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Abstract: Changing climatic conditions cause the variability of the parameters of the building’s
surroundings, which in turn causes both the gains and losses of heat to change over time. There is
variability in both daily and annual cycles. Meeting the requirements of thermal comfort in rooms
requires maintaining the required parameters, including constant temperature. Heat gains and
losses must be balanced, and this balance is ensured through appropriate heating systems. At the
same time, the above means that the demand for heating buildings is not constant but depends on
external weather conditions and the energy efficiency of the building. This, in turn, affects the
thermal inertia, causing changes in the partition temperature to occur slower than the changes in air
temperature. Therefore, the amplitude of the heating power changes is not proportional to the
amplitude of the outside air temperature change. The paper presents an example of the analysis of
thermal dynamics in buildings. Various aspects of heat transfer in the building were investigated
taking into account the transient conditions. The variability of temperature over time at different
depths of the partition was analysed, showing the results graphically. The periodic variability of the
outside air temperature and the intensity of solar radiation were described by the Fourier series.
Moreover, the article shows the influence of the thermal insulation thickness of the external wall on
the annual amplitude of temperature changes and on the duration of the heating season, which is
important from the point of view of optimization.
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1. Introduction

The issue of heat transfer dynamics is closely related to the subject of the energy efficiency of
buildings, which is important at the design and construction stages, as well as during the operation
of buildings or their parts. This is visible in many legal regulations and policies aimed at improving
the energy efficiency of buildings. This is due to the fulfillment of the provisions of Art. 7 of Directive
2002/91/EC [1] and Art. 20 of Directive 2010/31/EU on the energy performance of buildings [2],
according to which European Union Member States must take measures to provide all participants
in the construction process with a wide range of information on different methods and practices for
improving the energy performance of buildings. Moreover, Art. 12 of Directive 2012/27/EU on energy
efficiency [3] obliges EU Member States to take appropriate measures to promote and enable the
efficient use of energy by consumers. The provisions of the above directives have been implemented
in the Polish legal system through Art. 11 sec. 1 of the Act of 15 April 2011, amended on 20 May 2016
on energy efficiency, [4] and Art. 40 of the Act of 29 August 2014 on the energy performance of
buildings [5]. According to Directive (EU) 2018/844 of the European Parliament and of the Council of
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30 May 2018 [6], amending Directive 2010/31/EU on the energy performance of buildings and
Directive 2012/27/EU on energy efficiency, clear and ambitious targets for the renovation of the
existing building stock have a great significance. Therefore, efforts to improve the energy
performance of buildings would actively contribute to enhance the energy independence of the
Union and would also have enormous potential to create jobs in the Union. In this context, Member
States should take into account the need to clearly link their long-term renovation strategies to
relevant initiatives to support skills development and training in the construction and energy
efficiency sectors. These provisions oblige the minister responsible for construction, spatial planning,
and development and housing to conduct information, education, and training activities regarding
available energy efficiency improvement measures, as well as to conduct a campaign of information
to improve the energy performance of buildings. The purposefulness and methodology of
determining the energy performance of a building result from the regulations [7,8]. Activities in the
field of improving the energy efficiency of buildings, which are the subject of many scientific
publications, such as [9], are part of shaping the climate and energy policy, ensuring, inter alia, the
reduction of greenhouse gas emissions and constitute one of the most important challenges resulting
from membership in the European Union. The Union is committed to efforts to develop a sustainable,
competitive, safe and low-carbon energy system while maintaining the security of heat and energy
supplies. In the context of infrastructure responsible for ensuring the security of heat supply, an
important issue is its assessment in the aspect of supply security, taking into account economic and
environmental conditions, presented in the paper [10]. The results of energy saving calculations may
be of interest for the investors, engineers, and policy makers who intend to minimize the difference
between the planned and real energy savings analyzed in the paper [11]. Aspects of energy savings
and energy supply management in buildings have been analyzed in many publications, e.g., papers
[12,13], with elements of heat supply safety simulation presented in the paper [14]. These issues play
an important role in social, technical, and political terms. These aspects are related also with heat
losses in the buildings and district heating systems, which was also underlined in the work [15]. The
analysis of sensitivity of energy distribution for residential buildings is presented in the paper [16].
The energy reduction effects of the thermal labyrinth system were analyzed in the paper [17].

In changing climatic conditions, phenomena occurring in buildings are influenced by a number
of parameters, such as: air temperature and humidity, wind direction and speed, cloudiness, azimuth
and height of the sun, solar radiation, or even the management of the surroundings. The analysis of
external climate parameters, such as temperature, air humidity and wind conditions, for the needs of
outdoor thermal comfort have been included in paper [18].

The heat balance in buildings results from the analysis of heat losses and gains. It is made for a
building, assuming appropriate parameters in order to select appropriate devices to meet the
requirements of thermal comfort. Example of analysis of indoor air parameters contain the work [19]
and [20]. Thermal comfort optimization in microgrids equipped with renewable energy sources and
energy storage units was analyzed in the paper [21].

Issues of heat transfer in heat exchangers was emphasized in the work [22]. There is a correlation
between some parameters of the isolation of buildings and the wind free stream velocity and wind-
to-surface angle. In the work [23], it has been shown that the convective heat transfer coefficient value
strongly depends on the wind velocity. The influence of the thermal insulation thicknesses of external
walls on heating cost from the ecological and economic assessment is analyzed in [24].

The way to achieve high energy efficiency of buildings along with the required quality of the
internal environment are advanced technologies in both control [25] and construction where, for
example, phase change materials can be used [26]. Examples of building energy management
analyzes using increased thermal capacitance and thermal storage management are shown in work
[27]. Tools for increasing energy efficiency in the examples [28] and in the integration of HVAC
systems are presented in the works [29,30].

In order to analyze the modelling and simulation of heat transfer in buildings, the theory and
application of this type of tool are collected and characterized by Clarke [31]. The methods to
analyzing building energy and control systems are often used, such as using the equation-based,
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object-oriented Modelica in the paper [32]. Methods based on the coupling of three different types of
simulation models, namely spectral optical model, computational fluid dynamics model, and
building energy simulation, are presented in [33]. Physical phenomena, notably optical,
thermodynamic, and fluid dynamic processes, have been analyzed for commercial buildings with
double-skin fagades. The modelling of heat transfer taking advantage of heat energy accumulation in
building walls is the goal of the work [34]. The paper is focused on the future optimization of a control
strategy. The issue of simulating heat transfer through point thermal bridges is the subject of the
paper [35].

On the basis of the literature analysis of the subject of this work, it can be stated that there is a
lack of ordering and development of methods for analyzing heat transfer dynamics using changeable
external conditions. Existing works in this field mainly deal with the issues of energy control and
control of the HVAC system’s parameters, while there are no studies taking into account the
changeability of atmospheric conditions and their impact on the dynamics of heat transfer. We realize
that this is important in a changing climate, where the heating season and the summer season stand
out. The issue presented in the article may be helpful in the analysis of the thermal inertia of a
building in order to optimize the operation of HVAC systems.

The literature review presented in the article confirms that the approach to dynamics of heat
transfer in buildings, proposed in the manuscript, is innovative with regard to the analysis of the
impact of the variability of external conditions on energy efficiency and it was not previously applied
in this way. This issue was the subject of this work.

2. Methodology

The room can be treated as a closed object, limited by building partitions, located in the space,
treated as the surroundings. Due to the lack of a thermodynamic equilibrium between them, there
are energy interactions between the room and the surroundings. To explain it simply, there is a heat
transfer, considered as heat losses or gains.

Heat gains can originate from:

—  heating, Qn,
—  the sun through non-transparent partitions, Qs,
—  the sun through transparent partitions, Qos,
—  permeating from adjacent rooms, Qiw,
- people, Q,
—  devices, Qu,
—  lighting, Qe
Heat losses can be caused:

— by penetrating through the external partitions Qsi,
— by penetrating into adjacent Qsw rooms,
—  for Qv ventilation.

The thermal balance includes heat fluxes presented schematically in Figure 1.
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Figure 1. Balance sheet diagram.

Heat gains from people Q, from devices Qu, and from lighting Q. can be taken together as
internal heat gains Qw.

Qw= Q@+ Q,+0Q, 1)

Due to variable environmental parameters, both heat gains and losses change over time. For a room
to be kept at a constant temperature, the heat gains and heat losses must be balanced, and this balance is
ensured through appropriate heating systems. At the same time, the above means that the demand for
heat for heating facilities is not constant but depends on external weather conditions. The weather
conditions that determine heat exchange are the temperature of the outside air and solar radiation.

Due to the thermal inertia, changes in partition temperature are slower than changes in air
temperature. Therefore, the amplitude of changes in heating power Qg is not proportional to the
amplitude of outside air temperature change Te.

The equation for the heat balance of the room is as follows:

Qg+ Qos +Qw = Qo+ Qg+ Qy + Qs (2)

The individual components of Equation (1) have been explained below.
Heat transferred from indoor air to the wall:

Qsi= a;* Ag + (T; — Twy) 3)
Heat transferred from indoor air to interior walls:
Qsw = a; Ag,  (T; = Tg) 4)

The heat of solar radiation penetrating the window [8]:

Qos = z w514, ©)
Heat from internal sources:
Qw = qa- 4 (6)
Heat to prepare the ventilation air:
Q=Vpc (Ti—T) @)

or
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Qw = Ve~ Af 8)
Heat loss through the window:
Q="Uy 4, - (T;— Te) )

The temperature of the internal surface of an outer wall is a result of the influence of the inner
environment and the heat conduction in this wall.

The heat conduction in the wall is caused by the temperature distribution, which is unsteady
due to changing external climatic conditions.

The temperature of the outer surface of the outer wall is influenced by the transfer of heat to the
outside air, the absorption of solar radiation, and the emission of radiation to the sky.

Heat transferred from the outer wall surface to the outside air:

Qse = e Ase * (Tyye — Te) (10)
Radiant heat losses from the outer wall to the skyfall:
Qsen =0 & " Ase - (Trztl - T\:;e) 11)
Solar radiation of heat absorbed by the outer surface of the outer wall [8]:
Qre = & " Ase * 1 (12)

Signs:

ai— coefficient of heat transfer from the wall surface to the internal air,
ae—heat transfer coefficient from the external wall surface to the outside air,
Asi—the surface of the outer wall inside the room,

Asw— the surface of the internal walls of the room,

Ase—the outer surface of the outer wall,

As—reference surface (floors),

Ao—window area,

V —ventilation air stream,

qa—indicator of internal heat sources,

Vve—ventilation rate,

z—shading coefficient,

ws—radiation transmittance coefficient,

0s = 5.67 x 108 [W/m2K4] —radiation constant,

esmn—radiation absorption coefficient of the outer surface of the outer wall,
es—radiation emission coefficient of the outer surface of the outer wall,
I—solar radiation intensity,

Ti—internal air temperature,

Te—outside air temperature,

Twi—temperature of the inner surface of the outer wall,

Tsw—surface temperature of internal walls,

Twe—external wall surface temperature,

Tn-skyfall temperature.

Equation (2) shows the required heat output to heat the room during the heating season.
Qg = (Qo + Qs+ Qv+ st) - (Qos + Qw) (13)

The use of a heating device with the required thermal power and automatic temperature control
results in maintaining the room temperature in accordance with the regulations [7]

In most cases, this temperature is taken as a constant value (Ti = const).

Outside the heating season, the heating devices are turned off (Qg = 0), and the internal air
temperature is determined based on the thermal balance.
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After using the thermal balance equations and transformations, the internal air temperature is
described by the equation:

g Wl Aot qatAr (U Ap+ Voprcy) Tot+a Ay Tyyi + ;- Agy Toy

. = 14
! (Up A+ Veprcy)+ ai- Ag+a;+ Ag, (14)

Due to the variable temperature of the external air, outside the heating season also the temperature
of the inside air is variable. The temperature of the inner surface of the walls is also variable.

This temperature is the result of heat transfer through the external wall between the room and
the outside air.

With the simplifying assumption that the outside air temperature changes periodically
according to the cosine function, the solution to the problem of heat conduction in a semi-infinite
medium is described by the equations, according to [36,37]:

It was assumed that the air temperature changes according to the equation:

Tr =Tp, - cos(w - t) (15)

in which

2.1
W= (16)
to
-2 17
v=o 17)
where:

Tio—amplitude of air temperature changes,
t—time,

w—period of temperature changes,
to—change period time,

v—frequency of changes,

The temperature T at depth x, below the surface, is described by the following dependencies:

7. p
T=C T, e "> -cos(@t+,|— x+Cp) (18)
2-a
1
C; =
2
A w A w (19)
jl”'a' 2-a+2'<5' 2-a>
C t !
= —arctg
2 1+g_\/2 a (20)
A w

where:

A—thermal conductivity,
a—thermal diffusivity of the area,
a—coefficient of heat transfer from air to the surface.

The constant C1 determines the degree of air temperature reduction resulting from the transfer of
heat, while the constant C2 means the delay in wave propagation due to the transfer of heat to the surface.

3. Dynamics of Heat Transfer through an External Wall—Case Study

The external wall of the room is subjected to variable outside air temperature. Moreover, the
external surface is influenced by the variable intensity of solar radiation. Climatic conditions cause
periodic temperature variability in daily and annual cycles. Climate changes also cause changes in
the temperature of external surfaces such as external building envelopes. Surface temperature
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changes are transferred deep into the material according to the principles of heat transfer. With a
sufficient wall thickness, it can be treated as a semi-infinite medium for which the heat conduction
problem has been analytically solved.

For example data:

Tro =20 °C,
a=0.485 x 106 m?/s,
to=24 h,

a =12 W/(m2.K),
A = 0.82 W/(m2.K).

The tendencies of temperature changes in the semi-infinite medium is shown in Figure 2. A
negative coordinate x indicates temperature changes in the adjacent fluid.
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Figure 2. Temperature changes along the depth in a semi-infinite medium [38].

The graphically presented temperature changes in the medium and equations [36,37] allow for
the following conclusions:

e  There are temperature oscillations in the material with the same period in each plane, but with
a phase shift in relation to the surface.

e  The amplitude of temperature changes on the surface is smaller than the amplitude of changes
in air temperature (C1 <1).

e There is a phase shift in temperature changes (C2 <0).

e The amplitude of temperature changes in the material quickly decreases with depth.

e The lower the frequency of temperature changes, the greater the amplitudes at the same depth.

The variability of temperature over time at different depths is shown in Figure 3. The presented
considerations apply to a semi-infinite medium. However, they may be the basis for the analysis of
temperature distribution in media with a finite, sufficiently large thickness. An example of such a
medium are the external walls of a building, which is influenced by external air of variable
temperature. There is a daily and annual periodicity of changes. Daily changes do not significantly
affect the temperature distribution inside the wall under the surface, especially on the inner wall
surface (from the room side). Annual changes, on the other hand, affect heat losses and, consequently,
seasonal heat demand for heating.
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Figure 3. An example of temperature changes with time at depth x in a semi-infinite medium [38].

In relation to the semi-infinite medium model, the following differences should be taken into
account:

¢  Changes in outside air temperature are periodic, but a description of the changes with a simple
cosine function would be a simplification.

* Inaddition to the transfer of heat between the outer surface and the air, there is a heat exchange
by radiation (solar radiation).

*  The outer wall is usually multi-layered and therefore heterogeneous.

The periodic variability of outdoor air temperature and solar radiation intensity can be described
by the Fourier series of the form [39]:

K K
1
y=§a0+Zi-ai-cos(w-t)+2i-bi-sin(w-t) (21)
i=1 i=1

The coefficients of the Fourier series should be determined on the basis of real data obtained,
e.g., from measurements.

The temperature of the outside air and the intensity of solar radiation are climatic parameters
and they are measured at meteorological stations. The results of long-term measurements are
available on the website of the Ministry of Infrastructure [40].

For the selected weather station, we can read the average monthly and hourly average outside

temperature values determined from multi-year measurements.
Using these values, data can be approximated by a Fourier series. For the Rzeszow-]Jasionka
meteorological station, the annual changes in the values of average daily outside air temperatures are
shown in Figure 4, where the line resulting from the approximation of the data by the Fourier series
(Te @py) is also plotted.
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Figure 4. Annual variability of outside air temperature for Rzeszow city.

The parameters of the Fourier series for approximation calculations of the outside air
temperature are presented in Table 1.

Table 1. Parameters of the Fourier series for approximation calculations of the outside air

temperature.
ao a1 az as a4 as as
7.5416667 -10.20434 -0.475828 0.4847788 -0.658554 -0.804472 0.1787785
bo b: b2 bs b4 bs bs
0 —-2.751565 0.3030664 0.1518707 -0.543962 -0.141402 -1.064303

As can be seen from the diagram, there is a high agreement of the measurement data with the
results obtained from the approximation equation. Significant differences occur in the summer,
outside the heating season.

A similar procedure can be applied to record the variability of solar radiation, but due to the
consideration of the external wall, only the radiation to the vertical plane will be important.

The Fourier series parameters for the approximation calculations of the radiation intensity per
vertical surface (Wh/m2d) are summarized in Table 2.

Table 2. Fourier series parameters for approximation calculations of the radiation intensity.

Azimuth ao a1 az as as as as
S-E 2148 -1086.93  -290.441 -0.1582 -57.45 61.83312  88.37249
S 2184 -808.599 -411.05 -75.1664  -56.1412  45.27268  88.73687
S-W 2052 —989.688  —246.853 -64.7049 -62.5093  29.71963  82.69103
W 1694 -1152.13  -57.8825 -50.2884 -37.8367 19.73632  68.45242
N-W 1310 -972.617  32.30067 -60.987 -11.8132  9.586983  51.39972
N 1124 -760.472  15.24531 -75.8967 1.364588  11.80952  45.10691
N-E 1358 -1040.44  28.53617 —17.6399 -36.229 17.43642  54.88028
E 1804 -1271.09  -98.6696  13.37886  -43.3159  49.50059  75.13932

S-E b1 b2 bs bs bs bs b1
S 2472218  89.42463  44.11991 -26.3514 -60.4461  13.67889  247.2218

S-W 220.6692  208.4086  60.60816  —27.2299 —62.535 -10.4756  220.6692
W 312.2481  211.5765  38.31833  -18.5326  -63.0764  6.145611  312.2481




Energies 2020, 13, 6469 10 of 28

N-W 358.7338 1422012  0.810727  -13.0379  -51.4592 27.8375 358.7338

N 294.664 7547576  -16.0399  -8.85253  -30.6874  37.86873 294.664
N-E 2622807  59.18627  21.32114  -22.0431 -30.7906  42.58792  262.2807
E 317.4635  19.13467  25.85404 -18.7495  -33.7939  45.45755  317.4635

Exemplary results for the Rzeszow-Jasionka actinometrical station are shown in Figure 5.

180

1o LIWh/m’d]
/N
/77— N\ \
100 i \ \
N | —n —s N\
60 / N-a e=—S-3 \

40 — // \

20

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Day of the year

Figure 5. Comparison of the annual variability of the intensity of solar radiation measured and from
the approximation equation for Rzeszow city.

The comparison of the measurement results and those calculated from the Fourier series
equation for the direction of the southern and northern radiation is presented in Figure 5.

Marking N in Figure 5 depicts the radiation changes from the North. Labeling S denotes imaging
of changes in radiation from the southern side. Marking N-a represents the results of approximation
of radiation changes from the North using the Fourier series. Then, by analogy, S-a refers to the results
of the approximation of radiation changes from the south side.

Remarks on the compliance of the approximation with the data are the same as in the case of the
approximation of the outside air temperature.

Increasing the accuracy of the approximation is possible by increasing the amount of Fourier
series components. For the assumed purpose of the analysis of the temperature distribution in the
external wall, the assumed accuracy is sufficient.

4. Heat Losses through the External Wall —Case Study

The external wall separates the outside environment and the interior of the room. Such a wall is
subjected to an externally variable air temperature as well as solar radiation. Climatic conditions
cause periodic temperature variability as well as the variability of radiation intensity, and these
changes occur in daily and annual periods. The resulting wall temperature distribution makes it
difficult to provide a strict analytical solution, especially in the case of a multi-layer partition,

Simplified methods can be used to solve special cases, e.g., the finite difference method (MRS).

The analysis of heat loss through the external partition is made below, with the following
assumptions.
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On the side of the inner wall (in the room), the air temperature remains constant. This is the case
during the heating season with automatic temperature control (thermostatic valves).

The heat transfer from the inside air to the surface takes place by transfer, with a transfer factor
taking into account the radiation.

On the outer side of the outer wall, heat is transferred to the outside air by taking over.

On the outer side of the outer wall, heat transfer also takes place through radiation to the outer
space (the sky).

The outside air temperature changes throughout the year according to the climatic conditions.

Solar radiation falls on the outer surface of the wall with periodic, annual variability.

The values of external temperature and radiation intensity were taken as daily averages.

The image of the partition in question, with significant values marked, is shown in Figure 6.

Figure 6. Cross-section through the outer wall.

The variable temperature distribution in the wall was determined by the finite difference
method based on heat transfer equations, taking into account the thermal balance of the room.

Due to the variable temperature of the outside air, the temperature of the inside surface of the
outside walls is also variable.

This temperature is the result of heat transfer through the external wall between the room and
the outside.

When applying the finite difference method (FDM) to solve the transient heat conduction in the
outer wall, formulas based on the calculation scheme are obtained (Figure 7).
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Figure 7. Calculation scheme.

The formulas resulting from the discretization of areas were used for the calculations.

Inner surface temperature of outer wall:

A
_ a;.Axq 22)

1+ a;. Axg

Surface temperature at the boundary of the layers:
A

_Axy

v Mo A
A, T Ax,

A
T . +——2.T
Jj-1 Jj+1
Ax, 23)

The temperature of the outer surface of the outer wall was determined from the balance sheet

(Figure 8):

Qp + Qre = Qse + Osen (24)

Qre
Qsen
Te

Qse

AX2

Figure 8. Balance diagram of the external surface.
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Taking into account the Equations (10)—(12) and the heat conduction equation under the surface
of the partition (24), it can be concluded that:

A2

A_le Ase * (Tim1 — Tiwe) (25)

Q=

After substitution and transformations, the temperature of the outer surface of the outer wall is
described by the relationship:

A
gs'I+A_;2'Tk—1+ae'Te_gn'(TM‘te_ va)
Tye = 26
e zz (26)
ae+A—xz

Due to the presence of Twe, the equation is solved by the iteration method.
Signs:

Tn—skyfall temperature

0s =5.67 x 108 [W/m2K4] —radiation constant

es—surface radiation absorption coefficient

esn—surface radiation emission coefficient

ae—heat transfer coefficient from the external wall surface to the outside air
A2—thermal conductivity coefficient of the insulating layer

Ax2—step of discretization of the insulating layer

The above equations are completed with boundary conditions.

¢ The heating season was assumed to occur during the period when the outside air temperature
is lower than 12 °C (Te < 12 °C).

e If, during the heating season, the heat losses are greater than the heat gains, the heating control
system maintains a constant internal temperature (Ti = Ti).

¢ Ifin the heating season the heat losses are lower than the heat gains, the control system switches
the heating off and the internal temperature results from the thermal balance.

¢ Qutside the heating season, the internal temperature results from the thermal balance.

5. Results and Discussion

5.1. Assumptions and Output Parameters

Using the previously given equations, calculations of the parameters of the room and the
external partition were made for variable external conditions [41].
The calculations were made for several variants of rooms with general assumptions:

*  Aliving room.

e The heat transfer coefficient on the inside and outside is constant in accordance with the
standard [42].

¢ Natural ventilation with the intensity resulting from meeting the requirements of the standard [43].

¢ The thermal conductivity coefficient of the wall construction material and insulation is constant.

¢ Internal heat gains are constant.

Data for calculations, with values (according to [43]):
ga = 6.8 W/m?—single-family buildings,
qa = 7.0 W/m2—multi-family buildings,
Vve =0.31 x 10 m3/(s'm?) —single-family buildings,
Vve =0.32 x 102 m3/(s' m?) —multi-family buildings.

Relationship between Vve coefficient and the number of exchanges n:

_ 3.6 : VVe

- @7)

n
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h—room height.
Thermal conductivity:

A1=0.82 W/mK (brick wall),
A2=0.032 W/mK (polystyrene insulation).

Room dimensions:

a = 3.0 m—the width of the room,
b =4.0 m—room depth,

h =3.0 m—room height,

Ao =1.96 m2—window area.

Meteorological data:

Sample calculations were made using the meteorological data for the Rzeszéw-Jasionka
measuring station.

The table of hourly changes in outside temperature and changes in the intensity of solar
radiation was used, provided by the website of the Ministry of Infrastructure [40].

The example assumes the location of the outer wall towards the north.

It is assumed that the final result of the calculations will be the determination of the variability
of the heat demand for space heating over the year, taking into account the variability of climatic
conditions and the inertia of building partitions.

The basis for determining the heat demand is Equation (2). The components of the equation were
determined by Equations (3)-(10) using the assumptions made above.

The calculations were made for a living room with an external wall made of brick, 50-cm thick,
for the cases: without insulation and with insulation with a layer of polystyrene 5-, 10-, 15-, 20-, and
25-cm thick. The results of the calculations are presented in the following charts.

5.2. Calculation of Indoor Air Temperature

In the heating season, the heat losses exceed the heat gains in the room, which are supplemented
by the heating system. The regulation of this system allows for the maintenance of the constant
temperature Ti =20 °C, assumed in the example. In summer, the temperature of the indoor air is the
result of the heat balance of gains and losses. Temperature fluctuations increase as the thickness of
the insulation increases.

The calculation results of the average daily temperature of indoor air obtained using the
Equation (14) are presented graphically in Figure 9.
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Figure 9. Indoor air temperature.

During the heating season, the regulation ensures a constant temperature. In summer, there is a
temperature change, and these fluctuations increase with increasing insulation thickness. The labels
in Figures 9 and 10 were signed by adding units of insulation thickness as “Ti-0 cm” and analogously
“Twi-0 cm”.
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Figure 10. The temperature of the inner surface of the outer wall.

From the graph in Figure 9 you can read the time during which heating is required, i.e., the duration
of the heating season. This time depends on the insulation of the outer wall (insulation thickness).
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5.3. Calculation of the Surface Temperature of the Inner Outer Wall

The temperature of the inner surface of the outer wall is the result of heat conduction through
the wall and taking heat from the inner air. It clearly depends on the wall insulation. It was calculated
according to the Equation (22) and the results are presented in Figure 10. This temperature and its
fluctuations throughout the year clearly depend on the wall insulation.

The annual amplitude of changes in this temperature decreases with increasing insulation
thickness. In the absence of insulation, the lowest temperatures appear around the beginning of
March, and for an insulated wallm around mid-April.

Fluctuations in the average daily temperature ATi (Figure 11) with efficient regulation in the
heating season are very small during the year (<0.51 °C) and depend to a small extent on the wall
insulation. On the other hand, the temperature fluctuations of the inner surface of the outer wall Twi
depend on the insulation. For a wall without insulation, the maximum difference in a year is 3.14 °C.
The difference in temperature values when changing the insulation thickness from 5 to 25 cm, equal
to 0.49-0.86, is small and it has little effect on thermal comfort.

3.5
AT[°C]
3.0
2.5
mDTi mDTwi
2.0
1.5
1.0
) ‘ “ i .
0.0 - \ \ i
0 5 10 15 20 25
Insulation thickness x [cm]

Figure 11. Maximum temperature differences on the inner surface of the outer wall.

5.4. Analysis of Thermal Power Variability for Heating Purposes

Using the proposed methodology, calculations of thermal power for heating were performed for
the conditions assumed in Section 2. The diagram given in Figure 12 shows the dependence of this
power on the insulation thickness.
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Figure 12. Variability of thermal power for heating over time.

The chart of changes in heat demand for heating (Figure 11) clearly shows the division into the
heating season and the summer season. The demand in the heating season depends (which is
obvious) on the insulation of the outer wall. The length of the heating season tg also depends on the
insulation performance.

The maximum heat output, which is the basis for the selection of heating devices, is also different
for each case. The comparison of these powers is shown in Figure 13. The diagram also includes
heating powers Qmaxn calculated on the basis of the applicable standards. Qmax denotes the maximum
thermal power for a given case of the partition structure, calculated according to the considered
methodology. Qmaxn means the maximum thermal power for a given case of the partition structure,
calculated on the basis of the applicable standard PN EN 12831 titled “Heating installations in
buildings. Design heat load calculation method”.
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Figure 13. The dependence of the maximum heat output of heating on the thickness of the insulation.

Among the calculated thermal powers presented in Figure 12, the maximum powers Qgmax
necessary to ensure thermal comfort were selected. Such powers Qgmaxn were also calculated for the
considered cases in accordance with the standard. The values are presented in the Table 3 and in the
diagram in Figure 13.

Table 3. Results of thermal power calculations for various insulation thickness.

Parameter Insulation Thickness x [cm]
x [em] 0 5 10 15 20 25
Qgmax 344.02 126.41 108.16 100.02 95.56 92.60
Qgmaxn 840.98 525.07 449.96 416.30 397.21 384.90
Qgmax/Qgmaxn 0.409 0.241 0.240 0.240 0.241 0.241

The following conclusions can be drawn from the presented values:

e Taking into account the thermal inertia of the partitions makes it possible to perform a significant
reduction in the demand for thermal power, and thus the use of smaller devices.

*  For the considered partition, the calculated thermal power determined by the adopted method
is only about 40% of the value calculated according to the standard.

®  The reduction in thermal power depends on the thermal inertia of the partitions.

®  Due to the low thermal capacity, the insulation thickness has a little effect on the maximum heat
output.

5.5. The Dependence of the Time of the Heating Season on the Thickness of the Insulation

The dependence of the length of the heating season on the insulation thickness is shown in
Figure 14.
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Figure 14. Variability of the duration of the heating season as a function of insulation thickness.

The diagram in Figure 14 clearly shows the dependence of the heating season on the “insulation”
of external walls. Increasing the thickness of the insulation shortens the heating season, which
contributes to reducing the annual heat consumption for heating purposes. For comparison, the
graph also shows (red) the time determined on the basis of the annual variability of the outside air
temperature. This time is approximately in line with the calculation method adopted for the wall
without external insulation (x = 0). This confirms the correctness of the adopted calculation
methodology and the correctness of the performed calculations.

5.6. Validation of the Model by Using Fragmented Temperature Measurements

In order to assess the compliance of the adopted calculation methodology with the actual
conditions, fragmentary temperature measurements were performed. Measurements were made in
a real facility in a single-family residential building, on an external brick wall with the following
parameters:

e Wall thickness: 50 cm,

¢  Thickness of the outer polystyrene insulation: 10 cm

*  Thermal conductivity of the wall: A = 0.82 W/(m-K)

*  Thermal conductivity of the insulation: A= 0.032 W/(m-K)

Following temperatures measurements were taken:

* Ti—internal air temperature
¢  Twi—temperature of the inner surface of the outer wall
e  Te—outside air temperature

The purpose of the measurements is to show the effect of thermal inertia of the partitions on the
changes in internal temperature. The measure of the influence of inertia is the amplitude of changes
in the internal temperature and the temperature of the internal surface of the external partition as a
function of the amplitude of changes in the external air temperature.

Measurements were taken continuously and the values were averaged over an hourly period
for analysis.
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This impact was initially analyzed on the basis of measurements conducted from 20th to 29th
February 2020 and from 18th to 20th July 2020. The results presented in the table below were obtained
for these cases. Results of calculations and measurements have been presented in Table 4.

Table 4. Results of calculations and measurements.

Period From 20 to 29 February 2020 From 18 to 20 July 2020
Parameter Ti[°C] Twi[°C] Te[°C] Ti[°C] Twi[°C] Te[°Cl]
Tmin 20.00 19.25 -4.40 20.00 20.23 13.60
Calculation Tmax 20.20 19.33 7.80 21.17 20.77 23.70
AT 0.20 0.08 12.20 1.17 0.54 10.10
Tmin 20.10 18.90 -0.30 23.50 22.40 15.20
Measurement Tmax 21.40 19.90 11.20 24.90 23.80 28.30
AT 1.30 1.00 11.50 1.40 1.40 13.10

Exemplary results for several hours in the heating season (February) are shown in Figure 15 as
a function of successive hours throughout the year. The graph also shows the corresponding
temperatures for these hours obtained from calculations (Tio, Twio, Teo).

25
T [°C]
15
e 1] s TN | —Ta —T |0 s TWIO w——Tao
10
T
1170 / 220
Time [h]
5
N \/
-10

Figure 15. Variability of the measurement and calculation temperatures during the time from 20 to 29
February 2020.

On the horizontal axes of the graphs (Figure 15 and following), the time is defined as successive
hours of the year. Such a system was adopted for the purpose of comparing the results of
measurements and calculations, because the calculations used climatic data for the following hours
of the year. The hours for calculations and measurements were kept consistent.

Supplementary markings:

* Ti—measured internal air temperature

*  Te.—measured outside air temperature

¢ Twi-measured temperature of the inner surface of the outer wall
¢ Tio—internal air temperature adopted for calculations
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*  Te—outside air temperature taken for calculations
*  Twio—calculated temperature of the inner surface of the outer wall

During the heating season with variable outside air temperature, there are small changes in the
temperature of the inner surface of the outer wall. The temperature value is comparable with the
value calculated according to the adopted method.

In the summer, we can observe a similar tendency. A detailed comparison will be the purpose
of further research. We initially present sample measurement results for summer season. We
presented obtained results of researches in the Figure 16.

30

T [°C]
28

. A [
N /

22 \

20
i i Te/ Tio e TV O —T;o
18 -
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-
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12 . . : : Time [h]
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Figure 16. Variability of the measurement and calculation temperatures during the time from 18 to 20
July 2020.

In order to verify the correctness of the adopted methodology, the amplitudes of differences in
temperature between the internal air and the internal surface of the external wall were determined
and presented in the Table 5.

Table 5. The amplitudes of temperature differences between the internal air and the internal surface
of the external wall.

Period From 20 to 29 February 2020 From 18 to 20 July 2020
Parameter Measurement Calculation Measurement Calculation
(Ti — Twi) [°C] (Tio — Twio) [°C] (Ti = Twi) [°C] (Tio — Twio) [°C]
Max 1.95 1.00 1.50 0.35
Min 1.05 0.63 0.20 -0.34
Average 1.69 0.74 9.70 0.01

During the measurement period, there were significant fluctuations in the outside temperature
and due to this there were also changes in the internal temperature, despite the regulation of the
heating with a thermostatic valve. For this reason, there was a change in the temperature difference
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between the inside air and the wall surface. The course of amplitude changes during the period from
20 to 29 February 2020 is shown in Figure 17.

2.0
1.8
1.6 -
1.4 Fi=TFwwi
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1.0
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Figure 17. Difference in temperature of internal air and internal wall surface during the time from 20
to 29 February 2020.

Analogically, the course of amplitude changes during the time from 18 to 20 July 2020 is
presented in Figure 18.

2.0
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L.5
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Figure 18. Difference in temperature of internal air and internal wall surface during the time from 18
to 20 July 2020.
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In order to verify the correctness of the adopted methodology, additional, more precise
temperature measurements were made for the period from 9 to 17 November 2020. The measurement
results are shown in Figures 19 and 20.
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Figure 19. Variability of the temperature during the time from 9th to 17th November 2020.
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Figure 20. Variability of internal surface temperature for the period from 9 to 17 November 2020.
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The measurement results were compared with the values used in the calculations in the adopted
model and are presented in Table 6.

Table 6. Results of calculations and measurements for the period from 9% to 17" November 2020.

Measurement Calculation
Parameter Ti[°C] Twi[°C] Te[°C] Tio[°C] Twio[°C] Teo[°C]
Tmin 20.42 19.73 3.87 20.00 19.68 -3.90
Tmax 22.78 21.81 12.03 20.30 21.16 9.10
AT 2.36 2.08 9.08 0.30 1.48 13.00

The influence of the thermal inertia of partitions on changes in internal temperature was
analyzed. The results of measurements and calculations are shown in Figure 20.

Changes in the temperature of the outside air cause slight changes in the temperature of the
inside surface of the outside wall. The value of the wall surface temperature is comparable with the
value calculated in accordance with the adopted method, which is shown in Figure 20.

In order to better visualize the compliance of the measurement results with the calculations,
relative deviations calculated on the basis of the differences in the measurement and calculation
results were determined. The deviations were applied to the temperature of the inner surface of the
outer wall, because this temperature determines the transfer of heat for all three analyzed
measurement series.

Twi — Twi

§ =100 ——"2 [%] (28)
Twi

when:

d—relative deviation of the measured and calculated internal surface temperature.

The changes of the relative deviations of the values measured for the period from 9 to 17
November 2020 is shown in Figure 21. The relative deviations for all three measurement series are
presented in Table 7.
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Figure 21. Relative measurement deviations for the period from 9 to 17 November 2020.
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Table 7. Relative deviations of the measured and calculated internal surface temperature.

Period From 20 to 29 From 18 to 20 From 9 to 11
February 2020 July 2020 November 2020
Max [%] 17.3 14.39 4.19
Min [%] -3.47 8.61 -3.43
A
V[i/r';‘ge -0.85 12.34 0.45

A small value of the average deviation of the measurement and calculation results during the
heating season indicates the correctness of the adopted analysis method. The big difference in July is
caused by very large changes in outside air temperatures, deviating from typical meteorological
years. It should be emphasized that such a result is obtained from measurements of a real object (not
in a laboratory) under very variable climatic conditions. Moreover, the temperature of the indoor air
in the summer with no air conditioning is directly related to the temperature of the outdoor air and
is not regulated.

Furthermore, complete measurements are planned to fully assess the compliance of the
calculation model.

The presented data show the following conclusions:

¢  In the winter period (February), the measured amplitude of changes in the outside temperature
of 11.50 °C corresponds to the amplitude of changes in the internal temperature of 1.30 °C and
the amplitude of changes in the temperature of the inside surface of the external wall, which
equals 1.00 °C.

*  Similar relations exist for the period from 18 to 20 July 2020.

* In any case, the average amplitude of changes in the temperature of the internal surface of the
external wall is smaller than the amplitude of changes in the temperature of internal air.

*  The same conclusion follows from the calculation results. Quantitative differences are caused by
the random selection of the measurement period and the uniqueness of the climate parameters.

*  Reducing the amplitude has a positive effect on maintaining thermal comfort.

6. Summary and Conclusions

The current regulations define the rules for calculating the heat demand for heating based on
the difference between the maximum and minimum outside air temperature for the climate zone.
The calculations do not take into account the thermal inertia of building partitions.

The main aim of the article is to determine the influence of the thermal inertia of building
partitions on the building’s heating system, taking into account changing climatic conditions.

The process of heat transfer through the partitions is described in the literature, and the novelty
in this respect is the use of boundary conditions appropriate for the nature of the partition, i.e.,
variable outside air temperature and solar radiation intensity. These conditions are taken into account
in the literature—also in standards—, but in a simplified way through indicators covering longer
periods (usually monthly). This variability is not considered when constructing an ordered diagram
of heat loads, which affects the determination of the heating season time.

The thermal power of heating devices is assumed on the basis of calculations made for the steady
state with extreme parameters, without taking into account the thermal inertia. In the presented
study, the influence of the thermal inertia of the external building partition on the heat exchange
between the building’s interior and its surroundings was analyzed. Different thicknesses of the
insulation of the outer partition were considered. The ongoing dynamic processes were analyzed
computationally using the finite difference method (FDM).

Based on the obtained calculation and measurement results, the following conclusions can be drawn:

¢  Maximum power for heating, determining the selection of heating devices, is lower than the
values determined according to the applicable calculation rules. The difference between the
thermal power calculated on the basis of the applicable PN EN 12831 standard and the
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maximum power for a given case of the partition structure, calculated in accordance with the
considered methodology presented in the article, decreases with increasing insulation thickness
and equals from 41% to 24%.

The reduction in heat output depends on the thickness of the insulation, but to a much lesser
extent than the increase in thickness. The economic correlation between these values requires
further analysis.

The duration of the heating season is also dependent on the insulation of external partitions and
it is definitely shorter than that determined on the basis of changes in external temperature.
With the efficient regulation of the internal temperature in the heating season, the insulation of
the external partition allows for very small temperature fluctuations of the internal surface of
the partitions, which has a positive effect on the thermal comfort of the rooms.

The results of the research on temperature variability over time presented in the article confirm
the fact that the temperature fluctuations of the surface of the partitions, which reflect the heat
transfer from the internal air to the partition surface, and the heat conduction inside the partition
and heat transfer from the partition to the outside air are much less variable than the fluctuations
of outdoor and indoor temperatures. With the amplitude of changes in the outside air
temperature in summer amounting to 11.5 °C, the amplitude of changes in the internal
temperature of the surface of the analyzed external wall is 1.00 °C, while the amplitude of
changes in the internal temperature is 1.30 °C. In winter, these fluctuations demonstrate similar
relationships with greater differences.

The performed research confirms the compliance of the adopted model of heat transfer
dynamics testing. Average temperature deviations measured and calculated in the winter
season range from —0.85% to +0.45%. A significant deviation in the summer season is due to the
lack of temperature regulation.

The development of issues related to the dynamics of heat transfer, taking into account the

variability of weather conditions and thermal inertia in buildings, will be the subject of future

research conducted by the authors of this article.
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