h−1, in flat C on the upper floors due to the larger area, 0.7 h−1. The biggest difference in
relation to the cases with opening the window occurred on the penultimate floor, which had
flats with a smaller number of occupants, in which the window was opened less often, and
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which now, with a central mechanical ventilation system, have the same ventilation airflow
as flats with higher loads. When designing a mechanical ventilation system in residential
buildings, the area of the apartment and/or the number of “dirty rooms” (kitchens, toilets)
are taking into consideration; the number of residents may change due to a change of owner
or tenant; therefore, the current state cannot be a guideline for design (only the minimum
criterion specified in the standards must be met). The required ventilation air flow for the
highest environmental category I in accordance with the EN 16798-1:2019 standard [42]
should not be less than 36 m3/h. Assuming an average family of four, this condition is met
in larger apartments B and C; in smaller apartments A and D, the average air flow is below
this limit.

The air change rates in flats during the season was on average level of 0.8 h−1 (Table 4),
with a maximum value of just over 1 h−1. Air exchange fluctuations resulted from changes
in air infiltration through window leaks throughout the season. However, infiltration had a
small share in the total ventilation airflow; on average, it did not exceed 10 m3/h, which
was approximately 5% of the total airflow.

The maximum and average CO2 concentration calculated in the flats are presented
in Table 4. The maximum CO2 concentration only on the second floor (where a larger
number of people stay) exceeded 950 ppm (i.e., the upper limit of environmental category I
according to the EN 16798-1:2019 standard [42]), but only by a maximum of 22 ppm. The
air quality in terms of CO2 concentration was very good. Figure 8a shows the cumulative
distribution of CO2 concentration in all flats A. With the exception of flats on the second
floor, the indoor air quality could be classified to environmental category I by 100% of
the time. In flats on the second floor, this limit was exceeded for a maximum of 3% of
the season.
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The use of heat recovery significantly reduced heating demand. Despite the increase
in the instantaneous airflow, which allowed maintaining environmental conditions at the
required level, the seasonal heat demand in the building decreased by 3.5 times compared
to the cases with opening windows. In warm months (October and April), the heating in the
flats might be turned off. The total heat demand in this case was 10.4 MWh, which gives a
factor of 7.0 kWh/m2. Energy demand at this level qualified the building as energy-saving
with very good indoor air quality. Due to the fact that the heat demand for ventilation
in this case did not depend on the floor, the main differences resulted from heat losses
through the external partitions, which were the largest, due to the roof, on the top floor.
The heating demand on the top floor was even 2–3 times higher than in flats on lower floors.
The electricity consumed by fans cannot also be ignored. The use of fans in the supply and
exhaust air handling unit increased the building’s electricity demand during the heating
season to 5.1 MWh, which constitutes 50% of the usable energy for heating and ventilation
of the building.



Energies 2024, 17, 2232 15 of 20

The mechanical ventilation system discussed above provided a constant amount of
fresh air to the rooms 24 h a day, regardless of whether the flats were occupied. The
introduction of a system that would take into account the variable load in rooms could be a
source of additional energy savings. Therefore, the last case considered was a decentralized
mechanical ventilation system with heat recovery, dedicated to a single flat, with airflow
depending on the instantaneous CO2 concentration in the individual flat. Such a system
provides the required amount of fresh air, with minimal energy consumption by the
ventilation system.

Table 4 shows the average air change rates in flats during the heating season in cases
with smooth control of the supply airflow depending on the CO2 concentration. The
average air change rates in flats decreased, compared to the case with a constant airflow, by
17–43%, depending on the flat, while ensuring air quality at a similar very good level. The
greatest effect was achieved in flats on the third floor with fewer occupants. The maximum
air change rates in flats was 1 h−1, which was higher than the design airflow for case 2.
However, the average airflow supplied by the mechanical ventilation system to flats was
as much as 27% smaller than the average design value in case 2 and was 98 m3/h. Only
in two flats with higher loads on the second floor did the maximum CO2 concentration
slightly exceeded (by 9 ppm) the upper limit of environmental category I according to the
EN 16798-1:2019 standard [42] (Table 4). The average values in case 3 were more similar
to each other in individual flats compared to case 2. The maximum difference in average
values in flats was 148 ppm; in case 2, it was 163 ppm. The control system adjusted the
airflow to the needs, which provided environmental benefits, especially in flats with higher
loads. Figure 8b shows the cumulative distribution of CO2 concentration in flat A. The
indoor air quality of most flats can be classified into environmental category I by 100% of
the time. In more occupied flats on the second floor, this limit was exceeded for a maximum
of 4% of the season. On average, the air quality was slightly worse compared to case 2, but
still remained in the middle of the indoor environment category I.

The use of additional follow-up control of the fans resulted in energy savings in the
building at an average level of 21% throughout the heating season compared to the case
with a constant ventilation airflow. The total heat demand was 8.3 MWh, which gives an
index of 5.6 kWh/m2. Energy demand at this level qualified the building as an energy-
saving building with very good indoor air quality. Unfortunately, the electricity consumed
by the fans of twenty individual units was higher (by approximately 60%) than in the case
of one large central unit and was at the level of 8.1 MWh, which is 100% of the usable
energy for heating.

4. Discussion

Fresh air is a basic requirement for human health and well-being. The key to protecting
health against the negative effects of air pollution is to improve ventilation. Unfortunately,
in order to reduce energy consumption, the possibility of reducing the amount of air is
often considered, so an important problem is finding a compromise between indoor air
quality and energy consumption.

In this study, the ventilation air flow, carbon dioxide concentration, and heat demand
were compared for an exemplary multi-family building for five cases of various ventilation
systems. Figure 9 shows the seasonal heat demand of the building and the average carbon
dioxide concentration in flats at subsequent stages of ventilation modernisation. Figure 10
shows the frequency of carbon dioxide concentrations in the ranges I, II, and III of indoor
environmental quality categories, as the total number of hours from all 20 flats during the
entire heating season from October to April; the total number of hours in the season is
101,760 h (212 days × 24 h × 20 flats).
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In the case of a building with natural ventilation without opening windows, high
energy savings for heating are caused by extremely low air exchange in the building
(on average 0.1 h−1), which is the result of tight windows; the situation is the worse the
higher the floor and the shorter the gravity ventilation duct. Therefore, natural ventilation
systems used in residential buildings (especially during periods without wind) are unable
to provide the required air exchange, and the CO2 concentration may periodically reach up
to 9000 ppm if the windows are not opened all day long. Similar conclusions were drawn
based on measurements by Alonso et al. [57]. The situation can be improved by regular
airing of living areas. The maximum carbon dioxide concentration falls below 2500 ppm,
but for more than 20% of the season it exceeds 1200 ppm, which is the limit of category II
of the indoor environment. Moreover, ventilation significantly increases the instantaneous
heating power in the rooms, and during periods of low external temperatures it may cause
a local decrease in the indoor temperature in the rooms. Since regular airing of flats requires
great discipline, in practice we are dealing with an intermediate case in which residents
do not always open the window in the event of deterioration of air quality, and may also
forget to close it despite achieving good air quality. This results in a deterioration of air
quality and an increase in heat demand in the case of prolonged periods with the window
open; therefore, with a significant deterioration of air quality, the heat demand decreases
by only 5%. In the case of manual control, the windows are not opened at night when the
residents are sleeping. Despite lower CO2 emissions during sleep, the concentration of CO2
in the bedroom air in the morning often exceeds 3000 ppm, which consequently causes a
feeling of lack of rest and a bad mood during the day [58].

For the ventilation system to fulfil its purpose, it must be configured with appropriate
mechanical ventilation devices and operate when people are present in the room (also at
night). However, designing ventilation systems for residential buildings has significant
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limitations. The basic problem in many, even highly developed, countries is the limited
financial resources for their implementation. As a rule, funding can be obtained for
replacing windows and insulating external walls; the remaining part of the investment—the
modernisation of the ventilation system—must be covered from own funds. An investment
that allows maintaining high air quality in existing residential buildings should be treated
as necessary for the health and well-being of residents. Such modernisation will reduce
the heating demand by more than three times compared to the case with airing by opened
windows, but the indoor environment will meet the conditions of category I.

The load on the flats varies throughout the day, so the use of mechanical ventilation
with variable airflow (DCV system) gave good results and allows us to reduce the heating
demand by 20% while maintaining the same high air quality. It should be emphasized,
however, that mechanical ventilation systems require additional electricity to operate the
fans, which will have a noticeable impact on the cost of maintaining the building. Despite
this, the sum of energy for heating and electricity when using mechanical ventilation is
more than two times smaller than the energy for heating in case of opening windows.
To sum up, a supply and exhaust ventilation system with heat recovery is currently the
best way to ensure adequate air quality in flats. The choice of a system with a constant or
variable airflow will be influenced by the investment cost and the possibility of installing
ducts and air handling units in the building. Installing individual systems in apartments
requires adequate space in the apartment, and the system itself will generate additional
noise. Noise from ventilation systems is an important risk factor. The most common sources
of noise in homes are fans and ducts. Evidence suggests that people turn off the systems
that generate these noises due to the annoyance that they cause [2].

5. Conclusions

The research allowed for a quantitative assessment of the instantaneous values of the
ventilation airflow, indoor air quality, and energy demand for heating and ventilation in
individual flats of a multi-family building typical of Central Europe. The research showed
differences depending on the floor of the building (owing to the different stack effect caused
by changing the length of gravity chimneys), the intensity of the use of the flats (uneven
CO2 emissions), and the period of year (instantaneous and seasonal changes in external
conditions). The main conclusions from the conducted research are as follows:

• In buildings equipped with new tight windows (without additional air vents), the
natural gravity ventilation system is unable to ensure the required air exchange and,
therefore, the indoor air quality in the flats; large energy savings related to heating
a small amount of ventilation air (average air change rate at the level at 0.1 h−1)
cannot cover up the huge disadvantage of such buildings, which is the low indoor air
quality (average CO2 concentration in flats at the level of 2500 ppm, with a maximum
value even above 6000 ppm on the top floor, where the gravity ducts are short). The
average CO2 concentration on the top floor (3600 ppm) is twice as high compared to
the mixtures on the ground floor (1700 ppm).

• Lack of mechanical ventilation with a tight building envelope encourages users
to open windows to ventilate the rooms; this generates a multiple increase (even
eight times) in heating power during these periods with the risk of local thermal
discomfort. Therefore, the assumed effects of reducing heat demand after thermal
modernisation of the building are often not achieved.

• By using mechanical supply and exhaust ventilation with heat recovery, good indoor
air quality can be maintained in flats (average carbon dioxide concentration at the
level of 700 ppm). The use of mechanical ventilation can be profitable both in terms
of energy savings (at the level of 50%, due to heat recovery from the exhaust air) and
improvement of the indoor air, which affects the health and well-being of residents;
a significant drop in operating costs related to heating and ventilation should be
expected. However, the electricity consumption in the building will increase, which is
related to the need to provide energy to drive the fans (in the case of individual air
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handling units in each flat, the demand for electricity may be as high as the energy
demand for heating and ventilation). In this case, installing photovoltaic panels to
produce electricity for fans should be consider.

• Integrated simulation of heat demand and air exchange in dynamic conditions, with a
small time step, taking into account instantaneous heat loads, airflow, and pollutant
emissions, allows for the analysis of various heating and ventilation systems in a
manner sufficient for the correct assessment of heat demand and indoor air quality in
multi-family buildings when making investment decisions regarding the design and
modernisation of these buildings. Only such simulation allows for a comprehensive
analysis of the conditions in rooms in terms of energy efficiency and indoor air quality.

Future Research

Poorly organized inflow of large amounts of external air into rooms in the case of
natural ventilation may cause drafts to occur in certain zones. To prevent this phenomenon,
research should be carried out regarding the type of air vents, their location, and possible
additional heating of the incoming air.
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