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Abstract: The envelope structures of buildings are exposed to heat-humidity conditions. The heat
and humidity flow through these structures depends on the boundary conditions of the indoor
and outdoor environments. This paper shows different initial conditions for the determination of
temperature spread. The aim is to bring certain results of temperature calculated considering the
initial conditions. When temperature changes, heat flow also rapidly changes. In certain specific
cases, it is necessary to consider the initial conditions of temperature—for example; when transient
energy simulations of real buildings are carried out. The reasons as to why it is necessary to consider
the initial conditions, are shown in the examples of one-layer assemblies. The test walls exposed
to the transient hygrothermal conditions are placed in the outdoor test cell. The cell has a stable
temperature and relative humidity, and outdoor weather conditions change. The measured data
on these walls and the calculated values of the temperatures in the wall structure, according to the
different initial conditions, are compared. The average difference of the mean by the simulation and
the measured values is significant. For a simulation time of about five days, the initial condition for
calculating the temperature in the center of the masonry is necessary.

Keywords: boundary conditions for simulation; initial conditions; thermal conditions; heat flow;
numerical analysis; experimental measurement; outdoor test cells

1. Introduction

We need to know the most exact situation of the initial boundary conditions for the
calculation before we begin the computational simulation process. Analytical expressions, constants,
or interpolation files are entered together with the properties of structural materials as input
data, to determine the simulation criteria, initial conditions, and boundary settings [1,2].
Equilibrium simulation could calculate the distribution of internal air flow, distribution of air
temperature and humidity in the room. These values are set as the initial transition analysis
conditions [3]. A correct estimate of the initial conditions can have a significant impact on the predicted
solutions as well as the overall actual condition of the building [4]. Initial temperature and air humidity
must be specified when analyzing building constructions using simulation tools. The impact of the
initial moisture content on the hygrothermal behavior of the building is investigated by many authors.
The constant temperature of the built-in material in the building structure is generally considered to
be the initial state of a rapidly changing factor. However, many simulation calculation tools use the
initial temperature as a course of measured or predicted values. The aim is to show the importance
of the preliminary calculation in the simulation process and the influence of the calculation on the
temperature of the different types of building envelope materials. The preliminary calculation and
its impact on the results of the simulation is compared to the measured temperature data, which is
recorded in the experimental peripheral wall sections of the external test chamber. Numerical thermal
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field simulation is a calculation method used to obtain predictive temperature data that is validated
using measured data in situ. In particular, the difference in measured and calculated temperature
course values over time is quantified, depending on the determination of the initial temperature
condition. The difference is influenced by the length of the analysed period.

As stated, the initial state of the transition temperature simulation typically represents the initial
temperature distribution throughout the body profile at the beginning of the heat transfer process
(t = 0). There are several ways to consider the initial value of the temperature in the structure
according to its layout in the profile. The simplest assignment of simulation conditions is the use of
a constant temperature across the analyzed component. A more accurate assignment of the initial
conditions at t = 0 is the application of the measured temperature profile. Precise information on the
temperature profile is rarely provided, so it is therefore appropriate to specify the initial state numerically.
The temperature, thus determined, is calculated using the known standing ambient temperatures
before time t = 0 or using a known transient temperature (initial pre-calculation). Mathematically,
initial conditions are problems due to forward or inverse heat conduction. Problems with forward
heat management aim to determine the temperature range of the medium, when the boundaries and
initial conditions—the heat source / sink term (if any)—and the physical properties of the material are
known [5]. On the other hand, the problem of inverse heat conduction concerns the estimation of the
unknown initial temperature distribution, from the knowledge of the measured temperatures or the
heat flux at time t > 0 [6]. In this study, the use of thermal initial conditions is demonstrated using
numerical examples of simple structures—particularly experimental external test walls. Validation of
the simulation is a valuable tool for checking the accuracy of numerical experiments. Outdoor test
cells or climate chambers laboratories are suitable for such experiments, and our institution has
already carried out similar research. The structure of state status monitoring under transient boundary
conditions is the current trend in construction research [7]. An example of an experimental device for
monitoring the physical properties of structures is a laboratory climate chamber, which has a “guarded”
hot box [8]. Measurements can be made in existing buildings under conditions of use as described in [9].
In practice, it has proved difficult to measure all required inputs at the level required to obtain reliable
performance estimates of components in real buildings [10]. Appropriate equipment—thanks to a
controlled indoor environment—is an external test cell for the energy and hygrothermal assessment
of structures and is for example implemented in Cottbus, Dübendorf, Glasgow, Limelette, Almería,
Espoo, Delft, etc. Since 1993, outdoor test cells [11,12] have been employed in a wide variety of
applications, from in-situ laboratory testing to complex building testing [12]. Cells are, among other
things, useful for laboratory measurements of thermal comfort and emission efficiency, which are
important factors in selecting heat emission systems in buildings with a low energy consumption,
according to Kurnitski et al. [13]. Other institutes have extensive outdoor laboratories for research on
buildings. They mainly focus on green architecture, green roofs and wooden lightweight building
envelopes [14]. Another important point of focus in the field of building physics is the overheating of
the building in summer. Outdoor monitoring devices as full-scale test cells could also be useful [15].

Accordingly, the external test cells were designed to: (i) form measurement data for hygrothermal
reactions of the building envelope components in real climatic conditions in situ; and (ii) to form a
validation data set for heat-air-moisture (HAM) simulations [10,16–18]. In the paper, the obtained test
cell data are used to demonstrate their utility for initial and boundary applications when verifying
dynamic simulations.

In order to work with the measured data, local climatic data should be collected at the location of
the test cells in the exterior. The weather data used for the numerical calculation can be divided into:
(i) typical weather data, (ii) weather data for project purposes, and (iii) weather data for individual
investigations. In order to create a typical type of weather data, it is common practice to choose a typical
year from a longer series of data according to the relevant criteria (reference climate year). Data for
construction purposes are typically used to test the ability of a component to withstand the extreme
conditions as they normally occur. During the investigation of the cause of the case, the weather data
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for each location and time period must be used. If measurements are made on a real building or in a
building, calculations should be compared to verify the simulation model. In such cases, it is possible
to use climate data from a nearby meteorological station [19,20].

The aim is to bring specific results of temperature in the fragments of structures according to
different initial temperature considerations. Studies that would bring the certain numbers are missing.
It is possible to look at the mathematical problem with the initial conditions, taking into account the
certain values that we would bring. The results of temperature in the structures when using or not
using the initial conditions are helpful to improve the whole simulation methodology.

2. Objectives and Methods

2.1. Measurement Experimental Test Setup

This experimental research—an experimental in situ measurement—was part of the completed
research of experimental external test cells, which were an integral part of the Laboratory of the Faculty
of Civil Engineering of the Technical University of Košice. The various opaque and transparent portions
of the envelopes were monitored simultaneously in external and internal environments. The aim
was to demonstrate the impact of transient natural boundary conditions on the internal structure and
surface temperature, heat flow and moisture load [16,21].

Numerical analysis of the thermal field validated by experimental measurement is used to
recognize the true heat behavior and moisture transfer in different kind of structures. Those analyses
have been published in literature [22–27].

The measured parameters were: outdoor and indoor ambient air temperature and relative
humidity; temperature and relative humidity inside the structure; surface temperature and heat flux.
The room air temperature and relative air humidity were measured using a digital sensor, [28,29].
The weather station measured wind direction, wind speed, air pressure, air temperature and relative
humidity, collisions, and also monitored global irradiation with Pyranometer, as shown in Figure 1.
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4 Adhesive mortar 0.002 0.850 900 1300 

5 Primer basic paint - - - - 

6 Silicone additive plaster 0.002 0.700 900 1700 

Figure 1. Measuring equipment, instruments for measuring environmental values: (a) weather station;
(b) pyranometer; and (c) temperature sensor and relative humidity of the air [28,29].

Sensor data collection is transmitted using a fully automated control panel which is connected to
a USB cable and Ethernet cable on a computer, with an Internet connection. Data are retrieved and
recorded in one-minute increments and stored on the hard disk of the computer.

The experiment was conducted on the (AAC) autoclaved aerated concrete and envelope structure
from ceramic brick. The brickworks are thermally insulated using the thermal insulation contact
system on the basis of graphite expanded polystyrene (EPS). The calculated thermal transmittance
value of the opaque wall part is U = 0.12 (W / (m2K)). The composition of the envelope wall can be seen
in Figure 2 and Table 1. Results related to similar issues have been published in recent years in [30–33].
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the locality of Košice. Displaying the selected period from May 2013 to December 2013 [28,29]. 

Figure 2. Configuration of the wall of the test cell and the position of the measuring sensors. Section view
of the AAC section [28,29].

Table 1. Structure of the investigated perimeter wall (from the inside, the layers are in the direction of
the heat flow) [28,29].

No. Test-Wall Layer d (m) λD (W/(m·K)) c (J/(kg·K)) ρ (kg/m3)

1 AAC 0.300 0.104 900 350
2 Foam PUR 0.010 0.040 800 35
3 EPS polystyrene graphite 0.170 0.033 920 16
4 Adhesive mortar 0.002 0.850 900 1300
5 Primer basic paint - - - -
6 Silicone additive plaster 0.002 0.700 900 1700

2.2. Applicability of the Measured Data

The database of individual investigations consists of these measured parameters, from February
2012 to March 2015, and provides verification capabilities of various aspects: mathematical and
statistical validation, non-stationary boundary conditions, material properties, and initial conditions
for dynamic simulation. Any kind of simulation—such as that of energy, overheating, thermal fields,
moisture load, or combined heat and moisture analysis—could be used.

All collected outdoor climatic data are used by authors for specific experimental purposes (on-site
and numerical data), linked to the tested samples, and analyzed in external test cells for experiments
in the locality of Košice, in the northern part of the city. Examples of external boundary conditions
(BC)—which are mostly used in simulations—can be seen in Figure 3. Measured global solar radiation
can be seen in Figure 4.
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Figure 4. Global Solar Radiation (W/m2). Measured data for the locality of Košice. Displaying the
selected period from May 2013 to December 2013 [28,29].

2.3. Transient Numerical Simulation

The heat transition over time is described by heat transmission (heat diffusion) in Equation (1).
Thermal diffusivity is crucial for temperature balance in the structure in Equation (2). Equations (1)
and (2) are described as follows:

div(λgradT) + Zq = c · ρ ·
∂T
∂t

, (1)

a =
λ

c · ρ
. (2)

The interim calculation is performed using the commercial software, Physibel, the BISTRA module.
The method of energy balance is used to create a system of linear equations. The system is solved
using the Crank-Nicolson finite difference method. This method meets the criteria of EN ISO 10211
Annex A for software computational methods [24,28,29].

2.4. Methodology for Determining Initial Temperature Conditions

Temperature equalization in simple walls (AAC and sandstone)—according to the different initial
conditions used—is investigated. The structures of the wall samples embedded in the experimental
test cell are shown in Figure 5. The measured, sinusoidal and constant ambient air temperatures over
the selected time period as the boundary conditions are shown in Figure 6 and the measured values
of internal and external surface temperatures for the analyzed time interval are shown in Figure 7.
The initial temperature before the start of the calculation (before t = 0 hours (h)), can be considered:

• In the first case: in time t = 0, the constant temperature value 20 ◦C is set across the wall profile
(denoted as IC 20 ◦C in Figures 8–17).

• In the second case: in time t = 0, the steady state temperature is calculated from the air temperatures:
Exterior air is −13 ◦C, and interior air is 20 ◦C (BC −13 ◦C).

• In the third case: in time t = 0, the steady state temperature is calculated from the air temperatures:
Exterior air is −3.42 ◦C, and interior air is 20 ◦C (BC −3.42 ◦C).

• In the fourth case: in time t = 0, the steady state temperature is calculated from the current ambient
temperatures, without using start-up pre-calculation (BC without start-up).

• In the fifth case: start-up pre-calculation is used (calculation before t = 0 h, with a duration of one
day), (BC start-up).
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In the second case, we used an outside calculation (design) temperature of outside air for the
city of Košice of −13 ◦C. The third case considers the outside temperature average during the coldest
month of the year (January) for the location of the building, according to the standard [25].
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Figure 5. Sample structures, according to Table 2 (inside left). (a) An external test cell wall; and (b)
simple AAC and sandstone walls. The placement position for the plotted data are: the calculated
temperatures in Figures 8 and 10 in specimen S2/S3, in Figures 12 and 13 in S1 and the measured
temperatures in Figures 15–17 in specimen S1.

2.5. Structure Specimens: Material Parameters

The physical properties of the material structures of the specimens are given in Table 2.

Table 2. Composition of the specimens (the layers are numbered from the inside in the direction of the
heat flow) and physical properties of the material.

No. Structure Specimens Name of Layer λ
W/m·K

c
J/kg·K

ρ
kg/m3

S1 Outdoor test cell wall (AAC + EPS) AAC 0.106 900 350
EPS 0.035 920 16

S2 Simple AAC wall AAC 0.106 900 350

S3 Wall from sandstone Sandstone 1.700 840 2600

2.6. Boundary Conditions

The exterior and interior temperature in the period from 15 to 20 February, 2015 are selected (in fact,
from 14 February, 2015, for the purpose of the preliminary calculation). In Figure 6, the temperatures
obtained from the weather data packet are selected and plotted. Simple sinusoidal functions for
external and constant internal air temperatures used in simulation of sample walls are also plotted.
In Figure 7, measured temperature values of the interior and exterior surfaces are plotted. These are
used as the boundary conditions for validation with a full-scale experiment (Chapter 3.2).Buildings 2019, 8, x FOR PEER REVIEW  7 of 15 
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Figure 7. The measured temperature values of the interior and exterior surfaces for the analyzed
interval (14 February 2015 to 19 February 2015).

3. Results and Discussion

3.1. Numerical Experiment Results

Figures 8 and 10 show the temperature balancing phenomenon due to a different thermal diffusivity
(2) of the simple sandstone and AAC walls. The results of temperature represented by its courses,
calculated in the test case using simple boundary conditions, consider various initial conditions.
The boundary condition of exterior temperature for the calculation in this case is the sinusoidal function
(θe, as shown in Figure 6). The boundary condition of interior temperature is a constant value of 20◦

over the presented time period (θi). Figure 9 shows sandstone; Figure 11 shows AAC; and Figure 14
shows AAC + EPS-simulated temperature profiles, after 0, 12 and 24 h. Temperature profiles are
plotted to show their compliance with different IC considerations.

The temperature buffering time over the structure is extended when the thermal transmittance is
decreased (application of external thermal insulation composite system, ETICS). When AAC with ETICS
is used, temperature buffering takes five days or more (Figures 12 and 13). If the temperature course
analysis in the structures has short time intervals, the correct initial condition is highly recommended
and relevant.Buildings 2019, 8, x FOR PEER REVIEW  8 of 15 
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The graphs of the temperature course ( Figures 8, 10, 12 and 13) indicate that considering IC as
the constant for the whole profile of the structure (IC 20 ◦C), or considering the calculated stationary
profile using the standard outdoor temperature (exterior boundary conditions, BC −3.42 ◦C and BC
−13 ◦C), causes uncertainty. During the simulation, the temperatures were gradually approaching
the course calculated from the actual boundary conditions, with or without start-up pre-calculation
(Chapter 3.2, fourth and fifth cases). In Chapter 3.2, in the validation of the numerical model of the
measured data, we have considered only these initial conditions (fourth and fifth cases).

3.2. Model Validation with a Full-Scale On-Site Experiment

The impact of the initial condition is examined. The effect of solar irradiation is included by using
measured temperature values of the interior and exterior surfaces as the boundary conditions for
transient simulation (Figure 7). The influence of start-up pre-calculation on the speed of temperature
balancing in the real case is considered. The data gained from the simulation are compared with the
measured data. The data are investigated in the positions (1 and 2) of the mentioned test cell structure.
Measured and simulated results from the simulation without pre-calculation and the simulation with
one-day start-up pre-calculation are compared. Temperature courses in Figures 15 and 16—at the
positions of the test cell wall—refer to the scheme in Figures 2 and 5.
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The higher temperatures in position 2 (compared to position 1) are caused by the solar radiation
effect (Figures 15 and 16).

Figure 17 presents a comparison of the temperature profiles across the testing wall, from the
beginning of the simulation (0 h) for a time period of 24 and 48 h. A detailed analysis is provided in
the discussion chapter.
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3.3. Discussion

Based on long-term analysis of thermal fields using non-stationary boundary conditions, the initial
condition of temperature distribution in building structures can be partially omitted. The omission of
the initial state condition can be considered to have been achieved when it has a short-term analysis of
less than seven days. The rate of achieving the temperature balance and validity of the initial condition
of the relevant calculation is given by the composition of the building structure.

To determine the initial condition correctly, knowledge of the temperature distribution of the
cross section of the wall profile is required. However, this kind of information is rarely available.
Accordingly, dissimilar simplifications need to be used when the physical analysis of buildings needs
to be conducted. The article presents how the temperature behavior of the wall structure reacts to
different initial conditions. Five cases—which are introduced in the text (Section 2.4)—are analyzed.
The results of the calculation are displayed as time courses of temperatures at given points of the wall
and temperature profiles across envelope structures.

The speed of temperature balancing in the building structure is, as expected, higher in terms of
the one-layer structure than in the two-layer structure. The time required for temperature balancing
does not exceed one and a half days for neither the material with a higher thermal diffusivity value
(sandstone, Figure 8.), nor the material with a lower thermal diffusivity (AAC). After that, neither the
method for determining the IC, nor the IC itself, had an influence on the distribution of temperatures in
the analyzed building structure, as shown in Figure 10. The temperature balancing period is extended
for the insulated structure, as shown in Figures 12 and 13.

Courses of temperature at selected points of the insulated envelope—as shown in schemes
(Figure 5)—are compared in Figures 15 and 16. The temperature is calculated using start-up
pre-calculation and then again without it, and the results are compared with the measured values.
Temperature-data—calculated over one day of start-up pre-calculation—are a better match with the
measured values within five days after the beginning of the evaluation process. At the beginning
of the simulation, the difference between the measured and calculated temperatures for position 1
is only 0.2 K, and for position 2, the difference is 1.9 K. However, without start-up pre-calculation,
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the differences come to 1.9 K for position 1 and a much larger difference of 4.0 K for position 2.
The average difference between the measured and calculated temperatures during the first 24 h of
simulation without start-up pre-calculation is 0.9 K for position 1. For position 2, the difference is
2.2 K. Using start-up pre-calculation, the temperature differences are 0.1 K for position 1 and 1.0 K
for position 2. Deviation between the measured and simulated temperature courses, especially in
position 2, decreases during simulation. The average difference during a simulation interval, from day
2 to day 5, in measured and calculated temperatures without start-up pre-calculation for position
1 is 0.6 K, and for position 2, the difference is 0.5 K. Using start-up pre-calculation, it is 0.7 K for
position 1 and to 0.3 K for position 2. This action on the course of the temperature (profile) across the
envelope (Figure 17) is obvious; the calculated values are satisfactory due to the very accurate and
exact application of start-up pre-calculation. The temperature equilibrium is observed after around
five days of simulation. The influence of the IC consideration on the next results is negligible.

This analysis showed that the correct setting of the initial condition (characterizing the building
structure at beginning of calculation) is important for the simulation of building structure behavior.
By comparing measured with calculated courses, it is possible to answer the questions of whether
individual factors have an influence on the entire accuracy of simulation.

Measured and calculated courses differ due to the neglect of certain factors that affect the heat
transfer in the building envelope. One of these factors is the thermal field simulation mechanism used.
The used factor does not include the complex HAM effects on the heat transfer process. The moisture
content of the material aggravates its thermal conductivity coefficient and specific heat capacity.
The simulation tool considers the comprehensive heat-air-moisture transport and allows for the
inclusion of the regular initial condition, irrespective of whether the moisture, temperature or both
may achieve the better compliance of the simulation and experimental onsite measurement [26,27].

4. Conclusions

The input data values imply the correctness of the numerical simulation. Consideration of the initial
calculation conditions is more often used for the quantity, such as, e.g., the water content that persists
in the material of the structure or any mass. Shorter lasting quantities—such as temperature— are often
passed off as initial conditions in calculations. The article shows the possibilities of considering the initial
temperature of structures as an initial calculation condition in transient simulations. The simulations
result in various structures showing different initial temperatures reflected in temperature equalization.
During several or just a few days, depending on the structure quality, distorted values are shown.

For the main result, in position 1, the temperature calculated using a pre-calculation and the
temperature without a pre-calculation differ during the first three days of a five-day calculation by
an average of 0.3 K. The average difference of the mean by the simulation and the measured values
during the entire calculation period is up to 1.0 K and less. Therefore, for a simulation time of about
five days, the initial condition for calculating the temperature in the center of the masonry is necessary.
In position 2—that is, at the masonry interface and insulation—the temperature is calculated using the
pre-calculation and also without the pre-calculation being differed for more than two days. The average
difference is 0.4 K. Even at this point, the initial temperature condition of this wall composition is
considered and is useful at this interval. The proof of the need for correct temperature IC is that when
start-up pre-calculation is used, the simulation and measurement are compliant.

Further work should focus on the influence of the initial conditions on the thermal field for:

• Building structures with a complicated geometry, e.g., analysis of thermal bridges (2D, 3D)
• Building structure made of different building materials (window/wall connection), e.g., protruding

building structures (cornice, pilaster, balcony, etc.)
• Building structure containing innovative thermal insulations with small building thicknesses and

low values of thermal conductivity (reflective and vacuum insulation).

These experiments are feasible in the described outdoor test cells.
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The article brings certain results of temperature in various fragments of structures according to
different initial temperature consideration. Studies that would bring the certain numbers are missing.
Due to the type of structure, different methods of initial condition considerations are needed. With the
certain values that we bring, it is possible to look at the mathematical problem with the initial conditions
taking into an account. The initial condition is a part of the input data in most of the HAM simulation
programs. The point of view of building physics brings us general the conclusion that the temperature
changes rapidly, and it is therefore not important to include it in calculations as an initial condition.
In our climatic conditions (Slovakia, Middle-Europe) we insulate buildings to improve their energy
efficiency, so most of the building envelopes consists of masonry and ETICs. Our study operates with
initial conditions consideration in insulated structures. As we use HAM and BES or thermal field
simulations, we need to be as accurate as possible. In our opinion, certain numbers of temperature in
the structures when using or not using the initial conditions are helpful for improving our simulation
methods, such as period and length of calculation, length of start-up pre-calculation—if it is used—and
so on. Without answers regarding using or not using the initial conditions, it is impossible to gain
reasonable, fair, accurate and right numbers for the results of temperature.
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Nomenclatures

AAC autoclaved aerated concrete
EPS expanded polystyrene
HAM heat-air-moisture
ρ bulk density, (kg/m3)
c specific heat capacity J/(kg·K)
λ thermal conductivity W/(m·K)
a thermal diffusivity (m2/s)
q heat flux (W/m2)
Zq heat source (W/m3)
T thermodynamic temperature (K)
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