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Abstract: This article focuses on the investigation of the dynamic thermal barrier (TB) and dynamic 
thermal resistance (DTR) of the building envelope. The aim is to analyze the DTR as a function of 
the temperature change of the heat transfer medium supplied to the dynamic TB layer and to deter-
mine the energy potential of several materially different fragments of the building envelope. The 
functions of TB and DTR depend on the uniform and continuous maintenance of temperature in a 
given layer of the building structure. The methodology is based on the analysis and synthesis of 
thermal resistance calculation, wall heating, and computer simulation. The research results show 
that the relatively low mean temperature of the heat transfer medium of approximately θm = 17 °C 
delivered to the TB layer represents RDTR = up to 30 ((m2·K)/W) for an equivalent dynamic thermal 
insulation thickness of 1000 mm for a required standard resistance of RSTANDARD = 6.50 ((m2·K)/W) of 
the individual fragments analyzed with static thermal insulation of 65 to 210 mm. The energy po-
tential of a thermal barrier (TB) represents an increase of approximately 500% in the thermal re-
sistance and up to 1500% in the thickness of the dynamic thermal insulation. Further research on 
the dynamic thermal barrier and verification of the results of the parametric study will continue 
with comprehensive computer simulations and experimental measurements on the test cell. 

Keywords: active thermal protection; thermal barrier; dynamic thermal resistance; temperature  
progression; parametric study; thermal simulation 
 

1. Introduction 
As defined by Kalús [1], “Active thermal protection (ATP) is a dynamic process character-

istic of building structures with integrated energy-active elements that are characterized by one or 
more functions in different operating modes of energy systems and heat sources: thermal barrier 
(TB), large-scale heating/cooling, heat/cooling storage, solar and ambient energy capture, 
heat/cooling recovery, and other combinations.” 

The principle of the ATP is to install pipes of the heat exchange surface between the 
load-bearing and heat-insulating part and/or on the exterior side of the building envelope. 
The heat transfer medium is usually temperature-treated water or another liquid, but it 
can also be air [2]. Dry and wet methods of integrating the ATP system are known. The 
wet method is more difficult to implement, and in this method, pipes of the heat exchange 
surface are placed in the “wet part” of the load-bearing part of the building envelope (re-
inforced concrete wall/roof) or mortar bed (masonry wall) [3]. The dry method of making 
ATP is faster and simpler and consists of placing the pipes of the heat exchange surface 
between the load-bearing and heat-insulating part of the building envelope or into the 
thermal insulation as a part of the thermal insulation panels of the contact insulation sys-
tem [4]. 
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Depending on the ATP function and the composition of the building envelope, the 
mean temperature of the heat transfer medium can range from as low as 6 °C for the TB 
function (timber house with thermal insulation envelope panels) with a high dynamic 
thermal resistance RDTR = 10.487 ((m2·K)/W), corresponding to an external static thermal 
insulation of approximately 200 mm, up to between 25 and 30 °C for the large-scale radi-
ant heating function (reinforced concrete thermal insulated building envelope). This con-
tribution focuses on the research area of building wall structures with integrated energy 
active elements and dynamic thermal resistance, specifically ATP in the TB function. The 
principle of dynamic thermal resistance (DTR) of the building envelope is the controlled 
delivery of heat/cool to the ATP heat transfer layer over time, which adjusts the heat/cool 
transfer through the building structure as required while limiting the heat loss/gain of the 
building. Dynamic thermal insulation, therefore, can use a heat transfer agent to adjust 
the desired temperature in the ATP layer over time and, according to the DTR size re-
quirement, thereby eliminating the thickness of static thermal insulation. 

The aim of the research described in this contribution is a parametric study of the 
dynamic thermal resistance, simulation of the progression of the temperature in the indi-
vidual layers of the structure, and determination of the energy potential of several mate-
rially different fragments of building envelope wall structures with integrated energy-
active elements under different input data of physical variables. 

2. Current Status of Technical Solutions and Overview of Research Work in the Field 
of Active Thermal Protection 

Active thermal protection in various functions (TB, wall heating/cooling, heat/cool 
accumulation, etc.) is being investigated by several researchers worldwide. In the follow-
ing section, we present the current state of the technical solutions and an overview of im-
portant studies in this area of research, which our research builds on. 

2.1. Inspirational Technical Solution of Our Research 
Among the first scientists, developers, and researchers in the field of active thermal 

protection and thermal barrier is Dipl.-Ing., Phys. Edmond D. Krecké from Luxembourg, 
who combined the advantages of building constructions with integrated energy-active el-
ements with RES-based energy systems and commercially called this system ®Iso-
max/®Terrasol Technologien. Since about the 1990s, he has constructed several buildings 
around the world using this technology with thermal barriers, Figures 1–4, [5–7]. This 
combined building energy system inspired us to research building structures with inte-
grated energy-active elements. 

 
Figure 1. Lost formwork for reinforced concrete building envelope ISOMAX [5]. 
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Figure 2. Application of TB on porous concrete block wall [5]. 

 
Figure 3. Application of TB on the wall of a timber building [5]. 

 
Figure 4. Application of TB on a brick wall [5]. 

2.2. Scientific and Professional Work in the Field of ATP 
Many researchers from all over the world are working in the field of active thermal 

protection research. In this section, we present important outputs and results published 
in scientific articles and studies. 



Coatings 2023, 13, 648 4 of 41 
 

 

Koenders, S. J. M., Loonen, R. C. G. M., and Hensen, J. L. M. [8], 2018, investigated 
the performance of a new type of closed dynamic forced convection insulation system on 
a simulation model developed in EnergyPlus. The first results showed that a nine times 
lower value of the heat transfer coefficient U can be achieved compared to a conventional 
insulation system. The best results in terms of energy consumption and indoor thermal 
comfort were demonstrated when the dynamic insulation was used on a façade structure 
with a heavy inner partition and a light outer partition. 

Krzaczek, M., Florczuk, J., and Tejchman, J. [9], 2019, report comprehensive results 
of measurements in a two-story family house in northern Poland over 17 months. Control 
software using fuzzy logic was designed to optimize the operation of the energy system. 
The measurements confirmed the high efficiency of the thermal barrier and its ability to 
efficiently use low-energy heat and cold sources to ensure thermal comfort. 

Kisilewicz, T., Fedorczak-Cisak, M., and Barkanyi, T. [10], 2019, investigated the pos-
sibility to what extent an active thermal protection system can replace commonly used 
passive thermal insulation systems. During the course of three years, the study was con-
ducted in an experimental residential structure in Nyiregyháza, Hungary, that had a 
ground heat exchanger that was directly connected to a wall heat exchanger. 

Fawaier, M. and Bokor, B. [11], 2022, aimed to unify the research carried out in the 
field of dynamic building insulation systems as follows: by categorizing the literature ac-
cording to the type of structures used, the approach to the research problem, and the pa-
rameters investigated. Based on the historical development of ATP methods across time, 
the authors examined several mathematical models, experimental research, and numeri-
cal simulations. They also investigated innovative ATP designs that utilize air. 

Shen, J., Wang, Z., Luo, Y., Jiang, X., Zhao, H., and Tian, Z. [12], 2022, investigated an 
active building envelope system designed to redistribute the heat gained from the absorp-
tion of solar heat gains by the south façade to the exterior walls of the north façade based 
on a mathematical model. The thermal performance of the system was simulated for five 
climatic regions of China and then compared with a conventional wall system. 

Yan, B., Han, X., Malkawi, A., Dokka, T. H., Howard, P., Knowles, J., and Edwards, 
K. [13], 2022, comprehensively evaluated the operation of a thermally active building sys-
tem (TABS) with large thermal inertia combined with natural ventilation as a dynamic 
system. Measurements were conducted in an experimental office building in Massachu-
setts during the COVID-19 pandemic when the building was unoccupied. They demon-
strated the high effectiveness of the system in managing thermal comfort as well as its 
high energy efficiency. 

Junasová, B., Krajčík, M., Šikula, O., Arıcı, M., and Šimko, M. [14], 2022, investigated 
various design modifications of the radiant ceiling and wall systems for heating and cool-
ing suitable for both new and retrofitted buildings. A validated mathematical model was 
used to calculate the heat transfer. The highest increase in power per 1 cm was for a pipe 
pitch of 60 mm. The small spacing increased the system’s performance per energy deliv-
ered by creating a uniform surface temperature while reducing response time. The highest 
performance of all the cases studied was achieved by attaching a metal slat to a pipe em-
bedded in insulation. 

Šimko, M., Petráš, D., Krajčík, M., and Szabó, D. [15], 2022, investigated the thermal 
performance, surface temperatures, and heat transfer temperatures of a wall cooling sys-
tem with a pipe connected to a part of the wall made of thermal insulation blocks. The 
measurements were carried out in a climate chamber. Utilizing 2D numerical simulations, 
the sensitivity of the thermal performance to various design parameters was examined. 
Due to the thermal resistance of the thermal insulation, the air temperature had a minimal 
impact on the cooling effectiveness. The performance of the cooling was not significantly 
impacted by the heat transfer coefficient between the water and the wall or between the 
wall and the outside. On the other hand, an increase in room temperature of only 1 °C 
raised the thermal performance by approximately 7 W/m2, while an increase in the heat 
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transfer coefficient between the wall and the interior by 1 W/(m2.K) raised the perfor-
mance by 3 to 4 W/m2. 

Chen S., Yang Y., and Chang T. [16], 2023, examined the hydraulic thermal barrier 
(HTB), which enables the building envelope to be gradually viewed as a multifunctional 
element, as a way to change the characteristics of thermal insulation solutions from ones 
that are high in carbon to ones that are low in carbon. Yet, poor operational management, 
design, and construction can result in issues such as high costs and low efficiency, as well 
as the exact opposite technical impacts. A thorough uncertainty analysis is numerically 
carried out in this article. The findings of the uncertainty analysis demonstrated that, 
when the variables are properly chosen, the proper usage of HTB could greatly reduce the 
heat gains that a conventional air-conditioning system must contend with and could even 
have the technical effect of supplementary cooling. To assist in generating a continuous 
thermal buffer zone in the building envelope, tube spacing should ideally be set between 
100 and 250 mm. 

2.3. Scientific Works in the Field of ATP Computer Simulations 
For mathematical modeling and computer simulations, we were inspired by the fol-

lowing scientific works. 
Q. Zhu, X. Xu, J. Wang, and F. Xiao [17], 2014, presented a dynamic simplified ther-

mal model of a structure with active thermal protection of a building with embedded 
ductwork and identified the parameters of the simplified model based on the analysis of 
the frequency characteristics. Various case studies are presented to verify the accuracy of 
the simplified models and the effectiveness of model parameter identification. An optimal 
simplified model can be developed and provide a reasonable and accurate prediction of 
the performance independent of the composition of the active structure. However, the 
accuracy of the model may vary depending on the physical properties of the wall. 

Wu XZ, Zhao JN, Olesen BW, Fang L, and Wang FH. [18], 2015, proposed and devel-
oped a new simplified model to calculate the surface temperature and heat transfer of 
radiant floor heating and cooling using the conduction shape factor. The proposed model 
was verified using measured data from references. The findings indicated that, for the 
radiant floor heating system, for an average water temperature between 40 °C and 60 °C, 
the greatest disparities between the calculated surface temperature and heat transfer us-
ing the suggested model and the observed data were 0.8 °C and 8.1 W/m2, respectively. In 
this work, the suggested model was also validated using numerically generated data. 

J. Xie, X. Xu, A. Li, and Q. Zhu [19], 2015, presented an experimental verification of 
the finite-difference frequency-domain (FDFD) model of a building with an active shell 
with integrated ductwork in the time domain using the Fourier series analysis. The ther-
mal response of the active building envelope at predetermined boundary conditions has 
been measured using a test rig. For testing, various supply water temperatures were ap-
plied. The findings demonstrate that the time-domain thermal responses of the active 
building envelope predicted by the FDFD model and experimental observations are in 
good agreement. The outcomes also demonstrate how simple and effective it is to use 
Fourier series analysis to validate the FDFD model over time. 

Q. Zhu, A. Li, J. Xie, W. Li, and X. Xu [20], 2016, dealt with the experimental verifica-
tion of a semi-dynamic simplified model of an active building envelope with embedded 
ductwork. The simulation results were compared with measurements in real conditions 
and confirmed that the semi-dynamic simplified model could predict the semi-steady or 
dynamic thermal properties of the active building envelope very well. 

Lydon, G. P., Caranovic, S., Hischier, I., and Schlueter, A. [21], 2019, discussed a cou-
pled simulation for the design of a heating and cooling system embedded in a lightweight 
roof structure. A parametric geometric model has been developed for the application of 
the piping system to a complex roof shape. The study focuses on the modeling techniques 
used in the energy sector to facilitate the creation of a digital twin for the building’s mul-
tifunctional component. Building physics concerns are dealt with, and initial system 
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performance is ensured using high-resolution analysis. The lower resolution method is 
used to add system characteristics to an industrial simulation model of the entire building 
using the input data from the first two processes. The creation of the first control tech-
niques for the new multifunctional element is possible in this last step. 

3. Methodology 
The research described in this paper aims to analyze the dynamic thermal barrier in 

building envelopes, which is characterized by the dynamic thermal resistance dependent 
on the temperature change of the heat transfer medium supplied to the dynamic TB layer, 
and to determine the energy potential of several materially different fragments of the 
building envelope. The TB and DTR functions depend on a uniform and continuous tem-
perature maintenance in a given layer of the building structure. The research methodol-
ogy is based on the analysis and synthesis of procedures for calculating thermal resistance 
and heat transfer coefficient according to EN 73 0540, wall heating according to EN 1264-
(1-5), and computer simulation in ANSYS. 

3.1. Calculation Procedure for Thermal Resistance R and Heat Transfer Coefficient U according 
to EN 73 0540 

Applying a thermal barrier to the structure eliminates the thickness of thermal insu-
lation on the exterior side of the envelope. This means that we can reduce heat losses or 
gains. To be able to reduce the above-mentioned parameters, we need to know the tem-
perature behavior in the structure, the most important being the temperature between the 
thermal insulation and the load-bearing layer of the structure. Thermal barrier pipes are 
applied between these layers. To be able to calculate the individual temperatures between 
the layers and to plot the temperature waveform in a fragment of a multilayer structure, 
we need to know the heat transfer coefficient U (W/(m2·K)) and the thermal resistance of 
the building structure R ((m2·K)/W). 

The thermal resistance of the j-th structure is calculated using the formula [22,23]: 

Ri = 
ୢౠ஛ౠ (1)

where Ri is the thermal resistance of the j-th layer of the structure ((m2·K)/W), dj thickness 
of the j-th layer of the structure (m), and λj coefficient of thermal conductivity of the j-th 
layer of the structure (W/(m·K)). 

The thermal resistance of a multilayer structure Rc ((m2·K)/W) is calculated using the 
formula [22,23]: 

Rc = ∑ Ri (2)

R = Rsi + Rc + Rse (3)

where R thermal resistance of the structure ((m2·K)/W), Rc total thermal resistance of the 
structure ((m2·K)/W), Rj is the thermal resistance of the j-th layer of the structure 
((m2·K)/W), Rsi thermal resistance to heat transfer at the internal surface of the structure 
((m2·K)/W), and Rse thermal resistance to heat transfer at the external surface of the struc-
ture ((m2·K)/W). 

The heat transfer coefficient of a multilayer structure U (W/(m2·K)) is calculated using 
the formula [22,23]: 

U = 
ଵୖ = 1/(Rsi + Rc + Rse) (4)

where U is the heat transfer coefficient of the structure (W/(m2·K)/), R thermal resistance 
of the structure ((m2·K)/W), Rsi thermal resistance to heat transfer at the internal surface of 
the structure ((m2·K)/W), and Rse thermal resistance to heat transfer at the external surface 
of the structure ((m2·K)/W). 
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The temperature in the j-th layer of the structure θj (°C) is calculated using the for-
mula [22,23]: 

θj = θi − U × (θi − θe) × (Rsi + ∑Rj) (5)

where U heat transfer coefficient of the structure (W/(m2·K)), Rsi thermal resistance to heat 
transfer at the internal surface of the structure ((m2·K)/W), ∑Rj sum of thermal resistances 
of the j-th layers of the structure ((m2·K)/W), θe outdoor design temperature in winter (°C), 
θi internal design temperature (°C), and θj is the temperature in the j-th layer of the struc-
ture (°C). 

In our research, we assume the wall component is a 3D system, that is, the heat trans-
fer equation for the transient conditions in the Cartesian coordinate system is written as 
[24]: C୮ρ ∂T∂t  =  λ ቆ∂ଶT∂x + ∂ଶT∂y + ∂ଶT∂z  ቇ (6)

where Cp is the specific heat under constant pressure (kJ/(kg·K)), T the temperature (K),  
t the time (s), and ρ the density of the wall layer material (kJ/m3)). 

To use or calculate the heat transfer equation, we need to specify the boundary con-
ditions. In our case, the perimeter wall structure separates the interior space temperature 
Ti (K) from the ambient conditions. This means that the boundary conditions of the Si (m2) 
and Se (m2) surfaces are defined by Newton’s law. Consequently, the heat transfer coeffi-
cient by radiation and convection, respectively, is defined by the rate of heat exchange by 
convection and radiation on the interior surface Si (m2). That is, the boundary conditions 
on the Si (m2) surface are defined using the formula [24]: ∂T(t)∂x ฬୱ౟ = h୧ ሾT୊୧(t) − T୧ሿ (7)

where hi the convective/radiative heat transfer coefficient on the internal surface 
(W/(m2·K)), Ti the internal air temperature (K), TFi(t) the internal surface temperature (K), 
and λ is the thermal conductivity (W/(m·K)). 

In a structure, there is a heat exchange between the external Se (m2) surface and the 
external environment. The heat exchange is composed of convection and radiation, and 
these two components must be considered separately. Radiation is defined by the solar 
air temperature, and convection is defined by the convective heat transfer coefficient. We 
would define the solar air temperature Ti (K) as the fictitious temperature of the outdoor 
air that, in the absence of radiative exchange at the exterior surface of the roof or wall, 
would provide the same rate of heat transfer through the wall or roof as the actual com-
bined heat transfer mechanism between the sun, the surface of the roof or wall, and the 
outdoor air and environment. Since the ambient conditions are variable, we can define the 
boundary conditions on the external surface Se (m2) using the formula [24]: 

 λ ப୘ப୶ቚୱ౛ = hୣ (t)ሾTୣ (t) − T୊ୣ(t)ሿ (8)

where he(t) is the convective heat transfer coefficient on the external surface (W/(m2·K)), 
TFe(t) is the external surface temperature (K), and Te(t) is the sol-air temperature (K). 

The boundary conditions on the adiabatic surfaces Sa1 (m2) and Sa2 (m2) are defined 
using the formula [24]: 

q(t)|Sa1 = 0 (9)

and 

q(t)|Sa2 = 0 (10)

where q(t) is the heat flux normal to the surface (W/m2). 
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3.2. Calculation Procedure for Wall Heating according to EN 1264-(1-5) 
To calculate the thermal performance of active thermal protection, the boundary con-

ditions (location, outdoor temperature, indoor temperature, etc.) are required. The next 
important step is to calculate the heat loss and heat input. The wall heating performance 
is designed for individual room heat input according to STN EN 1264-(1-5), [25–29]. 

To determine the specific heat capacity q (W/m2) of the wall surface, the following 
parameters are required [25–29]: 
 Heating pipe spacing; 
 The thickness su and the thermal conductivity λE of the wall layer in front of the heat-

ing tubes towards the interior; 
 The thermal resistance of the surface covering Rλ,B of the wall; 
 The outer diameter of the heating tubes D = da, possibly with coating D = dM, and the 

thermal conductivity of the heating tubes λR or coating λM; 
 The contact between the tubes and the heat pipe elements or spreading layer is char-

acterized by the coefficient aK. 
The specific heat capacity is calculated according to the equation [25–29]: 

q = B × ∏ (a୧୫౟)୧  × ΔθH  (11)

where q is the specific heat capacity (W/m2), B is the system dependent coefficient 
(W/(m2·K)), and ∏ (𝑎௜௠೔)௜  is the power product combining the design parameters between 
each other. The design parameters are calculated as follows [25–29]: 

ΔθH = ஘౒ ି ஘౎୪୬ಐ౒ ష ಐ౟ಐ౎ష ಐ౟  (12)

where ΔθH is the average temperature of the heating medium (°C), θV is the supply tem-
perature of the heating medium (°C), θR is the return temperature of the heating medium 
(°C), and θi is the nominal indoor temperature of the room (°C). 

The specific heat capacity is proportional to (ΔθH)n; exponent n has values according 
to theoretical results confirmed by experiments: 1.0 < n < 1.01. Within the limits of suffi-
cient precision, a value is used, n = 1, [25–29]. 

In STN EN 1264, there are different types of compositions of structures. For the type 
of structure we are analyzing, the most relevant standard structure type is B, Figure 5. 

 
Figure 5. Wall system with pipes in the insulation layer with thermal diffusion devices, type B (STN 
EN 1264-1). 1—wall structure, 2—insulation layer, 3—piping, 4—thermal diffusion device, 5—fixing 
supports, 6—thermal diffusion layer, and 7—surface covering. 
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For a type B system, the specific heat capacity q (W/m2) is calculated according to the 
relation [25–29]: 

q = B × aB × a୘୫౐ × a୳୫౫ × aWL × ak × ΔθH (13)

where q is the specific heat capacity (W/m2) and B is the system-dependent coefficient 
(W/(m2·K)). The application for this system is as follows [25–29]: 

aB = ଵଵା୆ × ୟ౫ × ୟ౐ౣ ౐ × ୟ౓ై × ୟే × ୖಓ,ా × ୤ (୐) (14)

Herewith [25–29], 

F (T) = 1 + 0.44 √𝐿., (15)

where aB is the covering coefficient (−); aT is the tube spacing coefficient (−), Table 1; aT = f 
(su/λE); λE is the thermal conductivity of the spreading layer (W/(m·K)); su is the thickness 
of the spreading layer over the tubes (m); and mi is the exponents to calculate the charac-
teristic curves (mT, mu) (−). This holds as follows [25–29]: 

mT = 1 − ୐଴.଴଻ହ suits when 0.050 m ≤ L ≤ 0.375 m (16)

mu = 100 (0.045 − su) suits when su ≥ 0.010 m (17)

where L is the spacing of the heating tubes (m) and su is the thickness of the spreading 
layer above the tubes (m). 

Table 1. Pipe spacing coefficient aT versus pipe spacing L for type B systems, [25–29]. 

su/λE 

(m2·K)/W 
0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.10 0.15 0.18 

aT 1.103 1.100 1.097 1.093 1.091 1.088 1.082 1.075 1.064 1.059 

If the pipe spacing is L > 0.375 m, the specific power is calculated from the formula 
[25-29]: 

q = q0.375 × ଴.ଷ଻ହ୐  (18)

where q is the specific heat capacity (W/m2) and q0.375 is the specific heat capacity (W/m2) 
calculated at pipe spacing L = 0.375 m. The covering factor is calculated as follows [25–29]: 

au = 
భಉା ౩౫,బಓ౫,బభಉା ౩౫ಓు   (19)

where au is the covering factor (-); α = 10.8 W/(m2·K); λu,0 = 1 W/(m2·K); su,0 = 0.045 m; ak is 
the correction coefficient of coupling in compliance, Table 2; ak = f (T); aWL is the thermal 
conductivity coefficient; Table 3, aWL = f (KWL, L, D); and ΔθH is the average temperature 
of the heating substance (°C), Formula (12) [25–29]. 

Table 2. Contact correction factor ak as a function of pipe spacing L for type B systems [25–29]. 

L (m) 0.05 0.075 0.1 0.15 0.20 0.225 0.30 0.375 0.45 
aK 1.00 0.99 0.98 0.95 0.92 0.90 0.82 0.72 0.60 
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Table 3. Thermal conductivity coefficient aWL versus pipe spacing L, outer diameter D, and charac-
teristic KWL value for type B systems (KWL = 0) [25–29]. 

D (m) 0.022 0.020 0.018 0.016 0.014 
L (m) aWL 
0.05 0.96 0.93 0.90 0.86 0.82 
0.075 0.80 0.754 0.70 0.644 0.59 
0.10 0.658 0.617 0.576 0.533 0.488 
0.15 0.505 0.47 0.444 0.415 0.387 
0.20 0.422 0.40 0.379 0.357 0.337 
0.225 0.396 0.376 0.357 0.34 0.32 
0.30 0.344 0.33 0.315 0.30 0.288 
0.375 0.312 0.30 0.29 0.278 0.266 
0.450 0.30 0.29 0.28 0.264 0.25 

Tables for KWL = 0.1, 0.2, 0.3, 0.4, 0.5, and above are seen STN EN 1264-2, where KWL 
is the coefficient of the heat conducting element for type B (-) systems and is expressed as 
follows [25–29]: 

KWL = ୱ౓ై × ஛౓ైା ୠ౫ × ୱ౫ × ஛ు଴.ଵଶହ  (20)

where bu = f (L)—Table 4, sWL × λWL = product of thickness and thermal conductivity of the 
heat conducting element, and su × λE = product of thickness and thermal conductivity of 
the spreading layer. 

Table 4. Coefficient bu versus pipe spacing L for type B systems [25–29]. 

L (m) 0.05 0.075 0.1 0.15 0.20 0.225 0.30 0.375 0.45 
bu 1.00 1.00 1.00 0.70 0.50 0.43 0.25 0.10 0.00 

3.3. Computer Simulation Procedure—ANSYS 
We describe the computer simulation procedure by creating a 2D model of a frag-

ment of the perimeter wall structure of a prefabricated timber building with integrated 
energy-active elements as a function of the thermal barrier depending on various input 
variable factors. 

The first step is to create a mathematical-physical model, where the 2D model of the 
fragment to be analyzed is shown, and to process the mathematical-physical properties of 
the different layers of the structure into a clear table, as shown in Figure 6. The simulation 
procedure is shown in Figure 7. The first step of the simulation was to specify the material 
characteristics of the individual layers of the structure, make a model of the fragment in 
ANSYS, and generate a mesh with a suitable element size (in our case, 5−003 m), as seen in 
Figure 8. Next, it was necessary to determine the boundary conditions, where the first 
condition was the convection condition for the interior, the second was the convection 
condition for the exterior, and the last condition was the water temperature in the pipes 
of 6 °C. 
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Figure 6. Mathematical-physical model of the simulation fragment. qe—radiant flux density to-
wards the exterior (W/m2), qi—radiant flux density towards the interior (W/m2), θe—outdoor design 
temperature in winter (°C), θi—internal design temperature (°C), d—construction thickness (mm), 
DN—pipe dimension (mm), e—exterior, and i—interior. 

 
Figure 7. The procedure for solving a computer simulation in ANSYS. 

 
Figure 8. Model of a fragment of a structure with a generated mesh. 

The Newtonian boundary conditions, i.e., the convection at the boundary with the 
outside and inside air, are determined by the relations [30]: 
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qi = hi × (θ(x,y) − θi) = λ (x,y) × ቀப஘(୶,୷)ப୶  + ப஘(୶,୷)ப୶ ቁ, for x ∈ ΓI (21)qe = he × (θ(x,y) − θe) = −λ (x,y) × ቀப஘(୶,୷)ப୶  + ப஘(୶,୷)ப୶ ቁ, for x ∈ ΓE (22)

where qi is the radiant flux density towards the interior (W/m2), qe is the radiant flux den-
sity towards the exterior (W/m2), hi is the heat transfer coefficient from the indoor air to 
the structure (hi = 6 W/(m2·K)), he is the heat transfer coefficient from the structure to the 
outdoor air (he = 25 W/(m2·K)), θi is the temperature of the indoor ambient air (θi = 20 °C), 
θe is the temperature of the outdoor ambient air (θe =−11 °C), θ(x,y) is the temperature is 
a function of two variables, λ (x,y) is the coefficient of thermal conductivity is for each of 
the isotropic materials forming the region (W/(m·K)), and ΓI, ΓE is the boundary of the 
region on the interior/exterior side. 

The task was specified as a thermal task, “Transient Thermal”, for the calculation of 
temperatures in a fragment with a thermal barrier, where a two-dimensional non-station-
ary heat conduction equation was applied to the given region (specified wall structure). 
The mathematical relationship applies as follows [30]: 

c × ρ × ப஘(୶,୷)ப୲  = ቀ ப ப୶ , ப ப୷ቁ × (λ (x,y) × ቀப஘(୶,୷)ப୶ , ப஘(୶,୷)ப୷ ቁ (23)

where c is the specific heat capacity of the material (J/(kg·K), ρ is the volume mass of the 
material (kg/m3), θ(x,y) is the temperature is a function of two variables, t is the time (s), 
x,y are the variables, and λ (x,y) is the coefficient of thermal conductivity is for each of the 
isotropic materials forming the region (W/(m·K)). 

4. Results 
We summarize the results of our research on the analysis of active thermal protection 

as a function of the thermal barrier in two points: 
• The results of a parametric study of four fragments of building envelopes; 
• The results of the computer simulation of the temperature progression in the ATP 

layer for a fragment of the building envelope of a prefabricated timber building. 

4.1. Parametric Study of Fragments of Building Envelope Structures 
Our research aims to determine the dynamic thermal resistance as a function of 

static/dynamic thermal insulation thickness and mean temperature of the heat transfer 
medium in the pipes of the ATP (as a function of TB) heat exchange surface using a para-
metric study of several material different compositions of fragments of building envelope 
structures based on the variation of input data of physical variables. At the same time, we 
determined the potential for energy savings and accumulation and static thermal insula-
tion savings and predicted the application of building structure designs with ATP to the 
heating/cooling function. 

We have developed mathematical-physical models for these types of building enve-
lopes to determine the energy saving and energy storage potential of ATP, as well as to 
define the dynamic thermal resistance using a parametric study: 
• Fragment 1—construction of the ISOMAX system perimeter wall (thermal insula-

tion–reinforced concrete–thermal insulation); 
• Fragment 2—reinforced concrete wall with thermal insulation on the exterior side; 
• Fragment 3—a wall made of aerated concrete blocks with thermal insulation on the 

exterior side; 
• Fragment 4—prefabricated timber building wall. 

These are essentially technical details of the individual fragments with precise infor-
mation on the building materials (thermal properties and dimensions) of which the enve-
lope is composed. The basis for the determination of the dynamic thermal resistance is the 
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calculation and progression of the temperatures in the individual layers of the fragments 
under consideration. 

The basic input parameters for the calculation of the internal temperature progres-
sion in the individual layers of the building envelope fragments θm (°C) were the exterior 
temperature θe = −11 °C and the interior temperature θi = +20 °C. 

4.1.1. Fragment 1—Construction of the ISOMAX System Perimeter Wall 
The first considered Fragment 1 is the construction of the building envelope structure 

according to the ISOMAX system. In our research, we were inspired by this system. In 
2005, we were approached by the ISOMAX system licensee in Slovakia to design, project, 
and manage the construction of a prototype prefabricated house IDA I (named IDA after 
the name of the client’s wife). This prototype building is built on the premises of a manu-
facturer of reinforced concrete components for the construction industry in Bratislava-
Vrakuňa and is currently used as an office building. We have described the design, project 
and construction in more detail in the articles [2,31, 32, 33]. Figure 9 is a photograph of the 
construction of the building. Figure 10 is a photograph of the individual reinforced con-
crete panels with integrated ATP piping. 

 
Figure 9. View of the assembly of the prototype prefabricated house IDA I. (Photo archive: Kalús). 

 
Figure 10. View of reinforced concrete panels with integrated ATP piping. (Photo archive: Kalús). 

In the ISOMAX system, the load-bearing central structure is made of 150 mm thick 
reinforced concrete, which is thermally insulated internally and externally with 75 mm 
thick thermal insulation, Figure 11. Our upgraded design of this envelope retains the 150 
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mm thickness of the reinforced concrete central load-bearing section but changes the 
thickness of the interior thermal insulation to 100 mm and the exterior thermal insulation 
to 200 mm, Figure 12. 

 
Figure 11. Construction of the perimeter wall according to the ISOMAX system [5]. θm—the tem-
perature in construction (°C), d—construction thickness (mm), e—exterior, and i—interior. 

 
Figure 12. Our upgraded ISOMAX perimeter wall construction. θm—the temperature in construc-
tion (°C), d—construction thickness (mm), x—thickness of thermal insulation, z—the temperature 
between the load-bearing and thermal insulation layer of the structure (°C), e—exterior, and i—
interior. 

The calculated internal temperature in the ATP placement layer is θm = 3.91 °C for the 
ISOMAX building envelope structure design for the static thermal insulation with a thick-
ness of 75 mm, Figure 11, and θm = 9.05 °C for the upgraded design for the static thermal 
insulation with thickness 200 mm, Figure 12. The dynamic thermal resistance as a function 
of the thickness of the static/dynamic thermal insulation and the mean temperature of the 
heat transfer medium in the ATP tubes forming the heat transfer layer in the building 
structure can be seen from the graph in Figure 13. The figure shows that the standard DTR 
RDTR = 6.5 ((m2·K)/W) is achieved in this design by the mean temperature of the heat trans-
fer medium in the ATP layer θm = 7.04 °C, and the DTR increases with increasing temper-
ature. A temperature of θm = 16.96 °C represents an RDTR = 29.86 ((m2·K)/W) and an 
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equivalent static thermal insulation thickness of 1000 mm. Similarly, Figure 14 shows the 
dependence of the dynamic heat transfer coefficient UD (W/(m2·K)). 

 
Figure 13. Dynamic thermal resistance as a function of static/dynamic thermal insulation thickness 
and mean temperature of the heat transfer medium in ATP pipes—Fragment 1. 

 
Figure 14. Dependence of the dynamic heat coefficient UD (W/(m2·K)) on the thickness of the thermal 
insulation and the mean temperature θm (°C) in the ATP layer—Fragment 1. 
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Figure 15 shows in blue the energy saving and energy storage potential of the thermal 
barrier application for both variants of the envelope design. The energy savings of our 
upgraded solution relative to the original ISOMAX technical solution are shown in red. 
Due to the application of thermal insulation also on the interior side, the function of ATP 
for this building envelope solution is limited to the thermal barrier and heat/cool 
accumulation functions only. 

 
Figure 15. Energy saving and energy storage potential of thermal barrier application for both vari-
ants of envelope construction. θm—the temperature in construction (°C), Δθ—temperature differ-
ence (°C), d—construction thickness (mm), e—exterior, and i—interior. 

Unfortunately, after the construction of the prototype of the prefabricated house IDA 
I was completed, the owner of the production plant changed, which did not allow us to 
carry out the planned experimental measurements and verification of the theoretical re-
sults obtained based on the parametric study. 

4.1.2. Fragment 2—Reinforced Concrete Wall with Thermal Insulation on the Exterior 
Side 

The next considered Fragment 2 is a reinforced concrete wall 200 mm thick with ther-
mal insulation on the outside. The parametric study was carried out for a static thermal 
insulation thickness of 210 mm to achieve the standard thermal resistance and vary the 
static thermal insulation thickness from 50 mm. 

We prepared this fragment for research either in the climate chamber or in the actual 
construction of the building. In paper [1, 34], we analyzed its energy potential for large-
scale radiant heating/cooling with a parametric study. In this section, we analyze ATP in 
the function of a thermal barrier. 

The calculated internal temperature in the ATP placement layer for a thermal insula-
tion thickness of 210 mm is θm = 18.7 °C, RDTR = 6.55 ((m2·K)/W), Figure 16, and for a thermal 
insulation thickness of 50 mm is θm = 15.28 °C, RDTR = 1.67 ((m2·K)/W), Figure 17. 



Coatings 2023, 13, 648 17 of 41 
 

 

 
Figure 16. Reinforced concrete wall 200 mm thick with thermal insulation 210 mm thick on the out-
side. θm—the temperature in construction (°C), d—construction thickness (mm), x—thickness of 
thermal insulation, z—the temperature between the load-bearing and thermal insulation layer of 
the structure (°C), e—exterior, and i—interior. 

 
Figure 17. Reinforced concrete wall 200 mm thick with thermal insulation 50 mm thick on the out-
side. θm—the temperature in construction (°C), d—construction thickness (mm), e—exterior, and 
i—interior. 

The dynamic thermal resistance as a function of the thickness of the static/dynamic 
thermal insulation and the mean temperature of the heat transfer medium in the ATP 
pipes that form the heat exchange layer in the building structure can be seen from the 
graph in Figure 18. For a mean temperature of the heat transfer medium in the ATP layer 
of θm = 19.72 °C, RDTR = 30.46 ((m2·K)/W), an equivalent static thermal insulation thickness 
of 1000 mm would be required. 
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Figure 18. Dynamic thermal resistance as a function of static/dynamic thermal insulation thickness 
and mean temperature of the heat transfer medium in ATP pipes—fragment 2. 

Similarly, Figure 19 shows the dependence of the dynamic heat transfer coefficient 
UD (W/(m2·K)). Figure 20 shows in red the required heat in kWh delivered by a heat trans-
fer medium with a mean temperature of 18.7 °C to the ATP (function TB) when using a 50 
mm thick static thermal insulation to bring the dynamic thermal resistance of the building 
envelope up to the value of the standard thermal resistance when using a 210 mm thick 
static thermal insulation. Based on the results of the study [34], we can conclude that with 
this technical solution of the building envelope, it is possible to obtain savings on the 
thickness of the static thermal insulation up to 160 mm. According to the results of the 
study [1], the ATP function for this building envelope solution has a high potential for 
application as wall heating/cooling in addition to the thermal barrier and heat/cooling 
storage functions. 
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Figure 19. Dependence of the dynamic heat coefficient UD (W/(m2·K)) on the thickness of the ther-
mal insulation and the mean temperature θm (°C) in the ATP layer—Fragment 2. 

 
Figure 20. Required heat in kWh supplied by a heat transfer medium with a mean temperature of 
18.7 °C to the ATP (function TB) using 50 mm thick static thermal insulation to achieve the standard 
thermal resistance. θm—the temperature in construction (°C), Δθ—temperature difference (°C), d—
construction thickness (mm), e—exterior, and i—interior. 
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4.1.3. Fragment 3—A Wall Made of Aerated Concrete Blocks with Thermal Insulation on 
the Exterior Side 

Then, we analyze Fragment 3—a wall with a load-bearing part made of aerated con-
crete blocks with a thickness of 375 mm and thermal insulation from the outside with a 
thickness of 100 mm. We applied this type of fragment to an experimental family house 
EB2020 in Tomášov near Bratislava, Slovakia, which we designed, projected, managed its 
construction, and conducted experimental measurements on it. We carried out these ac-
tivities between 2010 and 2013. 

Between the facade’s polystyrene (100 mm) and aerated concrete masonry (375 mm) 
and in the roof structure’s succeeding circuits, the building’s active thermal protection is 
provided by plastic piping: 20 m × 100 m. Using the ATP, a building can be heated or 
cooled during the summer by reducing heat loss via opaque materials. The source of cool-
ing comes from the cooling circuits, which are buried in the ground near the foundation 
strips of the building at a non-freezing depth. They consist of plastic pipe circuits: 20 m × 
100 m. The ATP is shown in Figure 21. 

 
Figure 21. View of the ATP formed by a plastic pipe between aerated concrete masonry and poly-
styrene. (Photo archive: Kalús). 

We have described the experimental measurements and evaluation of the energy roof 
in [35] and of the ground-source heat storage in [33]. In this paper, we describe the analysis 
of a parametric study of the application of ATP as a thermal barrier in this type of building 
envelope. 

The calculated internal temperature in the ATP placement layer is θm = 1.89 °C, RDTR 
= 6.48 ((m2·K)/W), Figure 22. Figure 23 shows the mathematical-physical model for calcu-
lating the dynamic thermal resistance for varying thicknesses of static thermal insulation. 
Figure 24 shows the graphical dependence of the dynamic thermal resistance on the thick-
ness of the static/dynamic thermal insulation and the mean temperature of the heat trans-
fer medium in the ATP tubes that form the heat transfer layer in the building structure. 
Similarly, Figure 25 shows the dependence of the dynamic heat transfer coefficient UD 
(W/(m2·K)). The dynamic thermal resistance of this building envelope for the illustrated 
isotherm with an internal temperature in the ATP location layer of θm = 10 °C is RDTR = 11.8 
((m2·K)/W), the thickness of 300 mm thermal insulation, respectively, for θm = 16.11 °C is 
RDTR = 30.80 ((m2·K)/W), the thickness of 1000 mm thermal insulation, Figure 26. Because 
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the load-bearing wall made of porous concrete blocks has a high thermal resistance, the 
function of the ATP for this building envelope solution is limited only to the functions of 
thermal barrier and partial heat/cold accumulation. 

 
Figure 22. Fragment 3—wall with a load-bearing part made of aerated concrete blocks with a thick-
ness of 375 mm and thermal insulation on the outside with a thickness of 100 mm. θm—temperature 
in construction (°Ce—exterior, and i—interior. 

 
Figure 23. The mathematical-physical model for calculating the dynamic thermal resistance for var-
ying thicknesses of static thermal insulation. θm—the temperature in construction (°C), x—thickness 
of thermal insulation (mm), z—the temperature between the load-bearing and thermal insulation 
layer of the structure (°C), e—exterior, and i—interior. 
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Figure 24. Graphical dependence of the dynamic thermal resistance on the thickness of the static/dy-
namic thermal insulation and the mean temperature of the heat transfer medium in the ATP pipes—
Fragment 3. 

 
Figure 25. Dependence of the dynamic heat coefficient UD (W/(m2·K)) on the thickness of the ther-
mal insulation and the mean temperature θm (°C) in the ATP layer—Fragment 3. 
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Figure 26. View of the ATP formed by a plastic pipe between aerated concrete masonry and poly-
styrene. θm—the temperature in construction (°C). 

4.1.4. Fragment 4—Prefabricated Timber Building Wall 
The last analyzed building envelope is Fragment 4—the wall of the prefabricated 

timber building. The variant construction of the perimeter wall consists of plasterboard, 
thermal insulation with a thickness of 50 mm, OSB board, vapor barrier, thermal insula-
tion of 140 mm, OSB board, thermal insulation of 160 mm, reinforced mortar, and exterior 
plaster. Figure 27 shows two options for the location of active thermal protection for the 
composition of these structures and the temperature progression in this structure without 
the application of ATP. 

Considering the requirements of practice and the demand for the construction of pre-
fabricated wooden buildings, we are preparing research on the application of ATP in the 
function of a thermal barrier for such buildings. To verify the dynamic thermal resistance 
for a fragment of the perimeter wall of a timber building, we designed a test cell, which is 
under construction at the time, Figure 28. The load-bearing part of the structure is formed 
by the load-bearing columns of the wooden perimeter wall of the test cell with dimensions 
60 × 140 mm filled with 140 mm thick thermal insulation. On the exterior side, the test cell 
will be insulated with self-made prototypes of thermal insulation panels with integrated 
energy-active elements—active thermal protection (ATP) with a thickness of 100 mm, Fig-
ure 29. 



Coatings 2023, 13, 648 24 of 41 
 

 

 
Figure 27. Temperature behavior in the construction of a prefabricated timber house. θm—temper-
ature in construction (°C), e—exterior, and i—interior. 

 
Figure 28. View of a test cell under construction. (Photo archive: Ingeli). 
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Figure 29. Details of test cell wall fragments. e—exterior, and i—interior. 

To analyze the dynamic thermal resistance of this wall structure, we developed a 
mathematical-physical model, Figure 30. The calculated internal temperature in the ATP 
placement layer for a thermal insulation thickness of 200 mm is θm = 6.03 °C, Figure 31, 
and for a thermal insulation thickness of 100 mm is θm = 0.80 °C. If we increase the mean 
temperature in the ATP heat transfer layer by Δθ = 5.23 °C using a heat transfer agent, the 
dynamic thermal resistance is RDTR = 10.487 ((m2·K)/W). At the same time, we eliminate 
the thickness of the static thermal insulation by 100 mm. 

 
Figure 30. Mathematical-physical model of the test cell wall. θm—the temperature in construction 
(°C), d—construction thickness (mm), x—thickness of thermal insulation (mm), z—the temperature 
between the load-bearing and thermal insulation layer of the structure (°C), e—exterior, and i—
interior. 
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Figure 31. Mathematical-physical model of a test cell wall with a static insulation thickness of 200 
mm. θm—the temperature in construction (°C), d—construction thickness (mm), e—exterior, and 
i—interior. 

The dynamic thermal resistance as a function of the thickness of the static/dynamic 
thermal insulation and the mean temperature of the heat transfer medium in the ATP 
tubes, which form the heat transfer layer in the building structure, can be seen from the 
graph in Figure 32. Similarly, Figure 33 shows the dependence of the dynamic heat trans-
fer coefficient UD (W/(m2·K)). 

 
Figure 32. Graphical dependence of the dynamic thermal resistance on the thickness of the static/dy-
namic thermal insulation and the mean temperature of the heat transfer medium in the ATP pipes—
Fragment 4. 
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Figure 33. Dependence of the dynamic heat coefficient UD (W/(m2·K)) on the thickness of the thermal 
insulation and the mean temperature θm (°C) in the ATP layer—Fragment 4. 

Figure 34 shows in green the required heat in kWh delivered by a heat transfer me-
dium with mean temperature θm = 6.03 °C to the ATP (function TB) using 100 mm thick 
static thermal insulation, θm = 0.8 °C, so that the dynamic thermal resistance of the building 
envelope reaches the value of the thermal resistance corresponding to the use of 200 mm 
thick static thermal insulation. 

 
Figure 34. Required heat in kWh delivered by the heat transfer medium to the ATP (TB function) to 
increase the DTR corresponding to a thermal insulation thickness of 200 mm for a static thermal 
insulation thickness of 100 mm. θm—the temperature in construction (°C), Δθ—temperature differ-
ence (°C), d—construction thickness (mm), e—exterior, and i—interior. 
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Based on the analysis of the dynamic thermal resistance, we can conclude that in this 
building envelope design, ATP is only significant as a function of TB. However, at rela-
tively low mean temperatures of the heat transfer medium θm = 15.61 °C, the dynamic 
thermal resistance has a high value of RDTR = 30.34 ((m2·K)/W), which corresponds to a 
static thermal insulation thickness of 1000 mm. 

4.2. Computer Simulation of the Progression of the Temperature on a 2D Model of a Fragment of 
the Perimeter Wall 

Active thermal protection in all its functions and the dynamic thermal resistance of 
building structures with integrated energy-active elements depend on the uniform and 
continuous maintenance of the temperature in the heat exchange layer of the building 
structure in which it is located. For these reasons, the subject of our research is the optimal 
way to distribute heat in this layer to achieve the desired temperature. For this purpose, 
we used computer simulation in ANSYS. 

The heat exchange surface of the ATP is formed by tubes through which the heat 
transfer fluid flows. Several technical parameters enter the calculations, such as the di-
mension of the tubes, the axial distance of the tubes, the thermal-technical properties of 
the tube material and the layer in which they are placed, the mean temperature of the heat 
transfer medium, the thermal-technical properties and thicknesses of the building mate-
rials forming the building envelope, and the interior and exterior temperature. 

The computer simulation of the temperature history on the 2D model was carried out 
for Fragment 4—the wall of the prefabricated timber building, Figure 30, namely the com-
position of the building envelope of the test cell. In determining the boundary conditions 
for the determination of the dynamic thermal resistance, we relied on the data from the 
parametric study presented in the previous section. A thermal barrier time regime of 27 h 
was considered in the simulations. 

The created 2D model consists of 5 heating pipes, where the heat carrier is water, 
which has a mean temperature of 6 °C and represents the dynamic thermal resistance 
corresponding to the standard (static) thermal resistance of the building envelope under 
consideration. ATP, in this case, has the function of TB. The temperature in the ATP layer 
at a static thermal insulation thickness of 100 mm is determined by calculation in the par-
ametric study to be 0.8 °C. 

Figure 6 in Section 3.3 shows the mathematical-physical model of the fragment that 
was used for the computer simulation. For the computer simulation, we considered plas-
tic–aluminum pipes. The dimensions of the tubes are 16 × 1.5 mm, the axial distance of the 
tubes is 150 mm, the thermal conductivity of the material of the pipes λ = 0.35 W/(m·K), 
the thermal conductivity of the layer in which they are placed is λ = 0.035 W/(m·K), and 
the mean temperature of the heat transfer medium is 6 °C. The thermal-technical proper-
ties and thicknesses of the building envelope materials are shown directly in Figure 2, and 
we have considered an internal design temperature of +20 °C and an external design tem-
perature of −11 °C. 

After the calculations were performed, the simulation results were generated, 
namely the temperature waveforms in the structure in the form of a model of the struc-
ture, tables, and graphs. The temperature history of the structure can also be displayed in 
the form of isotherms, Figure 35, and a preferred view can be selected, Figure 36. The 
figures show a uniform and continuous distribution of temperatures in the different layers 
of the considered fragment of the building structure. The color range is from a maximum 
temperature of 20 °C, shown in red, to a minimum temperature of −11 °C, shown in dark 
blue. 
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Figure 35. Display of results in the form of isotherms. 

 
Figure 36. Display of the results with the building envelope structure visible. 

An important result of the computer simulation is the uniform and continuous tem-
perature distribution in the ATP heat transfer layer with a temperature of about 6 °C, 
which confirms the functionality of the TB with the achievement of a dynamic thermal 
resistance RDTR = 10.487 ((m2·K)/W) at a dynamic thermal insulation thickness of 100 mm, 
which is equal to the thermal resistance at a static thermal insulation thickness of 200 mm. 

This computer simulation was intended only for a basic analysis of the uniform and 
continuous temperature distribution in the ATP layer. We will continue the simulations 
to analyze for different changes in input parameters, the heat fluxes to the interior and 
exterior, the amount of heat delivered, the effect of operating time, and other physical 
variables affecting the dynamic thermal resistance of the individual building envelope 
structures. 

5. Discussion 
Following the research work reported in Chapter 2 and a selection of the significant 

outputs of these researchers reported in this chapter, the aim of the research described in 
this paper was a parametric study of the dynamic thermal resistance of four building en-
velope fragments, Chapter 4.1, the simulation of the temperature evolution in the individ-
ual layers of the fragment—prefabricated timber building wall structure, Chapter 4.2, and 
the determination of the energy potential of these materially different fragments of build-
ing envelope wall structures with integrated energy active elements at different input data 
of physical quantities. In this section, we present important research outputs from the 
peer-reviewed articles mentioned in Chapter 2 and describe the published results of our 
previous research in this area, which form the basis for the analysis of the dynamic 
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thermal barrier of building envelopes and the research carried out using the parametric 
study and computer simulation presented in this article. 

Koenders, S. J. M., Loonen, R. C. G. M., and Hensen, J. L. M., 2018 [8], based on a 
simulation model of a new type of closed-loop dynamic insulation system with forced 
convection, realized that up to nine times lower heat transfer coefficient U can be achieved 
compared to a conventional static insulation system. A schematic diagram of the thermal 
resistance of a conventional wall and a wall equipped with a dynamic insulation system 
is shown in Figure 37. 

 
Figure 37. Thermal resistance diagram of (1) a typical wall and (2) a wall equipped with a dynamic 
insulation system [8]. Rcond,x—thermal resistance of AIS ((m2·K)/W), Rsurf—thermal resistance of sur-
face ((m2·K)/W), Tx—temperature at point x (°C), Qx—radiant flux density (W/m2), and AIS—active 
insulation system. 

Kisilewicz, T., Fedorczak-Cisak, M., and Barkanyi, T. [10], 2019, conducted research 
in an experimental residential building with an innovative direct-interface ground-source 
heat exchanger system with dynamic thermal insulation. The first results from measure-
ments and simulations showed a decrease in the thermal losses of the external walls by an 
average of 63% (53% in November and 81% in March), while the equivalent heat transfer 
coefficient of the analyzed structure depended on the local climatic conditions. Its value 
was 0.047 W/(m2·K) in November and 0.11 W/(m2·K) in March for the analyzed wall, while 
the standard value was 0.282 W/(m2·K). 

Fawaier, M. and Bokor, B. [11], 2022, reported that a low to zero heat transfer coeffi-
cient (U < 0.1) could be achieved by the application of dynamic airflow-based insulation. 
This could result in energy savings of more than 40% compared to a conventional enve-
lope meeting the prescriptive criteria. They provided a graphical SWOT analysis for the 
application of dynamic isolation, Figure 38. 
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Figure 38. SWOT analysis for the dynamic insulation approach [11]. SWOT strengths, weaknesses, 
opportunities, and threats analysis. 

Shen, J., Wang, Z., Luo, Y., Jiang, X., Zhao, H., and Tian, Z. [12], 2022, developed a 
mathematical model of an active envelope system with redistribution of absorbed solar 
heat gain between the south and north facades. The thermal performance of the system 
was simulated under typical weather conditions in five building climate regions of China 
and then compared with a conventional wall system. The results from the measurements 
showed that the system with dynamic insulation in the hot summer and cold winter zones 
reduces heat loss during the heating season by approximately 12.8%. The savings in the 
very cold climate and moderately cold climate are 4.6% and 8.7%, respectively. Savings 
are the lowest in the hot summer and warm winter zones. 

Chen S., Yang Y., and Chang T. [16], 2023, analyzed the hydraulic thermal barrier 
(HTB), which enables the building envelope to be gradually viewed as a multifunctional 
element and provides a chance to change the characteristics of thermal insulation solu-
tions from high-carbon to zero-carbon. To assist in creating a continuous thermal buffer 
zone within the building envelope, pipe spacing should ideally be between 100 and 250 
mm. 

The analysis of the dynamic thermal barrier using a parametric study of four materi-
ally different constructions fragments of the building envelope of the most widely used 
in practice confirmed the results presented in articles by the cited researchers. The results 
of the dependencies of the dynamic thermal resistance and the dynamic heat transfer co-
efficient for the fragments studied are presented in the graphs in Figures 39 and 40. Figure 
39 shows the graphical dependencies of the dynamic thermal resistance RDTR ((m2·K)/W) 
on the thickness of the static/dynamic thermal insulation and the mean temperature of the 
heat transfer medium in the ATP tubes for all fragments investigated. The relatively low 
mean temperature of the heat transfer medium θm (°C) = 15.61 to 19.72 °C delivered to the 
tubes of the ATP heat transfer layer gives a dynamic thermal resistance of RDTR = 29.86 to 
33.34 ((m2·K)/W) with an equivalent dynamic thermal insulation thickness of 1,000 mm 
for the required standard resistances RSTANDARD = 6.50 ((m2·K)/W) of the individual frag-
ments of the building envelope with static thermal insulation of 65 to 210 mm. Then, the 
energy potential of using TB is 455 to 513% in thermal resistance and 476 to 1.538% in 
thickness dynamic thermal insulation. Figure 40 shows the graphical dependencies of the 
dynamic heat transfer coefficient U (W/(m2·K)) on the thickness of the static/dynamic ther-
mal insulation and the mean temperature of the heat transfer medium in the ATP tubes 
for all fragments investigated. 
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Figure 39. The graphical dependencies of the dynamic thermal resistance RDTR ((m2·K)/W) on the 
thickness of the static/dynamic thermal insulation and the mean temperature of the heat transfer 
medium in the ATP tubes θm (°C) for all fragments investigated. 

 
Figure 40. Graphical dependencies of the dynamic heat transfer coefficient U (W/(m2·K)) on the 
thickness of the static/dynamic thermal insulation and the mean temperature of the heat transfer 
medium in the ATP tubes θm (°C) for all fragments investigated. 
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The contribution of our research lies in analyzing building structures with integrated 
energy-active elements and highlighting the application of active thermal protection in 
different energy functions based on the material composition of the building envelope. 
Important published results of our previous research in this area that form the basis for 
the analysis of the dynamic thermal barrier of building envelopes and the research carried 
out using the parametric study and computer simulation presented in this paper are in-
cluded below. 

In the article [4], 2021, the description of a novel technique and ATP application of 
thermal insulation panels with active heat transfer control in the form of a contact insula-
tion system were the main points of emphasis. The innovative thermal insulation panels 
with integrated ATP (originator: Kalús) are a component of a lightweight prefabricated 
envelope that generates an indoor environment along with a low-temperature heating and 
high-temperature cooling system. RES or process waste heat is typically used as the en-
ergy source. 

Among other contributions in this area is the evaluation of TB in terms of energy 
performance, economic efficiency, and ecology, [34], 2021. We compared the application 
of a classical envelope wall with standard thermal insulation meeting the requirements of 
the standards and an envelope wall with integrated TB with a significant elimination of 
the thickness of thermal insulation. We evaluated the application of the thermal barrier 
using three indicators: economic indicator one—a comparison between the money saved 
from thermal insulation at the conventional thickness and the cost of heat given to the TB 
in a structure with substantially less thermal insulation; economic indicator two—a com-
parison between the possible profit from the sale of the increased usable space of the 
building relative to the area at the standard thickness of thermal insulation and the price 
of heat delivered to the TB in a structure with drastically reduced thermal insulation; and 
economic indicator three—a comparison between the price of grey energy at the standard 
thickness of thermal insulation and the price of heat given to the TB in a structure with 
drastically reduced thermal insulation. The results showed that the thermal barrier repre-
sents a very efficient and promising solution in terms of the evaluation of economic indi-
cators one to three, which are even more significant if we used heat for the TB from RES 
or waste heat. 

In article [36], 2021, we described research on ITAP panels—interior thermally active 
panels with integrated active surface—that combine existing building and energy systems 
into one compact unit in an innovative way. These panels can be unified and manufac-
tured as prefabricated products, which is their main advantage. This is associated with 
savings in production costs due to the technological manufacturing process, savings in 
installation costs during on-site implementation, and a reduction in implementation time 
due to the way they are used. They can be used in low-energy buildings that are suitable 
for the application of large-scale energy systems such as floor, wall, and ceiling large-scale 
heating/cooling. When comparing ITAP panels and walls with embedded large-area heat-
ing/cooling tubes on the inner wall, we came to the following conclusions: the thickness 
of the thermal insulation of ITAP panels (as required by the standard) has almost no effect 
in terms of energy demand when applied to the perimeter walls. In the case of an internal 
wall, which has a lower thermal resistance than the perimeter walls, the ITAP panels show 
savings of approximately 13% in heating and approximately 11% in cooling. For both sys-
tems, changing the pipe spacing from 100 to 150 mm reduces the performance by approx-
imately 15 to 20%, and, for 200 mm spacing, the reduction in performance is approxi-
mately 30 to 35%. The effect of changing the pipe dimensions for both systems from 15 to 
20 mm diameter is a variation of approximately 2.5%. The effect of the outside tempera-
ture or adjacent space temperature on the heating/cooling performance of both systems is 
a variation of approximately 5%, depending on the thermal insulation properties of the 
building structures on which these energy systems are applied. 

In [35], 2022, we describe the design, project, and implementation of an experimental 
house, EB2020, in which we investigated the feasibility of using solar energy captured by 
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an energy solar roof (ESR) stored in ground-source heat storage (GSHS) to apply active 
thermal protection (ATP) in the building envelope for low-temperature radiant large-scale 
heating and thermal barrier (TB) function. In the theoretical calculations, the EB2020 house 
foundation slab as a GHS does not meet the requirements for low-temperature large-area 
radiant heating, but, as a heat source for TB in the building envelope, it is satisfactory. 
Experimental data made throughout one charging season and one discharging season 
were used to confirm the conclusions of the simplified calculations. We discovered that 
the building envelope’s composition limits the amount of heat that can be used from the 
GHS in the experimental home after studying the results of theoretical calculations and 
experimental tests. TB significantly reduces heat loss/gain. Measurements have shown a 
highly energy-efficient use of ATP for passive cooling using TB with the use of the cold 
from long-term ground cold storage. With ambient temperatures reaching 34 °C, indoor 
air temperatures as low as 28 °C were recorded. Based on the findings of this research, 
only the shell of a building whose load-bearing component is constructed of a material 
with high thermal conductivity, i.e., low thermal resistance, such as reinforced concrete, 
can be advised to utilize GHS in conjunction with ATP and in the heating/cooling func-
tion. 

In paper [31, 32], 2022, 2023, we outlined research on the development and improve-
ment f building envelope panels that incorporate energy-active components that serve as 
a thermal barrier. Our research aimed to design and create a panel, drawing inspiration 
from the patented ®ISOMAX panel and system, whose design would be optimal in terms 
of thermal barrier operation and heat/cool accumulation. The patented system’s manufac-
ture of panels was overly complex and frequently displayed flaws in terms of design. We 
modeled both solar panels mathematically and physically and evaluated their energy po-
tential. We created a unique panel using induction and analog molding. Most of the build-
ing components and all panels with integrated energy-active elements were produced di-
rectly in the prefabrication factory based on the synthesis of the knowledge derived from 
the scientific analysis and the transformation of these data. The prefabricated house IDA 
I was later realized as a prototype. The uniqueness of our ground-breaking building en-
velope panel system is in the panel design, which has 2.6 times less heat gain/loss than an 
ISOMAX panel. 

In article [1], 2022, we presented a study of three variants of a reinforced concrete 
wall fragment insulated with thermal insulation from the exterior, with ATP pipes. The 
first variant has the ATP pipes on the interior side of the load-bearing layer of the struc-
ture, the second in the load-bearing reinforced concrete structure, and the third variant 
has the pipes located between the statically load-bearing and thermal insulation layer of 
the envelope structure. From the analysis, it is clear that for a pipe spacing of 50 to 100 
mm in the thermal insulation, the heat flux to the interior qi (W/m2) increases, while the 
heat loss decreases rapidly. It was found that the thickness of the reinforced concrete core 
does not affect the heat flux as much as the thermal insulation. Based on the investigation, 
it can be concluded that the additional heat loss caused by Variant II, semi-accumulation 
heating (TABS system), and Variant III, accumulation heating, relative to Variant 1, direct 
heating, is minor, accounting for less than 1% of the total heat flux given. In the case of 
direct heating, the direct heat flux to the heated room is 89.17%, in the case of variant II 
(TABS) semi-accumulation heating is 73.36%, and in the case of variant III, it is 58.46%. Of 
the total heat flux delivered to the panel structure (TABS system), Variant II accounts for 
up to 14.84% and Variant III up to 29.86%. 

Based on our research, not only articles but also three utility models have been de-
veloped (UM SK 5749 Y1 [37], UM SK 5729 Y1 [38], and UM SK 5725 Y1 [39] and one 
European patent (EP 2 572 057 B1 [40]). 

The novelty of this present work compared to the presented results of other authors 
and published results of our research lies in: 
 A comprehensive analysis of the dynamic thermal barrier for the four most applied 

practices and materially different fragments of the building envelope; 
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 The creation of mathematical-physical models for the parametric study of the indi-
vidual fragments under consideration; 

 The creation of a 2D model for computer simulation of temperature distribution in 
individual layers of the building structure of a prefabricated timber building, the re-
sults of which will be verified on a test cell; 

 The development of a graphical evaluation of the dynamic thermal resistance and 
dynamic heat transfer coefficient as a function of the temperature of the heat transfer 
medium in the TB layer for the comparison of the individual fragments; 

 The evaluation of the multifunctional energy potential of individual building enve-
lope fragments (TB functions, heating, cooling, and heat storage). 
From a hypothetical point of view, just applying cold drinking water with an average 

temperature of θm = +10 °C to the ATP layer in Fragment 1 represents RDTR = 8.91 
((m2·K)/W), equivalent U = 0.11 (W/(m2·K)), dynamic thermal insulation thickness 225 mm; 
in Fragment 3, it is RDTR = 11.883 ((m2·K)/W), equivalent U = 0.083 (W/(m2·K)), dynamic 
thermal insulation thickness 300 mm; and in Fragment 4, it is RDTR = 14.773 ((m2·K)/W), 
equivalent U = 0.0685 (W/(m2·K)), dynamic thermal insulation thickness 350 mm. The en-
ergy-saving potential of using TB is significant in both the heating and summer seasons. 
It is increased by the use of heat/cooling from RES and waste heat/cooling. 

The basic input parameters entering the calculation of conventional and dynamic 
thermal resistance are described in the mathematical-physical model in Figure 41. In ad-
dition to the parameters characterizing the calculation of the conventional thermal re-
sistance, the heat/cool Q (kWh) delivered to the ATP at time t (s) enters the calculation of 
the dynamic thermal resistance. This is influenced by the mean temperature of the heat 
transfer medium θm (°C) and the pipe spacing L (m) in the ATP layer. 

 
Figure 41. Mathematical-physical model for the calculation of conventional and dynamic thermal 
resistance. 
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Other significant research results in this area showing the high topicality and rele-
vance of this issue have been published in the following articles and studies. 

Mohammed Salah-Eldin Imbabi (2012) [41] simulated a wall with dynamic insulation 
based on exhaust air in winter and summer conditions. He arrived at the following results: 
in summer, the U-value of the dynamic insulation combined with natural and forced ven-
tilation strategies was 73% (U = 0.11 W/(m2·K)) and 65% (U = 0.14 W/(m2·K)) lower than 
the static insulation U-value (0.4 W/(m2·K)), respectively. In winter, the average dynamic 
insulation U-value combined with forced and natural ventilation was 25% (U = 0.3 
W/(m2·K)) and 38% (U = 0.25 W/(m2·K)) lower than the static thermal insulation U-value 
(0.4 W/(m2·K)). 

Yaegashi, A., Hiyama, K., Kato, S., Tezuka, J., and Nikawa, S. [42] (2015) carried out 
measurements in an experimental wood building with applied DI. The actual U-value of 
the envelope was calculated to be 2.26 W/(m2·K) based on the measured heat loss in the 
case without DI. The heat loss per unit temperature on the surface with applied DI was 
3.19 W/K without DI and 1.83 W/K with DI. The application of DI technology reduced 
heat loss by 42.6%. 

Fantucci, S., Serra, V., and Perino, M. (2015) [43] investigated the performance of two 
configurations of dynamic airflow-based insulation systems in a climate chamber. The re-
sults showed that for the system with exhaust air in the heat recovery function, it is pos-
sible to achieve heat loss reductions ranging from 43 to 68%, and for the system with sup-
ply air in the preheat function, it is possible to achieve preheating efficiencies ranging 
from 9 to 20%, depending on the airflow velocity. 

Vinay Shekar and Moncef Krarti [44], 2017, using a genetic algorithm-based optimi-
zation technique, identified the optimal R-value setting for commercial office buildings 
with dynamic insulation. The results of the analysis indicate that north-facing walls are 
more active and often need to change their R-value to minimize the energy consumption 
and cost of the office building. Savings optimally managing dynamic insulation could 
save up to 17% of the annual heating and cooling energy costs of U.S. office buildings. 

Gopalan, A., Antony, A. S. M., Suresh, R., Sahoo, S., Livingston, L. M., Titus, A., and 
Sathyamurthy, R. [45], 2022, investigated the combined effect of two technologies: a phase 
change material and a dynamic insulation system. They found that a wall with both tech-
nologies integrated can provide a 15 to 72% reduction in annual radiant heat, then a 7 to 
38% reduction in heat loss depending on the environment. 

ATP in buildings can also be used in the cooling function. It can also use waste heat. 
Buildings need to be comprehensively assessed for their sustainability impact. Important 
scientific works in these areas include publications [46–48]. 

Park, B., Srubar, W., V., and Krarti, M. [49] (2015) conducted a comparative analysis 
using a simulation environment capable of modeling DIM to evaluate the impact of DIM 
on the final energy consumption for heating and cooling single-zone residential buildings 
in three U.S. climate regions. The results showed that variable thermal resistance envelope 
materials (RSI-0.5/RSI-2.5) can reduce annual cooling energy consumption in residential 
buildings by an average of 15% and up to 39% in all 3 U.S. climates and annual heating 
energy consumption by an average of 10% in moderate U.S. climates, depending on win-
dow size and internal heat gains. 

Menyhart, K. and Krarti, M. [50] (2017) presented results from a comprehensive anal-
ysis of potential energy savings for heating and cooling due to the replacement of conven-
tional static insulation with dynamic insulation materials for residential buildings in the 
U.S. The authors used two control schemes to trigger the switching mechanism: using 
temperature and a measured temperature profile based on climate and weather trends. 
The largest savings were achieved with climate-based control, with overall energy savings 
ranging from 7 to 42%. 

Pflug, T., Bueno, B., E., Siroux, M., and Kuhn T., E. [51] (2017) investigated the possi-
bilities of a façade element with switchable U-value and g-value. A first prototype was 
constructed and measured in an isolated condition, and the properties of the façade 
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element were optimized using theoretical analysis at the façade level. The U-value can be 
changed from a value of 0.35 W m−2 K−1 in the insulating state to a value of 2.7 W m−2 K−1 
in the conductive state. Building energy simulations using EnergyPlus showed that the 
sum of heating and cooling requirements could be reduced by approximately 30% if the 
switchable insulation was used as a window application or in front of an opaque solid 
wall. 

Garriga Martínez, M.S., Dabbagh M., and Krarti, M. [52] (2019) evaluated the poten-
tial energy cost savings by applying static and dynamic insulation materials (DIM) for 
three prototype dwellings in Spain. The results of the analysis show that DIMs with the 
largest R-value step (i.e., the difference between high and low R-values) achieve the high-
est source energy savings, reaching up to 19% source energy reduction for heating and 
cooling for the entire housing stock in Barcelona. At the same time, the reduction in peak 
electricity consumption associated with the retrofit of the external walls for the existing 
housing stock may lead to no need for new power plant construction. The use of DIM for 
the existing housing stock in Barcelona could reduce annual CO2 emissions by more than 
300,000 tonnes or 6.80% of the total amount of CO2 currently emitted to heat and cool 
houses. 

Rupp, S. and Krarti, M. [53] (2019) built on past DIM studies that investigated binary 
control of the wall R-value (R system on or off). They added a period during which the 
wall R-value can vary continuously within a defined range. The optimized mode of oper-
ation for a residential building in the state of Colorado (U.S.A.) demonstrated heating en-
ergy savings of 9.3% and cooling energy savings of 21.0% compared to RSI-3.8 static insu-
lation. The authors also performed a parametric analysis for several climatic regions in the 
U.S.A. They concluded that, especially in areas with few cooling days, there is the poten-
tial to save up to 35% cooling energy, while in climates with few heating days, the poten-
tial for significant heating energy reductions of more than 80% compared to static insula-
tion was found. 

In Kishore, R. A, Bianchi, M., V., A., Booten, Ch., Vidal, J, and Jackson, R.’s study [54] 
(2021), the subject of the research was a novel wall structure composed of a layer of phase 
change material (PCM) between two layers of dynamic insulating material and system 
(DIMS). The authors concluded that a wall integrated with PCM-DIMS provides greater 
energy-saving opportunities than either a wall integrated with DIMS alone or a wall inte-
grated with PCM alone in all climates and wall orientations analyzed in this study. De-
pending on the climate, a wall integrated with PCM-DIMS could provide a 15–72% reduc-
tion in annual heat gains and a 7–38% reduction in annual heat losses. 

6. Conclusions 
In this section, we summarize the most important outcomes of our research: 

• We developed mathematical-physical models for four materially different building 
envelope types to determine the energy saving and energy storage potential of ATP, 
as well as to define the dynamic thermal resistance using a parametric study; 

• Due to the application of thermal insulation also on the interior side in Fragment 1, 
the function of the ATP for this building envelope solution is limited to the thermal 
barrier and heat/cool accumulation functions only; 

• Because the load-bearing wall is made of porous concrete blocks, Fragment 3 has a 
high thermal resistance, and the function of the ATP for this building envelope solu-
tion is limited only to the functions of a thermal barrier and partial heat/cold accu-
mulation; 

• Based on the analysis of the dynamic thermal resistance, we can conclude that in the 
case of the building envelope, Fragment 4, ATP is significant only as a function of TB, 
but at relatively low mean temperatures of the heat carrier θm = 15.61 °C, the dynamic 
thermal resistance has a high-value RDTR = 30.34 ((m2·K)/W), which corresponds to a 
static thermal insulation thickness of 1000 mm; 
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• An important result of the computer simulation is the uniform and continuous tem-
perature distribution in the ATP heat transfer layer with a temperature θm = of about 
6 °C, confirming the functionality of the TB with the achievement of a dynamic ther-
mal resistance RDTR = 10.487 ((m2·K)/W) at a dynamic thermal insulation thickness of 
100 mm, which is equal to the thermal resistance at a static thermal insulation thick-
ness of 200 mm; 

• The relatively low mean temperature of the heat transfer medium θm = 15.61 to 19.72 
°C delivered to the tubes of the ATP heat transfer layer gives a dynamic thermal re-
sistance of RDTR = 29.86 to 33.34 ((m2·K)/W) with an equivalent dynamic thermal in-
sulation thickness of 1000 mm for the required standard resistances RSTANDARD = 6.50 
((m2·K)/W) of the individual fragments of the building envelope with static thermal 
insulation of 65 to 210 mm. Then, the energy potential of using TB is 455 to 513% for 
the increase in thermal resistance and 476 to 1.538% for the thickness of the dynamic 
thermal insulation; 

• A mean temperature of the heat transfer medium θm (°C) delivered to the tubes of 
the ATP heat transfer layer equal to the interior temperature θi (°C) represents zero 
heat loss/gain to and from the interior; 

• The energy-saving potential of using TB is undoubtedly significant in the heating 
season as well as in the summer season. It is increased by the use of heating/cooling 
from RES; 

• The computer simulation was intended only for a basic analysis of the uniform and 
continuous temperature distribution in the ATP layer. We will continue the simula-
tions to analyze for different changes in input parameters, the heat fluxes to the inte-
rior and exterior, the amount of heat delivered, the effect of operating time, and other 
physical variables affecting the dynamic thermal resistance of the individual building 
envelope structures. 
In the near future, in the field of active thermal protection, we are preparing research 

on energy-multifunctional building envelopes using complex computer simulation and 
experimental verification on a test cell. We are preparing prototypes of panels that will 
have the function of heating/cooling, solar energy absorption, and ambient energy absorp-
tion in addition to the function of the thermal barrier. We are also preparing a prototype 
of an insulation panel with an integrated PV area for electricity generation, with an inte-
grated thermal barrier and a DHW preheating register serving simultaneously in summer 
to eliminate heat gains and cool the PV area. 

7. Patents 
Based on our research and work reported in this manuscript, there resulting are three 

utility models have been developed (UM SK 5749 Y1 [37], UM SK 5729 Y1 [38], and UM 
SK 5725 Y1 [39]) and one European patent (EP 2 572 057 B1 [40]). 
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