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Abstract. In Eastern Europe countries, including Ukraine, a significant part of the buildings belongs to the
mass development of the 80s, which are characterized by a low level of energy efficiency. For such countries
with sharply continental climates, heating costs prevail to a large extent. Improved thermal protection forces
more attention to be paid to heat losses with ventilation. The distribution of air exchange between individual
rooms is difficult to determine, especially due to natural ventilation. The work is devoted to considering the
conditions of natural convection and determining the effect on the energy consumption of a building. The article
considers the advanced ASHRAE technique for calculating natural air exchange. The influence of the
temperature and wind characteristics of the outdoor air on the natural component of the air exchange rate at
the different locations of the representative rooms of an 8-story building is analyzed. The value of the air
exchange rate for typical conditions of Kiev does not exceed 0.25 h-1, 0.65 h-1 and 0.4 h-1 for two-chamber
and single-chamber double-glazed windows, triple glazing in wooden double binders, respectively. On the first
floors, air exchange is associated with air infiltration, and on the last floors there is exfiltration, which must be
taken into account when dynamically modeling the energy characteristics of a building. The example is with
additional mechanical ventilation to maintain a comfortable environment. 5R1C dynamic grid models were
created to study the energy performance of the building. The estimate of additional heating costs due to
infiltration is 23 % for the North and 43 % for the South orientation of rooms with two-chamber energy-saving
windows. It has been established that in dynamics, the energy consumption of a building with normative air
exchange and the calculated value of the natural component differs by 50–75 %, which is a possible level of
savings under actual air exchange conditions in comparison with standard ones. This savings can be reduced
by increasing air exchange during busy hours, for example, due to additional aeration.

1. Introduction
HVAC systems are designed to maintain the thermal comfort and quality of the indoor climate. The
HVAC systems usually have a large percentage of the total energy cost in the building. In developed countries
this figure can be about 40%, for post-Soviet countries this figure is over 40 %. [1] Considering global trends
aimed at reducing energy consumption and greenhouse gas emissions, software for modeling energy
processes in a building is used to deepen the analysis of energy consumption, allowing to consider different
design and operation options [2, 3].
In the European area of the post-Soviet countries, including Ukraine, a large part of buildings belongs
to the typical construction of the 80-ies, which is characterized by low energy efficiency. The energy
performance of these buildings is influenced by the thermophysical properties of the envelope, geometry, solar
heat gains and additional internal heat gains, air exchange rate and operating conditions. Effect of innovative
energy-saving measures on building envelope and heat sources is investigated in detail in papers [4, 5]. One
of the most influential parameters is the air exchange rate [6, 7]. Energy need calculations based on dynamic
modeling are carried out using such software products as EnergyPlus (37 %), TRNSYS (35 %), DOE-2 (16 %)
and others [8].
For buildings of 70–80's typical development in the post-Soviet countries the low level of thermal
insulation properties of building enclosures is typical. For the proper functioning of such buildings, the
significant part of energy costs is used for heating (for Eastern European countries heating period lasts for
about six months). The trends of the last decades are aimed at improving the thermal insulation properties of
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building enclosures. For instance, according to the standard of Ukraine [9], with regard to the
recommendations of the energy saving measures implementation priority, the main attention is paid to the
measures for thermal renovation of the building envelope and heating system regulation. After the introduction
of energy saving measures (the first stage), the ventilation component of heat loads in residential and
commercial buildings can range from 25 to 50% [9]. In order to ensure proper working environment from the
air exchange point of view, the specified air exchange rate is regulated in the standards. In buildings, the air
exchange rate is provided in two ways: naturally and mechanically. In most of the old Soviet buildings of typical
construction mechanical ventilation is not provided or is not working.
For buildings in Eastern Europe after thermo-modernization the component of ventilation losses
significantly increases in the overall energy balance of building losses. At the same time, improving the thermal
performance of windows results in a reduction in air exchange through natural ventilation. Features of energysaving measures implementation in Ukraine follow the general trends in Central and Western Europe, where
after the implementation of measures associated with improvement of building envelope thermophysical
properties, the CO2 concentration in premises with natural ventilation has increased significantly [10].
Reducing this component is the second step in implementing energy-saving measures in Ukraine. Therefore,
in the context of widespread implementation of programs aimed at increasing the thermal protective properties
of the building envelope, greater attention should be paid to factors influencing natural ventilation (free
convection).
Recent studies have confirmed this need and paid considerable attention to air exchange research
[11, 12]. Studies [13] have shown that the most influential parameter on the energy balance of a building is
the air exchange rate. For example, infiltration share in France can be 15%. In the USA researchers conclude
that this component reaches 33 %. [14]
It is difficult to determine the real value of air exchange rate in spaces. A number of scientific studies
are devoted to the determination of this parameter using experimental approach based on measuring the CO2
concentrations [10, 15–18] but it requires a large number of representative spaces and experimental studies.
Accurate consideration of the infiltration component is the key to the reliability and quality of the
calculations to determine the feasibility of implementing energy-saving measures. The calculation of natural
ventilation is based on the use of physical and empirical models [19]. Physical models for determining natural
air exchange are quite complex and require a large number of output parameters, which significantly
complicates the calculation for buildings with many zones. These approaches use algebraic equations that
relate characteristics of the building, such as height, orientation, air permeability of building envelope, and
weather conditions. One of the first approaches was developed by Shaw and Tamura [20], which was based
on a single equation that combined the stack and wind effect to calculate the natural air exchange rate.
Empirical approaches have been reflected in software for calculating the energy performance of
buildings. Among the most widely used software complexes for energy modeling of buildings are: eQuest
(17 %), EnergyPlus (12 %), TRNSYS (8 %), DOE2 (8 %), DesignBuilder (6 %), and Ecotect Analysis (5 %)
[19]. It should be noted that the general capabilities of airflow modeling in the above software systems are
based on empirical equations to determine infiltration designed for residential buildings based on ASHRAE
approaches and cannot be applied to taller buildings or buildings with natural or mechanical ventilation
systems. Therefore, a number of empirical methods for determining air exchange that are reflected in software
can be used for low-rise residential buildings [21–23].
More recently proposed method of estimating infiltration in commercial buildings using EnergyPlus [24]
considers wind, not just temperature effects [20, 25]. This approach is based on the use of constant coefficients
A, B, C, D for DOE-2 and BLAST methodology (formula 1) [24].

Infiltration = Idesign·Fshedule [A+B·∆T+C·W+D·W2],

(1)

where Idesign is defined by EnergyPlus as the "design infiltration rate", which is the airflow through the
building envelope under design conditions; Fshedule is a factor between 0.0 and 1.0 that can be scheduled,
typically to account for the impacts of fan operation on infiltration [24]; ∆T is the indoor-outdoor temperature
difference, °C; W is the wind speed in m/s. It should be noted that EnergyPlus varies the outdoor temperature
and wind speed by zone height for use in Equation (1) and for other calculations. How this was handled in this
study is detailed in Ng et al. [26]. A, B, C, and D are constants, for which values are suggested in the
EnergyPlus user manual [24]. Two sets of values are presented: DOE-2 and BLAST.
However, as mentioned above, this approach (the considered coefficients) describes with sufficient
accuracy the processes of air exchange only in low-rise buildings. In addition, the method provides a simplified
picture of the impact of building envelope air permeability, weather and HVAC system operation on infiltration
rate [26]. The method [24] does not allow to consider the wind direction and height, which is especially
important for the leeward and windward facades of the building.

Bilous, I.Yu., Deshko, V.I., Sukhodub, I.O.
28

Magazine of Civil Engineering, 96(4), 2020

One of the software used for the analysis of air flows in buildings is CONTAM [26]. CONTAM is a multizone computer program for air quality and ventilation analysis that allows determining infiltration, exfiltration
and airflows into rooms from controlled mechanical ventilation systems, wind pressures acting on the exterior
surfaces of a building, the stack effect caused by the difference in indoor and outdoor air temperatures,
concentrations of pollutants and their effects on humans. It should be noted that this software product is used
at the design stage and has not found its application in the energy management of existing buildings.
The software complexes discussed above allow for an hourly change in weather data based on typical
meteorological year (TMY) data [26, 27].
For Ukraine and other post-Soviet countries, with a respect to improving the energy efficiency of typical
development buildings, the assessment of the baseline level of energy consumption when implementing a set
of energy-saving measures is one of the key issues. In calculations of the baseline level of energy
consumption, air exchange rate is taken in accordance with the normative values [28], and its actual value is
difficult to determine experimentally, given that the natural component of this parameter has a dynamic nature.
When calculating the buildings energy performance in Ukraine using stationary and quasi-stationary
methods, the climatic characteristics for the respective regional center are used, namely, the monthly average
outside temperature, solar heat gains on the horizontal and vertical surfaces for the quasi-stationary method,
the average values for the heating period are used for heating degree-day method [1]. The impact of the wind
in the models for the monthly and seasonal averaging intervals is considered by the normative value of the air
exchange rate.
In terms of efficient energy use (heating system regulation) the energy need for heating should be
calculated on the basis of hourly changing climatic characteristics [1]. In Ukraine, dynamic models for
determining the buildings energy performance [1], which require the use of hourly climate data, such as
International Weather for Energy Calculations (IWEC) file, are becoming increasingly widely used [27]. Similar
approaches are relevant both for the design and in-depth analysis of the energy performance of existing
buildings, and the climatic conditions of Ukraine are similar for the countries of Central and Eastern Europe
(Ukraine, Baltic States, Belarus, Hungary, Poland, Czech Republic, Slovakia, Western Russia).
The analysis shows that the empirical methods for calculating the natural air exchange rate are quite
simple, but usually can be used only for low-rise buildings or partially account for influential parameters on the
air exchange rate in buildings. Software-based mathematical models for determining the natural air exchange
rate allow the calculation of air exchange rate by zone and are commonly used at the design stage, and have
not been widely used in energy consumption regulation. There is a need to develop empirical methods that
can be easily used and accurately describe the actual natural air exchange for existing housing stock of
buildings.
With the described problems, there is a need for improved empirical methods for determining the air
exchange in buildings, which are simpler than models based on physical modeling, but at the same time allow
to calculate for multi-story buildings in conditions of operation, considering the time variability of weather
conditions, which will allow for a more detailed calculation of the baseline level of energy consumption.
The aim of the paper is to develop approaches to the in-depth analysis and specification of air exchange
rates in the context of dynamic change of environmental characteristics for the existing building stock of postSoviet countries, based on the climate characteristics of Kyiv, Ukraine. Objectives of the study are to:
1. provide a generalized methodology for determining the calculated value of the air exchange rate;
2. develop a mathematical model of local determination of the air exchange rate in multi-story buildings;
3. carry out a comparative analysis of the air exchange rate for different values of air permeability for
climatic data of a typical year meteorological file IWEC [27];
4. show the importance of influential parameters with the help of air exchange rate modelling and to
evaluate its influence on the change of energy need local characteristics.

2. Methods
Usually, mathematical models for determining buildings energy consumption use the value of the air
exchange rate for ventilation component (air exchange). Air exchange is difficult to determine experimentally.
Even with the same window designs in terms of air permeability, different amounts of air enter the room. Room
air exchange depends on a number of factors, both external and internal ones. The generalization of the
methods for air exchange rate determination based on the calculation of pressure differences given in the
studies of Berge A. and others [30, 31] and according to the ASHRAE approaches [21] is used in the paper,
which allows to use the given technique for multi-story buildings. The pressure difference that determines the
air exchange rate in a building is created by three different mechanisms: stack effect, wind pressure effect,
forced ventilation effect (Fig. 1) and is calculated as their sum (formula 2):
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(2)

∆Ptot is total pressure difference, Pa;
∆Ps is pressure difference from stack effect, Pa;
∆Pw is the wind pressure difference, Pa;
∆Pv is pressure difference from forced ventilation, Pa;
∆Pinf is infiltration pressure difference, Pa.

Figure 1. Example of building height distribution and sum of pressure difference profiles [31].
The stack effect is also called the buoyancy effect created by the difference in density between warm
and cold air. Reduction of air pressure with the height determined by the formula (3):

∆Рs= Рe ( z ) − Рi ( z )= z ( ρe − ρi ) g ,

(3)

z is height from the reference point, m;
ρe, ρi are density of exterior and interior air, kg/m3;
g is acceleration of gravity, m/s2.
From the neutral pressure level towards the first floor, the pressure difference is positive, towards the
last floor it is negative. Assuming that air is the ideal gas, formula (3) looks like:

∆Рs= 3456 ⋅ z (

1
1
− ),
Te Ti

(4)

Te , Ti are exterior and interior air temperature, respectively, K.
Wind pressure is created when airflow hits an obstacle. The magnitude of the wind pressure depends
on the wind speed and direction (windward, leeward side, etc.).
Most software products for modeling wind pressure, use the following formula [30, 31, 7]:
ρU 2
∆Pw = met ChС p (θ ) ,
2

(5)

ρ is density of the environment air, kg/m3;

U met is wind speed according to the nearest weather station, m/s;
С p (θ ) is wind pressure factor considering wind direction through the angle of incidence θ;

θ is the magnitude of the wind angle relative to the normal drawn to the considered surface, °;

Ch

is wind pressure factor that considers the height.

=
Ch

U н2
H 2а ,
)
=
A02 (
2
H
U met
ref

(6)

U н is wind speed at the highest point of the object, m/s;
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A0 is the wind shelter coefficient; [20]

H is height of the considered floor of the building from the ground level, m;
Href is height at which the weather station measures wind speed, m;
a is an exponential coefficient that considers wind shelter for a given area [30].
The amount of air entering the room due to leakage under the specified conditions (without mechanical
ventilation) is determined by the following formula:
p
Ginf= С (∆Pinf ) p or Ginf = ∆Pinf Fw
Rb

(7)

Ginf is the amount of air entering the room due to leakage, kg/h;
С, p are coefficient and the degree index depend on the purpose of the building;
Rb is window air permeability resistance, (m2∙h∙Pa2/3)/kg [32];
Fw is window area, m2.
The space air exchange rate as a characteristic of the ventilation node in mathematical models is
determined by the following formula [32]:
п=

Ginf ,
ρV

(8)

V is volume of the space, m3;
n is air exchange rate, h-1.
The above method allows to consider the infiltration and exfiltration flows into the space, which
significantly affects the energy performance characteristics.
Model description. For the purpose of building energy performance study, a group of representative
premises having southern and northern orientation was considered with the thermophysical properties of
building envelope for typical construction: 1) triple glazed windows in PVC profiles; 2) triple glazing in wooden
twin sashes; 3) double glazing in wooden twin sashes (old translucent structures). The building has 8 floors,
where the constant indoor air temperature of 18°C is maintained during the heating period. Based on the
selected representative premises (on the 1st, 3rd, 6th floor with southern and northern orientation), a study of
the change in the air exchange rate in a multi-story building with different types of windows permeability was
carried out according to the above described method. The hourly values from the IWEC file for the climatic
conditions of Kyiv (Ukraine) [27] were used: dry bulb temperature, wind speed and direction, barometric
pressure.

3. Results and Discussion
3.1. Calculation of hourly natural air exchange in accordance with IWEC climate data
of a typical year
The climate file IWEC [27] shows hourly values for wind speed and direction. Wind direction is given in
degrees clockwise starting from north (0°).
From the analysis of the IWEC file for Kyiv city (Ukraine) of [27], it follows that the most typical wind
direction for the cold season is northern and northwestern, and the average speed is 2.7 m/s, which is similar
to the data of building climatology of Ukraine for the given region. [29]. The range of fluctuations of hourly
values of wind speed is from 0 m/s to 18 m/s (rarely). The wind direction changes every two hours on average.
According to IWEC, the average outdoor air temperature for the heating season is 1.7 °C, which is
slightly different from the current climatology [29] value of -0.1 °C. The minimum external temperature in the
IWEC file occurs in February and is -15.8 °C. Regular changes in average daily outside air temperature can
be up to 4 °C, and fluctuations within the day can be up to 5 °C. The behavioral trends of daily, between-day
and seasonal temperature fluctuations are similar for those of Central and Eastern Europe.
Given that the hourly data for a typical year gives 8760 points, for each point there is a complex effect
of a number of factors. Therefore, the impact has been explored alternately to separation the impact of change
in outside temperature, wind speed and direction on the value of in pressure difference from wind and stack
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effect. The considered range of change in outside temperature, wind speed and direction may be relevant for
other climatic zones.
Fig. 2 presents the height profiles of pressure difference caused by the stack effect, depending on the
change in ambient temperature. This phenomenon is related to the difference in density between warm and
cold air and does not depend on the orientation of the premise.

Figure 2. The change in pressure caused by the effect stack depending on the change in ambient air
temperature.
Provided that the exterior air temperature is close to the interior one (peak solar activity during
off-season) the pressure difference from the stack effect can be offset.
The study investigates changes in pressure difference height profile for different wind speed and
direction at different ambient air temperatures and their effect on windward and leeward enclosures. Figure 3
presents the corresponding graphs of wind pressure profiles on the southern side of the building, depending
on the building floor and wind direction. Representative days are used, for which the wind speed is 3 m/s
(typical wind speed for the conditions of Ukraine [29]) and exterior air temperature is 3 °C (average typical
exterior air temperature for December in the city of Kyiv (Ukraine) [28]). The graph shows that the magnitude
of the pressure change caused by wind effect increases with height.

Figure 3. Changes in wind pressure depending on the incidence angle of the wind direction

θ.

The wind vector directed to the surface (windward side) causes positive values of wind pressure
difference, for leeward sides it is negative.
As mentioned above, northern and northwestern wind direction is typical for Kyiv (Ukraine). The average
wind speed is 2.7 m/s, the wind speed greater than 8 m/s typically has northwestern direction. The change in
wind pressure effect for different wind speed profiles and wind incidence angle θ = 0 ° is shown in Fig. 4.
Similar calculations are performed for incidence angles θ = 180 ° (profiles are similar with a negative value of
change in wind pressure). The analysis shows that the pressure difference increases with wind velocity
increase.
Figs. 2-4 shows that the pressure difference caused by the stack effect has a greater effect on the
natural the air exchange rate as opposed to the wind effect.
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1 – w=0 m/s; 2 –3 m/s; 3 – 6 m/s; 4 – 9 m/s; 5 –12 m/s; 6 – 15 m/s
Figure 4. Change of wind pressure difference depending on change of wind speed at northern
wind direction on the northern side of building (θ = 0°).
This paper investigates the natural component of air exchange, which is determined by the sum of
the pressure difference from the stack and the wind effect. Fig. 5 shows the average resulting infiltration
pressure difference depending on building height in January and March for the southern (S) and northern
(N) orientations. Fig. 5 shows that for the first floors (1-3 floors) the typical effect is infiltration of the exterior
air, where, accordingly, the heat consumption will be the highest. The profile of change in the average
monthly values of infiltration pressure difference depending on the height in January is more low-angle that
is stronger than in March for the similar premises. This feature is caused by a number of factors: the ambient
air temperature decreases (the pressure difference from the effect stack increases); different wind speeds
and directions specific for a particular period of the year.
Also, Figure 5 shows the profile of changes in the mean monthly values of the infiltration pressure
difference depending on height for southern (S) and northern (N) orientations for March, the orientation
difference is caused by wind effect (wind direction). A similar analysis was carried out for January data, the
difference of profiles is less, which is caused by a combination of factors and their influence on the
magnitude of the stack and wind effect of the pressure difference profiles.
Thus, the above method allows to determine the quantitative dependence of the distribution of
infiltration pressure difference and air exchange on a specific set of characteristics of the terrain and
building.

Figure 5. Change in average monthly pressure difference depending on height for January and
March of typical year data for rooms with N and S orientation.
As mentioned above, the considered technique takes into account both infiltration and exfiltration
natural air flows in the building. Fig. 6 shows an example of changing the air exchange rate for rooms of the
northern (N) orientation of the building under consideration for different values of the air permeability
coefficients. For the off-season, the air exchange rate decreases somewhat compared to the cold period,
which is explained by the decrease in the temperature difference between the indoor and outdoor
environment.
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а)

b)

1 – for triple-glazed PVC windows; 2 – triple-glazed wooden windows; 3 – double-glazed wooden
windows;
Figure 6. Average air exchange rate for representative premises (N orientation) for different types
of window structures for January (a) and March (b).
An hourly calculation of air exchange rate was carried out for representative premises of different
orientation and floor location. The natural air exchange rate for premises with north-eastern orientation is
slightly smaller than for other orientations, which is related to the wind direction, the difference is more
noticeable for windows with less air permeability resistance. The average annual calculated natural air
exchange rate is about 0.25 h-1 – for triple-glazed PVC windows, 0.4 h-1 – triple-glazed wooden windows,
0.65 h-1 – double glazed wooden window. This value may actually be greater for older windows with wooden
frames as airtightness has decreased during operation. During the year, the maximum value of the air
exchange rate is greatest for double glazed windows and can range from -2 to 1.2 h-1, which is typical for
periods with gusty winds of more than 15 m/s.
During the off-season, the air exchange rate decreases somewhat compared to the cold period, which
is explained by the decrease in the temperature difference between the indoor and outdoor environments.
On the ground floor there is a phenomenon of infiltration (fresh air inflow naturally due to leakage in
window structures), in the above floors there is an area where it is on average close to zero, which is related
to the NPL of the building (stack effect), on the upper floors there is an exfiltration which corresponds to
negative air exchange rate values. Fig. 7 shows the variation of hourly values of air exchange rate during
the season for premises on the ground floor with N orientation.

1 – double-glazed wooden windows; 2 – triple-glazed wooden windows; 3 – for triple-glazed PVC
windows; 4 – pressure difference for natural ventilation
Figure 7. Hourly values of air exchange rate for premises on the ground floor with N orientation.
Fig. 7 shows that windows with improved thermophysical characteristics are less sensitive to
fluctuations in environmental parameters. In general, on the ground floor the range of infiltration air
exchange rate change is -0.2...0.25 h-1 – for double-glazed windows with PVC profile, -0.4 ... 0.5 h-1 – for
triple-glazed wooden windows, -0.5… 1 h-1 – for double glazed windows. The negative values of air
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exchange rate on the ground floor are explained by a short gusty wind with a velocity of more than 10 m/s
and a frontal direction to the considered enclosure.
The results of simulation of the average air exchange rate 0.25 h-1 was obtained for the heating
season for triple-glazed windows with PVC profile. The similar results show that the annual average
infiltration rates in Beijing range from 0.02 to 0.82 h-1 with a median value of 0.16 h-1 [15]. For upper floors
(not shown in Fig. 6) the range of variation is -1.5…0.25 h-1 – for double-glazed windows with PVC profile,
-2 ... 0.5 h-1 – for triple-glazed wooden windows, -4… 1 h-1 – for double glazed ones.
The obtained results show that for the ground floors there is a positive variation range of the hourly
air exchange rate values, for the upper floors it is negative. For double-glazed windows, the air exchange
rate of -4 h-1 is characterized by a wind speed of 18 m/s at the level of 10 m (meteorological measurements).
It should be noted that for the conditions of Ukraine this type of research was not conducted, similar
trends are obtained for Chinese conditions [15], but quantitatively the differences in results are due to the
different nature of buildings and climatic data.
The use of more efficient windows leads to less sensitivity depending of the air rate exchange on the
considered factors, due to the fact that modern windows have greater air permeability resistance value. The
obtained results show the dynamics of air exchange due to natural infiltration and how much it is necessary
to supplement the air exchange mechanically to ensure comfort under certain modes / operating conditions
[30].

3.2. Calculation of energy consumption and analysis of energy need for heating with
change of actual natural air exchange rate
Input data. A group of representative rooms is in the buildings of typical development of the 1970s.
Room dimensions are 5.5×6.1 m, room height is 3 m. The room has one outside wall (5.5×3.0 m) with a
window (5×2 m). The outer wall has a thermal resistance of 0.8 m2·K/W (the main layer is brickwork in one
brick). Ceiling over the heated premises is reinforced concrete (20 cm). The building is located in Kyiv, Ukraine.
The design indoor air temperature is 18°C. Solar heat gain coefficient for window is 0.56. Climate hourly data
from the IWEC file for the city of Kyiv were used [27]. Solar heat gains are calculated using IWEC file data and
EnergyPlus "Full interior and exterior with reflection" technique. The low level of thermal insulation properties
is relevant for a large volume of buildings in countries such as Ukraine, Baltic States, Belarus, Hungary,
Poland, Czech Republic, Slovakia, Russia.
Figure 7 shows the hourly variations of the outside temperature and solar heat gains for premises with
N and S orientation during heating period.

Figure 7. Variations of exterior air temperature tout, solar heat gains Qsol for premises with N and S
orientation.
Model description. According to 5R1C model (dynamic grid room model, five resistances, one capacity),
energy need for heating ФHC is calculated as the heating power value for each hour to be supplied to the indoor
air temperature node (θair) to maintain a given temperature setpoint [6]. The dynamic method scheme is
implemented on the basis of EN ISO 13790 [33] and EN ISO 13786 [34] and shown in Fig. 8.
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Figure 8 - Dynamic grid room model, five resistances, one capacity (5R1C) [2]: θair, θs, θe, θm, θsup are
temperature of air, internal surfaces, external environment, opaque enclosures, supply air,
respectively, ℃; Фm, Фst, Фia are additional solar (Фsol) and internal heat gains (Фint), distributed
between the air node, the surface of the inner enclosure and walls, W; ФHC is heat flow from the
heating system, W; Cm is internal heat capacity of opaque building enclosures, J/K; Htr.w, Htr.em,
Htr.ms, Htr.is, Hve are coupled conductivity between temperature nodes characterizing transmission
losses through building envelope and ventilation, W/K.
The energy need for heating is based on the calculation of the heating level, ФHC.nd, for each hour to
be delivered to the internal air temperature node, θair, to maintain a certain set-point temperature. The setpoint temperature is an average weighted value of internal air temperature and radiant temperature.
Heat transfer by ventilation, Hve, is directly connected to internal air temperature node, θair, and the
node that corresponds to supply air temperature, θsup. Heat transfer by transmission is divided into two parts:
the first one is through fenestration surfaces, like windows, Htr.w, that do not have thermal mass, the second
one is through opaque surfaces Hop, that have thermal mass, and, in its turn, is divided into two parts: Htr.em
and Htr.ms. Solar (Фsol) and internal heat gains (Фint) are distributed between the internal air temperature
node, θair, the central node, θs (mixture of θair and mean radiant temperature θr) and the node representing
the building mass, θm. The thermal mass is reflected by the specific heat, Cm, located between Htr.ms and
Htr.em. The coupling by conductivity is determined between the internal air temperature and the central node.
The value of the heat flux due to internal sources, Фint, and the value of the heat flux in the zone of the room
due to the sun, Фsol, are divided between the three nodes: internal air temperature, θair, and internal nodes,
θs, θm.

H tr .is = his Atot

(9)

H tr .ms = hms Am

(10)

H tr .em =

1
1
1
−
H op H tr .ms

(11)

1
1
1
+
H ve H tr .is

(12)

H=
H tr .1 + H tr .w
tr .2

(13)

H tr .1 =

H tr .3 =

1
1
1
+
H tr .2 H tr .ms

Cm = ∑ k j A j

(14)

(15)
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Φ ia + Φ HC .nd

Φ m.tot =+
Φ m H tr .emθe +

H tr .3 (Φ st + H tr .wθe + H tr .1 (

θ m,t =

(17)

2

Cm
− 0.5(Htr .3 + H tr .em ) + Φ m.tot
3600
Cm
+ 0.5( H tr .3 + H tr .em)
3600

H tr .msθ m + Φ st + H tr .wθe + H tr .1 (

H tr .ms + H tr .w + H tr .1

H ve

Φ ia + Φ HC .nd

θs =

H tr .msθ m + Φ st + H tr .wθe + H tr .1 (

H tr .ms + H tr .w + H tr .1

θ air =
Φ ia ,Φ m ,Φ st
Φ m.tot

(16)

θ m,t + θ m,t −1

Φ ia + Φ HC .nd

θs =

+ θsup )

H tr .2

θm =

θ m,t −1 (

H ve

H ve

(18)

+ θsup )

(19)

+ θsup )

(20)

H tr .isθ s + H veθsup + Φ ia + Φ HC .nd

(21)

H tr .is + H ve

internal and solar radiation heat gains are distributed between the 3 nodes,

θ air ,θ s ,θ m ;

is total heat flow, W;

his is heat transfer coefficient between the internal air temperature node, θ air , and central node, θ s ,
W
has a fixed value his = 3.45
;
m2 K
hms is heat transfer coefficient between the nodes m and s, has a fixed value hms = 9.1

W
m2 K

;

Am is effective mass area, m2;

A j is area of the j-element, m2;
Atot is the area of all external enclosures of the building, m2;
Cm is internal heat capacity, J/K;

k j is internal heat capacity per unit area of the j-element of the building, J/(m2·K);
H tr .is is coupling by conductivity between node s and inside air temperature, W/К
H tr .1 , H tr .2 , H tr .3 are conductivity of conditional nodes 1, 2, 3, W/K
Model validation. Based on the considered series of models and results of studies [35–37], a model built
on the basis of the EnergyPlus software can serve as a reference model for verification. The verification of the
simplified hourly calculation method of EN 13790 [23], implemented on the basis of the grid model 5R1C, was
carried out with the model based on the EnergyPlus software product. The difference between the results of
grid calculation models is less than 5 % and slightly higher value of load in 5R1C model is explained by the
common node for internal and external envelope inertia protections, this feature can produce more model’s
discrepancy results in the summer. The models considered performed an hourly calculation. During the
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heating period for the facility the located in Kyiv (Ukraine), the discrepancy between the results of the two
models was estimated on the basis of an adjusted coefficient of determination of R2 = 0.968.
Simulation results. When using the calculated values of the natural component of air exchange rate,
due to infiltration (leaks in window construction), the supply of fresh air into the room area and heat loss
significantly change under the influence of natural factors, and accordingly the energy consumption of the
building also changes.
Mathematical modeling of specific energy need for heating of representative rooms of northern (N) and
southern (S) orientation is carried out with the condition of only transmission losses (n = 0), for normative
values of air exchange multiplicity (n = 1 h-1) and for the calculated value of natural component (n = var.) air
exchange.
Fig. 9 shows the annual specific energy need for heating for northern (N) and southern (S) orientation
on the example of representative rooms with triple-glazed energy-saving windows with PVC profile located on
the ground floor. The maximum estimate of additional energy costs due to natural ventilation (infiltration)
compared to energy consumption with only transmission losses (n = 0) differs by 23% for northern and 43 %
for southern orientations.
The obtained value for the natural component of air exchange does not allow to provide a normative
level of air exchange for comfortable working conditions. Comparison of the specific energy need for heating
calculated for the normative values (n = 1 h-1) and the obtained level of natural air exchange establishes that
the difference of energy need for the entire heating period can be more than 50 %, compared with n = 1 h-1.
For example, for the premises on the ground floor with N orientation it can be 50 %, for S orientation it can be
65 %. This difference can be reduced by increasing air exchange rate during occupied hours, for example, by
airing.

1 – normative values of air exchange rate n = 1 h-1; 2 – calculated (natural component) air exchange rate;
3 – no air exchange
Figure 9. Annual specific building energy need for heating under different conditions of air exchange
Fig. 10 shows the change in hourly values of specific energy for heating using normative (1) and
calculated (2) values of natural air exchange rate and for premises with only transmission heat losses
component (3) oriented to the North (a) and South (b) located on the ground floor.
The results of mathematical modeling show that at a certain level of natural air exchange for the
considered type of windows (air permeability resistance), the heating system of the rooms oriented to the
south can be switched off during the off-season (October, April), i.e. solar heat gains work as a passive heating
system. The heating season can be reduced by more than 30 days.
During the cold period of the year, the energy need for heating calculated for the values of normative
air exchange rate, and according to the variable natural conditions (natural exchange rate), line 2, varies up
to 50 %, and for the off-season period the difference can be up to 75 %. Addition to the energy need due to
natural air exchange (the difference between 2 and 3) is about 20 %, the value of fluctuations in the heating
load increases by one and a half - two times.
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a)

b)
Figure 10. Load on the heating system for the heating period of the premises oriented to the north (a)
and south (b): 1 – at the normative values of air exchange rate n = 1 h-1;
2 – calculated (natural component); 3 – no air exchange
For premises oriented to the South, the fluctuations of the load on the heating system during the day
are somewhat larger and the effect of natural air exchange on them is not so obvious, unlike for the northern
orientation, which is explained by solar heat gains into the premises. Also, on some days there are short-term
shutdowns of heating during peak hours of solar activity, the amount of which is reduced by the influence of
air exchange.

4. Conclusions
1. The article reviews literature sources and approaches to the assessment of natural air exchange in
a building, taking into account the cumulative variability of a number of external and internal factors.
A generalized technique for determining the natural air exchange rate for multi-story buildings is proposed, the
considered methodology is based on ASHRAE approaches and allows to calculate natural air exchange for
medium-sized buildings. The calculation was made for climatic conditions typical in Central and Eastern
Europe. The calculations used the data of the international climate file IWEC (typical year), e.g. for the city of
Kyiv, Ukraine. The natural component of the air exchange rate is calculated for air permeability coefficients of
the most typical characteristics of window construction, namely: triple-glazed PVC window, triple and doubleglazed wooden window. The calculation was carried out for representative premises of 8-story building that
have one window of different orientation.
2. For energy efficient triple-glazed PVC windows an hourly calculation of the natural component of air
exchange rate at different locations of representative premises showed that the infiltration value does not
exceed 0.25 h-1, for triple-glazed wooden windows it can be 0.4 h-1, for double-glazed wooden windows it can
be 0.65 h-1. It should be noted that on the first floors, in general, the natural component of air exchange has a
positive value (air infiltration), while on the last floors, it has a negative value (air exfiltration), which must be
taken into account in the dynamic modeling of building energy performance.
3. General trends show that as thermal resistance of building envelope structures increases, heat
losses are reduced, while the share of heat losses with air exchange increases ensuring conditions of comfort.
In addition, the improvement of window structures leads to a decrease in natural air exchange through them.
The research shows to what extent mechanical ventilation should be additionally used to maintain the
normative value of the air exchange rate during the people occupancy period. In further studies it is planned
Bilous, I.Yu., Deshko, V.I., Sukhodub, I.O.
39

Magazine of Civil Engineering, 96(4), 2020

to perform hourly calculation of air exchange rate taking into account building air flow conditions with regard
to the landscape, mechanical ventilation and heat recovery.
4. Dynamic grid models have been developed to study buildings energy performance based on EN ISO
13790 [33] and EN ISO 13786 [34] standards. The model was validated with the model created in the
EnergyPlus software package.
It is established that the maximum estimate of additional energy costs due to natural ventilation
(infiltration) compared to the energy consumption of the building with only transmission losses (n = 0) differs
by 23 % for northern and 43% southern orientations for premises with energy efficient triple-glazed PVC
windows. It is also established that the energy consumption of the building at the normative value of the air
exchange rate (n = 1 h-1) and the calculated value of the natural component of the air exchange rate differs by
50–75 %, which is a possible savings result under the actual conditions of air exchange compared with the
normative. This savings can be reduced by increasing air exchange during occupation periods using premises
airing to ensure proper ventilation in the room.
5. For residential and public buildings of typical development of the post-Soviet countries there is a
general tendency to improve the thermal characteristics of the building enclosures. Replacing windows
reduces air exchange through natural ventilation, so more attention should be paid to mechanical ventilation.
In order to maintain the normative value of the air exchange rate during occupancy, natural or mechanical
ventilation should be used additionally. The actual natural component of air exchange in the premises of
variable occupancy rate consideration specifies the determination of the level of energy-saving measures
efficiency for thermo-modernization, a component that must be provided by mechanical ventilation, and can
also be utilized in heat recovery devices. The dynamics of the air exchange rate influence on energy
consumption under these conditions needs further investigation.
6. The results of the paper provide a methodology, demonstrate the needs and boundaries for
quantifying natural air exchange for the conditions of Central and Eastern Europe (temperate climate) for
typical characteristics of buildings in post-Soviet countries before and after window replacement.
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