

  energies-16-04391




energies-16-04391







Energies 2023, 16(11), 4391; doi:10.3390/en16114391




Article



Contribution to Active Thermal Protection Research—Part 1 Analysis of Energy Functions by Parametric Study



Veronika Mučková 1, Daniel Kalús 1[image: Orcid], Daniela Koudelková 1, Mária Kurčová 1, Zuzana Straková 1,*[image: Orcid], Martin Sokol 1, Rastislav Ingeli 2, Patrik Šťastný 3[image: Orcid] and Peter Janík 4





1



Department of Building Services, Faculty of Civil Engineering, Slovak University of Technology, 810 05 Bratislava, Slovakia






2



Department of Building Construction, Faculty of Civil Engineering, Slovak University of Technology, 810 05 Bratislava, Slovakia






3



Department of Building Technology, Faculty of Civil Engineering, Slovak University of Technology, Radlinského 11, 810 05 Bratislava, Slovakia






4



Engineer in the Field of Energy Efficiency of Buildings, 851 05 Bratislava, Slovakia









*



Correspondence: zuzana.strakova@stuba.sk; Tel.: +421-2-32888-638







Academic Editors: Xi Chen, Alireza Dehghanisanij, Kushsairy Kadir and Mohammad Mehdi Salehi Dezfouli



Received: 30 March 2023 / Revised: 5 May 2023 / Accepted: 19 May 2023 / Published: 29 May 2023



Abstract

:

The thermal energy consumption for heating objects is one of the main parameters deciding their technical and structural solution. Reducing energy consumption is realized in various ways. The most used method is passive thermal protection, that is, increasing the thermal insulation parameters of the envelope constructions and optimizing the operation of the technical equipment of the buildings. There are also methods of active thermal protection to reduce heat leakage through non-transparent parts of the building envelope. Active thermal protection (ATP) is a dynamic process that applies primarily to building structures with integrated energetically active elements that fulfill one or more functions in mutually exclusive operating modes of energy systems and heat sources, such as thermal barriers (TB), large-scale heating/cooling, long-term heat/cool storage, capturing solar energy, and energy from the surroundings or even recovering heat in the cold season or cold in the warm season and other combinations. The research area focuses on analyzing active thermal protection’s energy potential. The methodology is based on a parametric study of dynamic thermal resistance (DTR), and heat flows to the interior and exterior from ATP for the investigated envelope of the experimental house EB2020 made of aerated concrete blocks. Such constructions generally show a consistently high DTR of 11.8 to 30.8 ((m2·K)/W) at a low mean heat transfer temperature of 10 to 16 °C, corresponding to the thermal insulation of 300 to 1000 mm. In the case of ATP storage heating with an average temperature of the heat-carrying substance of 30 °C, the heat flow into the interior of the investigated structure would be only 2.31 W/m2. Therefore, they are only suitable for a thermal barrier and heat/cold accumulation. Based on the synthesis and induction of analogical forms of the results of previous research into recommendations for the design of individual energy functions of ATP for perimeter structures of buildings, we present heat flows to the interior/exterior when changing the material of the layers towards the interior from ATP and describe possible variants of the development of building structures with integrated energetically active elements.
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1. Introduction


An area of research that our research team has been involved in for several years is the detailed investigation of combined building-energy systems (CBES) using renewable energy sources (RES) or waste heat/cooling. Individual countries in the European Union and worldwide aim to achieve carbon neutrality in the building sector to create a link with the construction of energy-self-sufficient and environmentally safe buildings. The current question is whether it is necessary to continually introduce more costly and energy-intensive technologies and energy systems to achieve the required reduction in carbon dioxide emissions. Probably, it is precisely the CBES systems with embedded energy-active elements in selected building structures that offer technical solutions that provide high energy potential and a relatively inexpensive application without the need to increase further the investment costs for the construction of the buildings mentioned above.



In general, CBES that acts as a heat or cold source are quite well known, such as energy (solar) roofs (ESR) with built-in tubular absorbers (solar thermal energy), ground heat storages (GHS), and ground air/liquid heat exchangers (GHE), which are used for forced ventilation of buildings with the application of energy recovery from waste air. Wall and roof absorbers (WRA), which are integrated into the building structure on the outside envelope side of the building, are used in conjunction with heat pumps to capture solar or ambient energy. These can be constructed either on the building slab or underneath the building. Also worth mentioning are the integrated photovoltaic systems in buildings (BiPV). However, end-use applications of energy systems also include large-scale radiant low-temperature heating or high-temperature cooling, thermally activated building structures (TABS), and active thermal protection (ATP).



One of the main tasks in our research is to pay sufficient attention to the detailed analysis of different building structures that have incorporated energy-active elements, especially with the function of active thermal protection, which permanently uses the energy from energetic solar roofs accumulated in long-term ground heat reservoirs when applied in residential buildings, namely in single-family houses. Active thermal protection (ATP) is a dynamic process that primarily applies to building structures with integrated energy-active elements that serve one or more functions in mutually exclusive operating modes of energy systems and heat sources, such as thermal barrier (TB), large-scale heating/cooling, long-term heat/cold storage, solar and ambient energy capture, or even heat recovery in the cold season or cold in the warm season, and other combinations. A detailed, comprehensive overview of attractive technical solutions and professional and scientific treatises in the field of active thermal protection is presented in Section 2. We are conducting research based on the reuse of already well-known technologies characterized by advanced solutions. In this paper, we analyze the energy functions and potential of the envelope of the experimental house EB2020 made of aerated concrete blocks using a parametric study of the dynamic thermal resistance (DTR) and the heat fluxes to the interior and exterior from the ATP. The novelty of our research lies in the incorporation of variant peak heat sources with RES-based heat/cooling sources (such as solar energy roof, ground source heat/cooling reservoir) and in the creation of an entirely new, original way of operation of heat/cooling sources and energy systems with the possibility of changing and combining the operating modes of active thermal protection (thermal barrier, heating, cooling, etc.). Our contribution to RES research has already been presented in a paper listed in the literature as [1] and to GHS research in a paper in the literature as [2].



Our scientific research aims to determine the efficiency and energy efficiency of combined building-energy systems through detailed calculations and long-term experimental measurements. In this paper, using a parametric study, we rigorously analyze the energy potential of active thermal protection for residential buildings. A more detailed description of the sub-objectives and research methodology, i.e., a description of the planning, organization, and implementation of the research, is presented in Section 3. Section 4 offers a comprehensive and meaningfully classified summary of our research achievements. Specifically, it includes a mathematical–physical model of a selected fragment of the building envelope, an evaluation of the analyzed physical quantities in the form of tabular and diagrammatic graphical outputs, and the energy potential of ATP in different energy functions. In the discussion and conclusions, specifically in Section 5, based on a detailed analysis, the synthesis and induction of analogous forms of previous research result into recommendations for the design of individual ATP energy functions for building envelopes, we present the heat fluxes to the interior/exterior when the material of the layers is changed towards the interior from the ATP; we evaluate under which specific conditions it is worthwhile to effectively use active thermal protection that performs the function of a thermal barrier, wall heating/cooling; and describe possible options for the development of building structures with integrated energy-active elements.



In this paper, we present a parametric study that is valid only for the steady state. The transient state, in which all parameters change over time, will be determined by upcoming computer simulations. The analysis and comparison of the results in both regimes will be presented in future research work.




2. Overview of Technical Solutions and Scientific Works in the Field of ATP


2.1. The Initial Technical Solution for Our Research


The topic of active thermal protection (ATP) is being studied by many researchers and scientists worldwide. The development and concrete application of the thermal barrier as one of the functions of ATP in practice has been significantly addressed by Dipl.-Ing., Phys. Edmond D. Krecké. Using solar energy captured by ESR and stored in long-term GHS, he created the patented the ISOMAX system for application in residential buildings [3]. The beginning of the construction of buildings with this system dates back to the 1990s and continues to this day. The ISOMAX system implements ATP in the TB function in three basic variants. The first is the application between the load-bearing part of the multilayer building structure and the thermal insulation (Figure 1); the next is between the load-bearing part of the multilayer building structure and the thermal insulation, at the same time on the exterior side of the thermal insulation for the application of heat from the unfrozen depth of the soil (Figure 2); and, finally, the application in the reinforced concrete core of the building envelope, which is concreted directly on the building site using the so-called lost EPS formwork (Figure 3).




2.2. Review of Scientific and Research Publications in the Field of Building Structures with Integrated Energy-Active Elements


In this section, we provide a helpful overview of the most relevant scientific and research publications in the field of building construction that deal with integrated energy-active elements. The authors of these papers record a worldwide coverage.



M. Krajčík, O. Šikula, 2020 [4], in their work are devoted to a detailed structural description and subsequent mutual comparison of four variants of wall cooling systems, three of which are potentially suitable for the reconstruction of the building. In addition to using established performance indicators, they present an indicator called heat transfer efficiency, which, by its very nature, allows the detection of even minor differences in the thermal dynamics of mutually different systems. For example, design systems with tubes below the surface provide higher cooling performance and are very sensitive to the axial distance of the tubes placed between each other. Conversely, systems with tubes buried in the core allow heat accumulation and are sensitive to the thickness of the thermal insulation.



In another article by M. Krajčík, M. Arıcı, O. Šikula, and M. Šimko, 2021 [5], the authors give a brief overview of the research and group it into subtopics, which are discussed in detail. The subtopics of indoor heating and cooling include thermal performance, thermal comfort, renewable energy issues, their use in building renovation, and their combination with phase change materials (PCM). In the case of TB, the authors discuss the principle of operation, types, design, and heating and cooling performance. Based on recommendations from the scientific literature, they divide their classification systems for TBs and wall-mounted heating and cooling systems. The benefits and drawbacks are outlined, and design suggestions for wall-mounted systems are given.



Authors M. Krajčík, M. Šimko, O. Šikula, D. Szabó, D. Petráš, 2021 [6] describe radiant wall heating and cooling with tubes that are structurally attached to thermal insulation bricks. As they state, this system is particularly suitable for reconstructing buildings because of its affordability and ease of installation, but this method can also be used in new buildings. The thermal performance and storage response, the wall surface temperature, the temperature in the cross-section of the tubes, and the temperature of the energy-carrying substance-water were measured at different heat loads. A step-by-step analysis of the problem concluded that a low-conductivity core significantly reduces heat loss, meaning the system can function properly even without thermal insulation. Numerical simulations at the room level under study showed that placing the system on one wall leads to an inhomogeneous thermal environment. They recommend installing the system on several walls simultaneously, which may be a more appropriate solution to achieve more uniform thermal comfort conditions in the human living area.



B. Junasová, M. Krajčík, O. Šikula, M. Arıcı, M. Šimko, 2022 [7] cite studies that looked at how to modify the layout of a ceiling and wall system with pipes below the surface and a wall system with a pipe as a fragment inserted directly into the masonry. A verified numerical model was used to calculate heat transfer. A conductive core was used to determine that an internal wall might have up to 30 mm thick insulation. Even with a core thickness of only 150 mm, no insulation was necessary because of the insulating core. The performance increase to 10 mm axial tube spacing was maximum at 60 mm. Spacing below 30 mm was judged to be ineffective. By generating a homogeneous surface temperature, the narrow spacing increased system output to energy input while decreasing response time. The output was boosted by adding a metal fin to the pipe in the plaster layer, and as a result, the pipe spacing was decreased from 100 to 60 mm (particularly by 14 W/m2, or 20%). For a small design, attaching the metal fin to a pipe covered in insulation yielded a performance that was consistently highest among all the examples investigated. On the other hand, adding a bricklayer to the conductive wall and inserting the pipe there did not boost the wall’s ability to store heat.



M. Šimko, D. Petráš, M. Krajčík, D. Szabó, 2022 [8] tested with warm weather circumstances that are characteristic of summer in northern and central Europe. A climate chamber was used to simulate the outdoor atmosphere, and a hot box was mounted to the wall to replicate the indoor environment. Through the use of 2D numerical simulations, it was determined how sensitive the thermal performance was to various physical design characteristics. The measurements revealed that the wall system had a quick heat response. The cooling capability was found to be 38.3 W/m2 of cooling surface area or about 4.8 W/m2 per 1 K temperature difference between the water and the hotbox. A temperature of 19.6 °C was recorded as the lowest surface temperature right near the duct. Therefore, the cooling efficiency might be improved by bringing the surface temperature closer to the dew point temperature. The water inside the pipe had a remarkably similar temperature to the pipe’s surface temperature. This experiment demonstrated how the tested wall cooling system’s characteristic favors the effectiveness and cooling capabilities of the air-to-water heat pump.



Another author team consisting of E. Krecké, R. Ulbrich, G. Radlak, 2007 [9] presents the technology of the patented ISOMAX system, which combines the advantages of solar and geothermal energy. By presenting several examples already implemented in all climatic zones, they verify the efficiency of this system, which appears to be extremely favorable in terms of investment and operating costs. To optimize and ‘calculate’ this building technology, the authors admit that further research and development are needed. This future research aims to gain control over calculating heat exchange processes and optimize insulation thicknesses.



M. Krzaczek, Z. Kowalczuk, 2011 [10] elucidate the idea of a thermal barrier (TB), an indirect heating and cooling system for residential buildings powered by solar thermal radiation. It is made of polypropylene U-tubes positioned inside the exterior envelope walls. This paper’s major goal is to look into the thermal stability and performance of the thermal barrier. First, a 3D FE model of a prefabricated outside wall component with a TB U-pipe system and fluid flow is created using the FE code ABAQUS.



Zhang Zhigang, Sun Zhijian, Duan Caixia, 2014 [11] proposed wall-implanted heat pipes (WIHP), a novel kind of passive solar energy use technique. They looked at heat transport efficiency and energy-saving features using normal Jinan meteorological data, first theoretically and then experimentally. The findings show that the experimental results and the theoretical hypotheses match up fairly well. WIHP’s heat transfer performance may be adjusted and controlled by lowering the heating load and enhancing the thermal environment.



S.H. Park, W.J. Chung, M.S. Yeo, K.W. Kim, 2014 [12] conducted simulation research that calculated the energy usage and thermal comfort of a thermally activated building system (TABS) combined with radiant floor heating and a forced ventilation system integrated with cooling in a typical residential building. Using the EnergyPlus software, two residential buildings with various envelope types were modeled. This study suggests combining the present system with a TABS heating and cooling system. The applications, especially for buildings with moderate thermal loads, show that TABS paired with the present system is thermally comfortable and energy efficient.



The author M. Doležel, 2014 [13] focused in his work mainly on the mutual comparison of temperatures in the wall construction with and without the TB system and the determination of external temperatures at which it is appropriate to implement the construction with TB. However, these TB designs also reduce heat transfer through opaque building structures, which is only one part of the total heat loss; therefore, the payback period and the primary energy consumption of the TB system compared to traditional buildings are questionable.



B. Stojanovic, J. Janevski, P. Mitkovic, M. Stojanovic, M. Ignjatovic, 2014 [14] specifically focus on the opaque portion of the building envelope with integrated thermally actuated building technologies in their study. The energy requirements for heating a genuine apartment complex constructed in Serbia were discovered by the authors using EnergyPlus software. With the aid of the Open Studio Plug-in, the building was modeled in Google SketchUp, along with all of the simulation’s inputs. The generated results were contrasted with the actual heating energy consumption that had been measured. The findings indicate that thermally activated building systems are an effective way to boost a building’s energy efficiency and that, in addition, a low-energy house class standard can be reached by applying specific temperatures inside this feature.



Babiak, Jan; Vagiannis, Georgios, 2015 [15] conducted a study comparing TABS with traditional convective air conditioning and fan coil systems in office buildings of an administrative nature, specifically in two locations in France, Paris, and Lyon. The current study presents the results for Lyon. The life cycle cost (LCC) analysis evaluates different heating, cooling, and forced ventilation methods. Investment and operating cost data and building energy simulations show that TABS performs more efficiently and, thus, reduces the building’s global cost (or lifetime cost) quite significantly compared to considering other forced-air mechanical HVAC schemes. TABS has proven adaptable and cost-effective, especially for French building conditions.



A. Li, X. Xu, Y. Sun, 2016 [16] propose a novel low-grade energy recovery system, i.e., a wall with an integrated pipe coupled with a ground heat exchanger. Its energy-saving potential in five typical climatic regions of China is investigated. A real-scale building energy simulation platform has been developed to estimate the energy-saving potential. A multi-criteria performance evaluation was performed to find the optimal size of the low-energy system in each climatic region.



T. Kisilewicz, M. Fedorczak-Cisak, T. Barkanyi, 2019 [17] describe the preliminary findings and analyses of a study conducted in a residential building in Nyiregyhaza, Hungary, that was being experimentally observed. An innovative system of the direct connection between a ground heat exchanger and a wall heat exchanger is installed in the residential structure. The authors of this work make an effort to provide an answer to the question of how much an active insulation system can take the place of the passive insulation systems that are now in use.



Author team Krzaczek, M., Florczuk, J., and Tejchman, J. J. A. E., 2019 [18] describe an improved and efficient energy management technique in piped heating/cooling system called a thermal barrier. A thermal barrier is a technique aimed at managing and controlling the heat input to and heat output from external envelope walls with integrated ductwork. A specialized fuzzy logic algorithm synchronizes the heat supply/removal with the varying heat load and fully controls the installed piped heating/cooling system. For a particular reference temperature of the pseudo-surface created by the embedded pipe system of the wall heat exchanger, the basic operating principle of the thermal barrier is to maintain the internal energy variation of the wall as near to zero as possible. Detailed field measurement results and an illustration of a thermal barrier system installed in a two-story residential structure are shown. These experimental findings attest to the thermal barrier’s great efficiency and its propensity to effectively regulate indoor climate by utilizing low-grade heat and cold sources. In the cold season, the supply water temperature was extremely low (25.3 °C); in the warm season, it was extremely high (20.5 °C). Throughout the year, the daily changes in indoor air temperature did not surpass 0.8 °C. The thermal barrier system only used a low-quality renewable chiller to operate in cooling mode throughout the summer. It was also discovered that the thermal barrier’s flexibility made it possible to utilize heating and cooling systems other than those used in the test home.



Figiel E, Leciej-Pirczewska D., 2020 [19] analyze a water-based thermo-active wall barrier where the pipes are integrated directly into the wall structure. The research and subsequent analysis of the obtained data led the authors to calculations that showed that the thermo-active wall barrier is highly sensitive to the location of the pipes. The impact of the thermal barrier on the building’s energy efficiency is also examined in the paper that comes after this one. Furthermore, based on variables gathered from a specific Polish meteorological database, an analysis was conducted for a home in a region with a temperate environment. According to calculations made using the current method for assessing the energy performance of buildings, the thermal barrier can help to significantly reduce thermal energy transfer losses, which will lessen the system’s negative environmental impact.




2.3. Overview of Scientific and Research Publications Focused on Dynamic Thermal Insulation


Di Giuseppe, E., D’Orazio, M., and Di Perna, C., 2015 [20] in their work state that improving the thermal performance of the building envelope with near-zero energy demand could lead to the paradoxical need for conversely high energy consumption to manage undesirable indoor moisture and pollutant generation employing forced ventilation systems. A breathing envelope that incorporates ‘dynamic insulation’ is one alternative passive technique. These systems bring outside air inside the structure, where it is preheated and filtered as it passes through a porous insulation material. The thermal and filtration performance of dynamic building envelope insulation is discussed in this research, along with potential applications, particularly in temperate areas.



Koenders, S. J. M., Loonen, R. C. G. M., and Hensen, J. L. M., 2018 [21] investigate the performance of a new type of closed-loop dynamic isolation system with forced convection. EnergyPlus develops a simulation model to forecast the performance of dynamic insulation. The preliminary findings indicate that, compared to the system’s insulating state, it is possible to attain transmission heat loss coefficient values up to nine times greater through the building structure. Several case studies were evaluated to investigate the whole system’s behavior and effectiveness. In conclusion, it was discovered that a dynamic insulation system could use less energy than comparable passive cooling systems while improving the indoor thermal comfort of a typical residential building. A common example of this is the night ventilation (cooling) of a building. The best outcomes were obtained when dynamic insulation was applied to a façade structure with a hefty internal partition and a light external partition. In the climatic circumstances of places such as Helsinki, Amsterdam, and Stuttgart, a closed-loop dynamic insulation system can prevent the requirement for an active cooling system if a brief time of thermal discomfort is tolerated.



Zhang, C., Wang, J., Li, L., and Gang, W., 2019 [22] describe a waste air insulating wall (EAIW) made of breathable porous materials that can be considered as a building envelope that uses ventilation with heat recovery as one of the ways to recover energy from waste air. It can prevent heat transfer through the wall structure by the process of exfiltration of poor-quality, already degraded waste air. A numerical model based on the finite difference approach was developed to analyze the transient heat transfer of EAIW, and the model was, thus, subsequently validated by intercomparison of measured data and simulated results. Numerical simulations were also run to determine the EAIW’s capacity to reduce and eliminate heat gain on a normal summer day. Additionally, parametric tests were carried out to determine the effects of each important parameter, such as the hourly temperature field, heat gain, temperature drop factor, and time lag, on the dynamic thermal behavior of the EAIW. The findings support the authors’ hypotheses that the exfiltration airflow can continuously change the interior wall surface temperature to a very similar level to the internal air temperature. An exfiltration velocity of 0.005 m/s can roughly erase the daily EAIW heat increase. Porous materials’ thickness and exfiltration rate largely prevent heat transfer from the EAIW to the interior space.



Zhang, Y., Ma, G., Wu, G., Liu, S., and Gao, L., 2022 [23] classify and rank existing technologies for thermally adaptive walls. A discussion is had regarding the operation and thermal efficiency of thermally adaptable walls. In particular, walls made of phase change material (PCM) can effectively transmit peak loads over time, reducing buildings’ heat gains or losses. Furthermore, to adjust exterior climatic circumstances, dynamic insulation walls’ thermal resistance (R-value) can be modified depending on the cooling/heating requirement. The benefits of the two technologies mentioned above are combined in the integrated PCM dynamic insulation walls to better reflect their thermal adaptability. In addition, significant difficulties in using thermally adaptable wall technologies are highlighted, along with future research priorities for their use in construction facilities.



In a review article by Fawaier, M., and Bokor, B., 2022 [24], the main contribution is to compile and assess the literature that has been published to date on this subject for various dynamic isolation structures. Due to the historical development of thermal insulation tactics over time, this article classifies the history of dynamic (active) insulation and provides a comparative analysis of various mathematical models, experimental research, and numerical simulations. Based on the type of design, the parameters examined, and the methodologies to inquiry, many existing methods of dynamic insulation accomplished by airflow have been characterized. According to some findings from the literature, air-type dynamic insulation can be used to achieve minimal heat loss (U < 0.1) to almost nil heat loss. In addition, the corresponding energy savings could be up to 40% more than those of building envelopes using static insulation substitutes. Finally, the proposed assessment suggests possible research areas that should be further explored while legitimately presenting a fundamental understanding of the evolution and potential of dynamic air insulation.





3. Objectives of the Research and Methodology


The main objective of the research described in the present paper is to analyze the energy potential and the energy functions of active thermal protection of buildings by means of a parametric study. The methodology is based on a parametric study of the dynamic thermal resistance (DTR) and heat fluxes to the interior and exterior from the ATP for the investigated envelope of the experimental house EB2020 made of aerated concrete blocks. Agrimex Thermofrost E, a heat transfer antifreeze, is infused throughout the piping system. The liquid is mixed at a ratio of 1:1.5 (1 part Termofrost E: 1.5 parts water). The mean temperature of the heat transfer fluid in the active thermal protection circuit depends on the ATP’s function and the building envelope’s composition. This type of fluid was designed because of the direct connection of the ATP, large area heating and ventilation circuits with heat recovery from the solar roof, ground heat exchanger, and ground cold exchanger (the wiring diagram of the whole system will be presented in the continuation of the paper in Section 2).



3.1. Objectives of the Research


The objectives of our research can be summarized in the following points:




	-

	
to create a mathematical-physical model of the building envelope fragment characterizing all physical quantities and parameters in the application of ATP;




	-

	
define the boundary conditions for the application of ATP;




	-

	
perform thermal–technical calculations of the building envelope fragment, and energy flows to the interior and exterior;




	-

	
calculate the heat/energy demand for ATP;




	-

	
evaluate the energy potential of ATP and CO2 emissions;




	-

	
validate the results of the parametric study;




	-

	
synthesize the knowledge obtained by scientifically solving the set objectives;




	-

	
transform the necessary data for ATP design;




	-

	
induce analogous forms of design solutions and define recommendations for ATP application;




	-

	
transform the knowledge obtained by research for the development of science and technology in the field of building structures with integrated energy-active elements.










3.2. Methodology Used in the Parametric Study


The methodology of the parametric study is based on the calculation of the dynamic thermal resistance RDTR ((m2·K)/W) or dynamic transmission heat loss coefficient UD (W/(m2·K)) in a fragment of the building envelope, the progression of temperatures θm (°C) in the ATP layer in the building structure, the calculation of heat fluxes to the interior q (W/m2) and exterior q″ (W/m2) from the ATP, the amount of heat Q (kWh) and energy supplied E (kWh) to the ATP, and the amount of CO2 emission production EM (kg/a).



3.2.1. Calculation of Thermo-Technical Parameters of Building Structures


Figure 4, Figure 5 and Figure 6 show the mathematical–physical models for calculating the dynamic thermal resistance RDTR ((m2·K)/W), dynamic transmission heat loss coefficient UD (W/(m2·K)), dynamic insulation thickness dD (m), and mean temperature of the heat transfer medium in the ATP layer θm (°C) for the basic variants of the building envelope.



Variant 1 (Figure 4) implements ATP between the load-bearing part of the multilayer building structure and the thermal insulation. Variant 2 (Figure 5) implements ATP between the load-bearing part of the multilayer building structure and the thermal insulation, simultaneously from the exterior side of the thermal insulation for the application of heat from the unfrozen depth of the soil. Finally, variant 3 (Figure 6) implements the ATP in the reinforced concrete core of the building envelope.



For the analyzed fragment of the building envelope, it is necessary to define the boundary conditions for the application of ATP for the parametric study: the outer dimension of the ATP pipe = 10 to 20 mm, the distance between pipes = 0.10 to 0.25 m, heat transfer coefficient towards the interior = 8 W/(m2·K) (according to EN 15377-1 and CSN 730548), heat transfer coefficient towards the exterior = 15 W/(m2·K) (according to CSN 73 0548). In the simplified calculation relations, the same air temperature in front of and behind the pipe was considered in calculating the average temperature of the structure in the pipe axis and the average surface temperature in accordance with [25,26]. Therefore, the calculations are performed for an outside air temperature θe = −11 °C and an inside air temperature θi = 20 °C. The average temperature of the heat transfer medium in the ATP pipe is considered to be θm = 0 to 35 °C. The calculation was carried out based on an algorithm developed by us and simplified calculation software in Excel.



One of the energetic functions of ATP is to eliminate the thickness of static thermal insulation by means of the so-called thermal barrier (TB). When calculating the ATP energy potential of a multilayer building structure, we determine the temperatures in the individual layers—the temperature progression. From the point of view of TB application, the temperature of the layer between the thermal insulation and the load-bearing part of the building structure is the most important. This temperature can be actively influenced by the heat transfer medium supplied to the ATP heat exchange layer tubes, thus controlling the heat transfer. To determine the heat transfer through the layers in a multilayer building structure fragment, we first need to calculate the static transmission heat loss coefficient U (W/(m2·K)) and the static thermal resistance of the building structure R ((m2·K)/W). The temperature in the ATP layer determines the magnitude of the dynamic thermal resistance RDTR ((m2·K)/W), or dynamic transmission heat loss coefficient UD (W/(m2·K)), and the thickness of the dynamic thermal insulation dD (m) as equivalent to the temperature in this layer achieved at a certain thickness of static thermal insulation without the use of ATP. Elimination of the thickness of static thermal insulation means a reduction in thickness from, for example, 200 mm to 100 mm, not complete elimination. Preliminary research results indicate that static thermal insulation should not be less than 50 mm thick. To calculate the fragment’s thermal–technical properties, we used the procedure according to STN 73 0540, STN EN ISO 13790/NA/Z1, STN EN ISO 6946, and STN EN ISO 10456/AC [27,28,29,30,31].



The thermal resistance of the j-th layer of the structure is calculated using the formula [27,28,29,30,31]:


   R j  =     d   j       λ   j      



(1)




where Rj 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), λj coefficient of thermal conductivity of the j-th layer of the structure (W/(m·K)).



The thermal resistance of a multilayer structure is calculated using the formula [27,28,29,30,31]:


Rc = ∑Ri



(2)






R = Rsi + Rc + Rse



(3)




where R is the thermal resistance of the structure ((m2·K)/W), Rc is the 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 is the thermal resistance to heat transfer at the internal surface of the structure ((m2·K)/W), and Rse is the thermal resistance to heat transfer at the external surface of the structure ((m2·K)/W).



The static transmission heat loss coefficient of a multilayer structure is calculated using the formula [27,28,29,30,31]:


  U =   1     R   s i   + R +   R   s e      



(4)




where U is the static transmission heat loss coefficient (W/(m2·K)/), R is the thermal resistance of the structure ((m2·K)/W), Rsi is the thermal resistance to heat transfer at the internal surface of the structure ((m2·K)/W), and Rse is the thermal resistance to heat transfer at the external surface of the structure ((m2·K)/W).



The temperature in the j-th layer of the structure is calculated using the formula [27,28,29,30,31]:


θj = θi − U × (θi − θe) × (Rsi + ∑Rj)



(5)




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



The primary input parameters entering into the calculation of static and dynamic thermal resistance are described in the mathematical–physical model in Figure 7. In addition to the parameters characterizing the static thermal resistance calculation, the heat/cool Q (kWh) delivered to the ATP at time t (s) enters the dynamic thermal resistance calculation. The latter is influenced by the mean temperature of the heat transfer medium θm (°C) and the pipe distance L (m) in the ATP layer. Thus, if we insert ATP pipes in a perimeter wall structure, in which the temperature of the heat transfer medium may vary, we can speak of dynamic thermal resistance. Dynamic thermal resistance is based on the essential relationships between static thermal resistance and the static heat transfer coefficient.




3.2.2. Basic Calculation of Large-Scale Radiant Heating


Many scientists and researchers around the world are investigating large-scale radiant systems. Significant results of their research are published, for example, in papers [32,33,34,35,36,37,38]. The ATP system’s heat exchange represents a combination of convection and radiation-based heat transfer. Both inside and outside of the building structure, heat transmission takes place. The following can be found inside the building structure [39,40,41,42,43,44]:




	-

	
air movement because the air is warmer at higher positions and cooler in lower positions;




	-

	
radiation results from a certain structure’s heat exchange with all other room structures.




	-

	
There are several things outside the building structure:




	-

	
the wind primarily causes the structure’s airflow;




	-

	
radiation between a certain surface of a structure and the sky, as well as between the terrain and the nearby buildings.









The following relations derived by Kolmar, Liese, Kolpakov, Kalous, Cihelka for large-area radiant heating are used to calculate the heat flux from the ATP:



The average temperature of the structure in the axis of the pipes:


    θ   d   −   θ   i   =     θ   m   −   θ   i     ·   t g h   m ·   L   2       m ·   L   2      



(6)




where θd is the average temperature of the structure in the axis of the pipes (°C), θi is the calculated internal room temperature (°C), θm is the average heating water temperature (°C), L is the axial distance of pipes (m), and m is the coefficient characterizing the heating plate in terms of heat dissipation (m−1) [39,40,41,42,43,44].



Coefficient characterizing the heating plate in terms of heat dissipation:


  m =    2 ·   Λ    a   + Λ    b         π   2   · λ    d   · d     



(7)




where Λa is the thermal permeability of the layer in front of the pipes toward the interior (W/(m2·K)), Λb is the thermal permeability of the layer behind the pipes toward the exterior (W/(m2·K)), λd is the thermal conductivity of the material into which the tubes are inserted (W(/m·K)), and d is the pipe diameter (m) [39,40,41,42,43,44].



Thermal permeability of the layer in front of the pipes toward the interior:


  Λ    a   =    1    ∑    a   λ    a       +   1     α   p         



(8)




where Λa is the thermal permeability of the layer in front of the pipes toward the interior (W/(m2·K)), a is the thickness of the layer in front of the pipes (m), λa is the thermal conductivity of the material of the respective layer (W/(m·K)), and αp is the heat transfer coefficient toward the interior (W/(m2·K)) [39,40,41,42,43,44].



Thermal permeability of the layer behind the pipes toward the exterior:


  Λ    b   =    1    ∑    b   λ    b       +   1      α ′    p         



(9)




where Λb is the thermal permeability of the layer behind the pipes toward the exterior (W/(m2·K)), b is the thickness of the layer behind the pipes (m), λb is the thermal conductivity of the material of the respective layer (W/(m·K)), and α´p is the heat transfer coefficient toward the exterior (W/(m2·K)) [39,40,41,42,43,44].



The average surface temperature of the structure:


    θ   p   −   θ   i   =   Λ    a       α   p     ·     θ   d   −   θ   i     =   Λ    a       α   p     ·     θ   m   −   θ   i     ·   t g h   m .   L   2       m .   L   2      



(10)




where:



Specific heat output (flow) from the structure toward the interior:


  q = Λ    a   ·     θ   d   −   θ   i     =   α   p   ·     θ   p   −   θ   i      



(11)







Specific heat output (flow) from the structure toward the exterior:


   q ″  = Λ    b   ·     θ   d   −   θ   i     =   Λ    b   ·     α   p     Λ    a        ·     θ   p   −   θ   i     + Λ    b   ·     θ   i   −   θ   e      



(12)




where q is the specific heat output (flow) from the structure toward the interior (W/m2), q″ is the specific heat output (flow) from the structure toward the interior (W/m2), θd  is the average temperature of the structure in the axis of the pipes (°C), θi is the calculated internal room temperature (°C), θm is the average heating water temperature (°C), L is the axial distance of pipes (m), m is the coefficient characterizing the heating plate in terms of heat dissipation (m−1), Λa is the thermal permeability of the layer in front of the pipes toward the interior (W/(m2·K)), λa is the thermal conductivity of the material of the respective layer (W/(m·K)), αp is the heat transfer coefficient toward the interior (W/(m2·K)), Λb is the thermal permeability of the layer behind the pipes toward the exterior (W/(m2·K)), and λb is the thermal conductivity of the material of the respective layer (W/(m·K)) [39,40,41,42,43,44].




3.2.3. Standard Calculation of Large-Area Radiant Heating Parameters


The following factors are needed to calculate the wall surface’s specific heat output q following STN EN [45,46,47,48,49] and BS EN 1264-(1-5) [50,51,52,53,54]:




	-

	
heating pipe distance;




	-

	
the wall layer’s thickness su and thermal conductivity λE, measured in relation to the interior and in front of the heating tubes;




	-

	
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 spreading layer or contact between the tubes and the heat pipe elements that are determined by the coefficient aK.









The specific heat capacity is calculated according to the equation [45,46,47,48,49,50,51,52,53,54]:


  q = B ×   ∏  i        a   i     m   i        × Δ  θ H    



(13)




where q is the specific heat capacity (W/m2), B is the system dependent coefficient (W/(m2·K)), and     ∏  i        a   i     m   i           is the power product combining the design parameters between each other [45,46,47,48,49,50,51,52,53,54]:


  Δ  θ H  =     θ   V   –   θ   R       ln       θ   V   –   θ   i       θ   R     − θ   i          



(14)




where ΔθH is the average temperature of the heating medium (°C), θV is the supply temperature 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, as exponent n has values according to theoretical results confirmed by experiments: 1.0 < n < 1.01; within the limits of sufficient precision, a value is used, n = 1 [45,46,47,48,49,50,51,52,53,54].



In STN EN 1264, there are different types of compositions of structures. However, the most relevant standard structure type for the structure we are analyzing is B, Figure 8.



For a type B system, the specific heat capacity q is calculated according to the relation [45,46,47,48,49,50,51,52,53,54]:


   q = B ×  a B  ×   a   T     m   T         ×   a   u     m   u      ×  a WL  ×  a k  × Δ  θ H   



(15)




where q is the specific heat capacity (W/m2), B is the system-dependent coefficient (W/(m2·K)), where applies [45,46,47,48,49,50,51,52,53,54]:


   a B  =   1   1 + B ×   a   u   ×   a   T     m   T     ×   a   W L   ×   a   K   ×   R   λ , B   × f   L      



(16)




herewith [45,46,47,48,49,50,51,52,53,54]:


  F ( T ) = 1 + 0.44    L   



(17)




where aB is the covering coefficient (-); aT is the tube spacing coefficient (-), Table 1; aT = f (su/    λ   E    );     λ   E     is the thermal conductivity of the spreading layer (W/(m·K)); su is the thickness of the spreading layer over the tubes (m); mi is the exponents to calculate the characteristic curves (mT, mu) (-), where holds [45,46,47,48,49,50,51,52,53,54]:


   m T  = 1 −   L   0.075           suits   when   0.050   m   ≤   L   ≤   0.375   m  



(18)






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



(19)




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



If the pipe spacing is L > 0.375 m, the specific power is calculated from the formula [45,46,47,48,49,50,51,52,53,54]:


  q = q  0.375    ·   0.375   L    



(20)




where q is the specific heat capacity (W/m2), q0.375 is the specific heat capacity (W/m2) calculated at pipe spacing L = 0.375 m, where [45,46,47,48,49,50,51,52,53,54,55,56,57,58]:


   a u  =     1   α   +     s   u , 0       λ   u , 0         1   α   +     s   u       λ   E        



(21)




where au is the covering factor (-); α = 10.8 W/(m2·K);     λ   u , 0     = 1 W/(m2·K);     s   u , 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); ΔθH is the average temperature of the heating substance (°C), Formula (14) [35,36,37,38,39,59,60,61,62,63].



Tables for KWL = 0.1; 0.2; 0.3; 0.4; 0.5 and above; see STN EN 1264-2, where KWL is the coefficient of the heat conducting element for type B (-) systems [45,46,47,48,49,50,51,52,53,54]:


   K WL  =     s   W L   ×   λ   W L   +   b   u   ×   s   u   ×   λ   E     0.125    



(22)




where bu = f (L)—Table 4; sWL x     λ   W L     = product of thickness and thermal conductivity of the heat conducting element; su x     λ   E     = product of thickness and thermal conductivity of the spreading layer.




3.2.4. Calculation of the Heat, Energy, and CO2 Emission Demand When Using ATP


We calculate the heat demand, energy demand, and CO2 emissions using the following procedure [40].



Annual heat demand for heating (kWh/a):


   Q heat  = 277,778 × 24 × 3600 × Ɛ ×   Φ   H L   ×     θ   i   −   θ   e , p r       θ   i   −   θ   e     × d ×   10   − 6    



(23)




where Qheat is the annual heat demand for heating (kWh/a); ΦHL is projected to heat input calculated with a surcharge for heat losses during distribution (kW); Ɛ is the coefficient of non-simultaneity of operation, type of regulation, and heating mode (-); Ɛ = 0.8 central regulation, Ɛ = 0.75 central zone regulation, Ɛ = 0.7 central regulation and individual regulation, θi is internal calculation temperature (°C); θe is external calculation temperature (°C); θe,pr is the average outdoor air temperature in the heating season (°C); d is number of days in the heating season (-) [55].



Total annual energy demand (kWh/a):


   E =   Q   η c     =     Q   h e a t       η   c , h e a t      =   E   h e a t    



(24)




where Q is total annual heat demand (kWh/a); Qheat is annual heat demand for heating (kWh/a);   η  c is heat production and distribution efficiency factors (heat source (1), distribution (2), heat transfer station (3)) (-);   η  1 = 0.75 up to 0.92—primary sources;   η  2 = 0.94—primary distribution systems—warm water;   η  2 = 0.93—primary distribution systems—hot water;   η  2 = 0.95—secondary distributions;   η  3 = 0.99—heat transfer station; [55].


   η c  =  η 1  ×  η 2  ×  η 3   



(25)







Equation (23) is used to calculate the heat demand Qheat (kWh/a) delivered to the ATP as the dynamic thermal resistance changes with the mean temperature of the heat transfer medium θm (°C) and the corresponding heat loss ΦHL (kW) from the ATP layer to the exterior. Equation (25) is used to calculate the overall efficiency of the heating system and to determine the energy delivered to the ATP. Fuel demand, primary energy, and CO2 emissions can be determined based on the type of energy carrier.



Annual fuel requirement (m3/a, kg/a):


    B r  =   E     H   u       =     E   h e a t       H   u       



(26)




where E is total annual energy demand (kWh/a); Eheat is annual energy needed for heating (kWh/a); Hu is the calorific value of fuel (MJ/m3, MJ/kg) [55].



Primary energy calculation:


     q   h e a t   =       E   h e a t     S   ×  f PE    



(27)




where qheat is the specific energy need for heating (kWh/(m2·a)), Eheat is the annual energy needed for heating (kWh/a), S is the specific surface area of the building (total heated area calculated from the external dimensions of the building) (m2), fPE is the factor of primary energy (kWh/(m2·a)) [55].



Calculation of CO2 emissions (kg/ (m2·a)):


EMCO2 = qheat × fCO2



(28)




where EMCO2 is CO2 emissions (kg/(m2·a)); qheat is the specific energy need for heating (kWh/(m2·a)); and fCO2 is the CO2 emission factor (kg/(m2·a)) [55].






4. Results


Based on the synthesis and analysis of scientific and practical knowledge obtained from published works of researchers and experts in the field, transforming these data, we developed a mathematical–physical model of the building envelope fragment for parametric study and upcoming computer simulation (Figure 4). The parametric study research was carried out on the perimeter wall of the experimental house EB2020, the composition of which can be seen in Figure 9. The layer towards the interior from the ATP is made of thermally insulated aerated concrete blocks with a thickness of 375 mm. The thickness of the thermal insulation is 100 mm. In this chapter, we present the results obtained so far from the parametric study of ATP [56,57].



4.1. Results of a Parametric Study of ATP in the Energy Function of the Thermal Barrier


An important role of ATP, besides its multifunctional energy character, is the elimination of static thermal insulation. Employing the heat/coolant supplied by the heat transfer medium to the tubes of the heat exchange surface of the ATP, the heat/cool transfer from the interior to the exterior and vice versa is regulated in the building structure.



In the ATP location layer, the internal temperature is θm = 1.89 °C, and RDTR = 6.48 ((m2·K)/W), as shown in Figure 9. The graph in Figure 10 illustrates how the mean temperature of the heat transfer medium inside the ATP pipes, which make up the heat transfer layer in the building structure, and the thickness of the static/dynamic thermal insulation affect the dynamic thermal resistance. Similar to Figure 10, Figure 11 depicts the relationship between the dynamic transmission heat loss coefficient UD (W/(m2·K)) and temperature. Figure 12 shows isotherms illustrating the temperature histories in a building structure with 100 mm of static thermal insulation without ATP application (green line) and with ATP application. As the temperature of the heat transfer medium increases at the ATP level, the dynamic thermal resistance of this building envelope increases. For example, if the internal temperature in the layer is θm = 10 °C, the thermal resistance is RDTR =11.8 ((m2·K)/W) with a dynamic thermal insulation of 300 mm (blue line). For a temperature θm = 16.11 °C, the thermal resistance RDTR = 30.80 ((m2·K)/W) for a dynamic thermal insulation thickness of 1000 mm (red line). The heat delivered in the form of a heat transfer medium to this layer increases its temperature from 1.89 °C to 16 °C, i.e., ∆θ = 14.11 °C. The figure also illustrates the proportion of heat delivered by the thermal barrier (purple area) [56,57].




4.2. Results of a Parametric Study of ATP in the Energy Function of Radiant Heating


ATP in multilayer building structures with appropriately selected materials of individual layers, especially static/load-bearing layers and inner surface layers, can have the function of large-scale low-temperature heating and high-temperature cooling, in addition to the energy function of TB. The heat/cool accumulation in the static/load-bearing layer in the TABS function can also be of great importance in terms of energy efficiency. We have developed an algorithm and simplified calculation software in Excel for a parametric study of heat fluxes for radiant heating/cooling. The results are presented in Table 5, Table 6 and Table 7.



The results of the calculation of the characteristic data for the variant solutions of direct radiant heating, semi-accumulation heating (TABS system), and accumulation heating with the application of ATP are given for the temperature of the heating medium: 25 °C (Table 5), 30 °C (Table 6), and 35 °C (Table 7).



From the analysis of the calculated characteristic data, it is evident that when the envelope is designed with a layer of thermal insulating aerated concrete blocks towards the interior from the ATP, the heat flux with direct heating will be significantly higher, more than 92%, compared to the variant with semi-accumulation (TABS) and the variant 96% with accumulation (ATP) heating/cooling.



For example, an average temperature of the heat transfer medium of 30 °C, the heating heat flux to the interior with a temperature of 20 °C, an exterior temperature of −11 °C, and an axial distance of the pipes of 150 mm will be almost 55 W/m2 for direct heating, 4.5 W/m2 for semi-accumulation heating (TABS), and only 2.3 W/m2 for accumulation heating (ATP) (Table 6).



A graphical representation of the composition of the building structure is given in the following figures:




	-

	
classic large-area radiant heating—Figure 13,




	-

	
thermally activated building systems (TABS)—Figure 14,




	-

	
active thermal protection (ATP)—Figure 15.









The role of the ATP for this building envelope system is restricted to the thermal barrier and heat/cool accumulation functions due to the layer load-bearing wall’s strong thermal resistance. For instance, Table 6 shows that the accumulated energy for semi-accumulation heating (TABS) and accumulation heating (ATP) equals roughly 78.5% and 71.3% of the total delivered energy, respectively, at a mean temperature of the heat transfer medium of 30 °C. Based on the analysis of the characterization data obtained from the parametric study, it can be concluded that heating/cooling using ATP is inefficient and energy intensive in the considered envelope building design of the experimental house EB2020. On the other hand, due to the high energy accumulation, this envelope design with ATP in the TB function represents a stable dynamic thermal insulation exploiting the self-regulating effect.





5. Discussion


By synthesizing, analyzing, and inducing analogous forms of the results of previous research into recommendations for the design of individual energy functions of ATP for building envelopes:




	
▪ we present the heat fluxes to the interior/exterior when changing the material of the layers towards the interior from the ATP;



	
▪ determine the conditions for the effective use of active thermal protection; and



	
▪ describe possible options for the development of building structures with integrated energy-active elements.








5.1. Changing the Material of the Load-Bearing Part of a Fragment of the Building’s Perimeter Wall


The parametric study results indicate that the building envelope of the experimental house EB2020 made of aerated concrete blocks with active thermal protection (ATP) is advantageous to be used only in the energy function of thermal barrier and heat/cold accumulation. It can be partially used in the passive wall cooling function. ATP on the experimental house in question can also be used as wall heating. Still, the operation would be several times more energy-intensive compared to direct wall heating and underfloor heating. By changing the material of the load-bearing part of the building envelope wall fragment in the project and planning process, it is possible to design and plan the energy function of the building structure with energy-active elements. Based on the parametric study, suppose we replace the thermal insulating aerated concrete blocks with reinforced concrete panels or masonry made of solid burnt bricks. In that case, we find that these two constructions can be applied in addition to the function of the thermal barrier and also in the function of wall heating/cooling. The function of heat/cool accumulation also becomes non-negligible.



Table 8 and Table 9 show characteristic data for direct heating, semi-accumulation heating (TABS), and accumulation heating (ATP) for the static/supporting part of the building envelope made of brick and reinforced concrete masonry, a mean temperature of the heat transfer medium of 30 °C, an axial distance of the ATP pipes of 150 mm, an internal temperature of 20 °C, and an external temperature of −11 °C. As the thermal conductivity of the static/load-bearing part of the envelope increases, the heat flux for heating/cooling increases. For the same boundary conditions, the heat flux for heating for the EB2020 experimental house envelope made of aerated concrete blocks is 2.31 W/m2 (Table 6); for brick masonry, 12.167 W/m2 (Table 8); and for reinforced concrete masonry, 23.174 W/m2 (Table 9).



The ratio of losses to the exterior to the total energy delivered to the ATP compared to direct-fired heating is 16% for the EB2020 experimental house envelope made of aerated concrete blocks (Table 6), 5.4% for brick masonry (Table 7), and 3.3% for reinforced concrete masonry (Table 8).



The energy accumulation delivered to the ATP is 71.3% for the EB2020 experimental house envelope made of aerated concrete blocks (Table 6), 60.57% for brick masonry (Table 7), and 44.81% for reinforced concrete masonry (Table 8).



For a given envelope design of the experimental house EB2020, the design considered in the parametric study, due to the composition of the layers towards the interior and exterior and the different temperatures (interior +20 °C, exterior −11 °C), the heat flux from the ATP layer to the interior and exterior is delivered depending on the thermal resistance of the layers and the mean temperature in the ATP, e.g., 30 °C. The heat that makes up the difference between the total heat delivered to the ATP and the heat transferred to the interior and exterior in the sense of the law of conservation of energy is the stored heat in the ATP layer. Considering the given thermo-technical properties of the investigated structure, the accumulated heat in the ATP amounts to 71.3% of the total heat delivered to the ATP. Therefore, the total heat delivered to the ATP is always the same for the different designs compared (direct heating, semi-accumulation, and accumulation heating).




5.2. Analysis, Synthesis, and Transformation of Outputs from Parametric Study and into Results and Recommendations for Science and Practice in the Field of ATP Application


Due to the fact that the pipes in ATP are shifted towards the exterior compared to large-scale radiant wall heating, the heat losses from ATP to the exterior are higher. Based on a parametric study, setting lower inlet temperatures of the working substance to the ATP system is recommended. It is assumed that the higher the set inlet temperature to the ATP, the lower the heat consumption of the supplementary heating system, but the total specific heat delivered is significantly higher. For the envelope of the experimental house EB2020, the heat flux to the exterior is 13.135 W/m2 at a mean temperature of 25 °C, 14.957 W/m2 at 30 °C, and 16.78 W/m2 at 35 °C. Therefore, it is inefficient to heat the building using active thermal protection with such a construction. The operation is particularly relevant if renewable energy sources or waste heat are used.



The application of ATP in the function of wall heating and cooling is of practical importance only in building constructions that have a high thermal conductivity on the interior side in front of the ATP tubes, i.e., a suitable volumetric mass and heat capacity. For a given building envelope construction in the experimental house EB2020 made of thermal insulating aerated concrete blocks, heating with ATP is very limited and economically inefficient. Therefore, covering the heat load through non-transparent structures with wall cooling is practically the only possible method. For the use of ATP as wall heating/cooling, it is recommended to design structures with suitable heat/cool accumulation, for example, reinforced concrete with a suitable thickness of thermal insulation from the exterior. Characteristic data for direct heating, semi-accumulation heating (TABS system), and accumulation heating (ATP system) for brickwork and reinforced concrete masonry variants are given in Table 8 and Table 9.



For wall heating and cooling purposes, buildings with significant thermal resistance in front of the ATP tubes should not be used. The current ATP system on the market cannot offer year-round thermal comfort at the typical temperature gradients of low-temperature heating and high-temperature cooling, as shown in Figure 3 and Figure 6. The tubes are installed in a reinforced concrete structure that is provided with thermal insulation on the interior and exterior sides. The heating function operates energy- and cost-inefficiently at higher temperature gradients. The heating system must be designed for such designs. Only the functionalities of thermal barrier and heat/cool accumulation can be used with this system.



For building constructions that have high thermal resistance towards the interior in front of the ATP tubes, reducing the axial distance of the tubes and, at the same time, increasing their DN in the wall heating function will not significantly increase the surface temperature on the interior side, nor the heat flux to the interior [56,57].




5.3. Synthesis and Induction of Analogous Forms of Previous Research Results into Recommendations for the Development of Building Envelopes with Energy-Active Elements


In article [58], we analyzed the variant energy functions of building envelopes with ATP. The nature of the dynamic thermal barrier, low-temperature heating/high-temperature cooling, and heat/cooling storage applied to building structures with integrated energy-active elements predestine this system also for use in industrial buildings, commercial premises, and other amenity buildings, where renewable energy sources and waste heat, e.g., from refrigeration and freezing equipment, can be used in addition to traditional heat sources. The ability to employ air as a heat transfer medium in the ATP, depicted in Figure 16, supports the diversity of application in all sorts of buildings or spaces. A plastic (metal) air conditioning duct with a circular cross-section and a diameter of 50 to 100 mm can be inserted into a thermal insulation board to create the air heat carrier panels.



ATP can also be applied to the exterior of building envelopes. The integrated active surface can have an energy register function capturing solar or ambient energy. In the patent [59] and utility model [60], we propose using panels with integrated energy-active elements as a standard contact insulation system. The active surface—a register formed by tubes for a liquid or gaseous heat carrier—is characteristic of the external surface. These thermally active panels can be combined with renewable heat sources or waste heat/cooling, as shown in Figure 17.



Another choice for developing a small insulation system is the integration of thermal insulation panels with active heat transfer control employing ATP with an integrated active surface (TB, heating/cooling, and heat storage), as illustrated in Figure 18. Insulation panels with ATP (WATER as a heat carrier or AIR with an extra absorber function on the exterior to collect ambient energy) fall under this category. This decreases the number of operations required for the building construction process and the energy system’s implementation while extending the various functionalities of the construction and contact insulation systems. The unified façade system can still be installed with the same ease and technology process as before.



Research on combined building–energy systems is related to several technical fields in which the results from various scientific and professional publications need to be correlated. Therefore, we list some relevant publications on which we base our research [63,64,65,66,67,68,69,70].





6. Conclusions


In conclusion, we can responsibly state, as already mentioned above, that the results of the study indicate that the external shell of the construction object of the experimental house made of aerated concrete blocks with active thermal protection (ATP) is advantageous to use only in the case of the energy function of the thermal barrier and heat/cold accumulation. It can partially be used as a passive wall-cooling function. ATP on the subject experimental house can also be used as wall heating. Still, the operation would be more energy-demanding than direct wall heating and floor heating. Suppose the original load-bearing building material (heat-insulating aerated concrete blocks) was replaced by reinforced concrete panels or masonry made of solid burnt bricks. In that case, we conclude that these two structures can be used as a thermal barrier and a wall heating/cooling function. The heat/cold storage function also becomes significant.



Another important finding is that in the perimeter construction, heat losses from ATP to the exterior are also higher because the pipes are moved towards the exterior in contrast to large-area radiant wall heating. Therefore, it is recommended to set lower inlet temperatures of the working substance to the ATP system. It is assumed that the higher the set inlet temperature of the system, the lower the heat consumption of the supplementary heating system. However, the total delivered specific heat is significantly higher. Therefore, the application of ATP in heating and cooling walls is of practical importance only in constructions with high thermal conductivity inside and in front of the ATP tubes.



The nature of the dynamic thermal barrier, low-temperature heating/high-temperature cooling, and heat/cold accumulation applied to building structures with integrated energetically active elements predetermines this system for use in other civil engineering buildings than just residential buildings, i.e., in buildings where, in addition to traditional heat sources, renewable energy sources and waste heat from installed technology can also be used.




7. Patents


Based on our research in the field of combined building–energy systems and experimental measurements, the results have been processed into one European patent [59] and three utility models [60,61,62].
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Nomenclature




	
Abbreviations




	
ATP

	
active thermal protection




	
BIPV/T

	
Building-Integrated Photovoltaic/Thermal system




	
CBES

	
combined building-energy systems




	
DHW

	
domestic hot water




	
DTR

	
Dynamic Thermal Resistance




	
EAIW

	
insulating air insulation wall




	
Eq.

	
Equation




	
EN

	
European Standard




	
EP

	
European patent




	
EPS

	
Expanded polystyrene




	
ESR

	
Energy (Solar) Roof




	
FE

	
FE code ABAQUS supported by the new SVC control

system implemented in FORTRAN simulation software on real operating conditions




	
GHE

	
Ground Heat Exchanger




	
GHS

	
ground heat storage




	
HVAC

	
Heating, Ventilation, and Air Conditioning




	
IEAE

	
Integrated Energy-Active Elements




	
ISO

	
International Organization for Standardization




	
LCC

	
life cycle cost




	
PCM

	
Phase Change Materials




	
RES

	
renewable energy sources




	
STN

	
Slovak Technical Standard




	
TABS

	
thermally active building system




	
TB

	
thermal barrier




	
TI

	
Thermal insulation




	
UM

	
Utility model




	
WIHP

	
wall implanted heat pipe




	
WRA

	
wall and roof absorbers




	
Symbols




	
a 

	
tickness of the layer in front of the pipes (m)




	
aB 

	
the covering coefficient (-)




	
aK 

	
connection correction factor (-)




	
aT 

	
tube spacing coefficient (-)




	
au 

	
coverage factor (-)




	
aWL 

	
coefficient for thermal conductivity (-)




	
B 

	
system dependent coefficient (W/(m2·K))




	
D 

	
diameter (m)




	
d

	
construction thickness (mm)




	
da 

	
outer diameter of the heating pipes (m)




	
dj 

	
thickness of the j-th layer of the structure (m)




	
dM 

	
outer diameter of coated heating pipes (m)




	
dD

	
insulation thickness (m)




	
DN

	
pipe dimension (mm)




	
e 

	
exterior




	
E 

	
total annual energy demand (kWh/a)




	
Eheat 

	
annual energy need for heating (kWh/a)




	
EM 

	
CO2 emission production (kg/a)




	
EMCO2 

	
CO2 emissions (kg/(m2. a))




	
fCO2 

	
CO2 emission factor (kg/(m2. a))




	
fPE 

	
factor of primary energy (kWh/(m2. year))




	
Hu 

	
the calorific value of fuel (MJ/m3, MJ/kg)




	
i 

	
interior




	
K

	
coefficient of the heat-conducting element for B-type systems (-)




	
KWL

	
the coefficient of the heat conducting element for type B (-)




	
L

	
axial distance of pipes (m)




	
m

	
coefficient characterizing the heating plate in terms of heat dissipation (m−1)




	
mi 

	
the exponents to calculate the characteristic curves (mT, mu) (-)




	
Q 

	
the heat/cool delivered to the ATP (kWh)




	
Qheat

	
annual heat demand for heating (kWh/a)




	
q

	
specific heat output (flow) from the structure toward the interior (W/m2)




	
q″

	
specific heat output (flow) from the structure toward the interior (W/m2)




	
qe 

	
radiant flux density towards the exterior (W/m2)




	
qi 

	
radiant flux density towards the interior (W/m2)




	
q0.375

	
specific heat output calculated at pipe spacing L = 0.375 m (W/m2)




	
qheat 

	
specific energy need for heating (kWh/(m2. a))




	
R 

	
thermal resistance of the structure ((m2·K)/W)




	
RC

	
total thermal resistance of the structure ((m2·K)/W)




	
RDTR 

	
dynamic thermal resistance ((m2·K)/W)




	
Rj 

	
thermal resistance of the j-th layer of the structure ((m2·K)/W)




	
Rse 

	
thermal resistance to heat transfer at the external surface of the structure ((m2·K)/W)




	
Rsi 

	
thermal resistance to heat transfer at the internal surface of the structure ((m2·K)/W)




	
Rλ,B 

	
thermal resistance of the wall covering ((m2·K)/W)




	
S 

	
the specific surface area of the building (total heated area calculated from the external dimensions of the building) (m2)




	
su 

	
the thickness of the spreading layer above the pipes (m)




	
U

	
static transmission heat loss coefficient (W/(m2·K))




	
UD 

	
dynamic transmission heat loss coefficient (W/(m2·K))




	
Ɛ 

	
coefficient of non-simultaneity of operation, type of regulation and heating mode (-)




	
ηc

	
heat production and distribution efficiency factors, distribution, heat transfer station (-)




	
θe 

	
outside air temperature (°C)




	
θi 

	
inside air temperature (°C)




	
θj 

	
temperature in the j-th layer of the structure (°C)




	
θd

	
average temperature of the structure in the axis of the pipes (°C)




	
θe,pr

	
average outdoor air temperature in the heating season (°C)




	
θm 

	
temperature in construction (°C)




	
θR 

	
return temperature of the heating medium (°C)




	
θV 

	
supply temperature of the heating medium (°C)




	
Δθ 

	
temperature difference (°C)




	
ΔθH 

	
average temperature of the heating medium (°C)




	
αp 

	
heat transfer coefficient toward the interior (W/(m2·K))




	
α′p

	
heat transfer coefficient toward exterior (W/(m2·K))




	
ΦHL

	
projected to heat input calculated with a surcharge for heat losses during distribution (kW)




	
λa 

	
thermal conductivity of the material of the respective layer (W/(m·K))




	
λb

	
thermal conductivity of the material of the respective layer (W/(m·K))




	
λj 

	
coefficient of thermal conductivity of the j-th layer of the structure (W/(m·K))




	
λd 

	
thermal conductivity of the material into which the tubes are inserted (W/( m·K))




	
λE 

	
thermal conductivity of the spreading layer (W/( m·K))




	
λM 

	
thermal conductivity of the covering layer (W/(m·K))




	
λR 

	
thermal conductivity of the heating tubes (W/(m·K))




	
∑Rj 

	
sum of thermal resistances of the j-th layers of the structure ((m2·K)/W)




	
     ∏  i    (   a   i     m   i     )     

	
power product combining design parameters




	
sWL x λWL 

	
the product of the thickness and the thermal conductivity of the thermally conductive element




	
su x λE 

	
the product of the thickness and thermal conductivity of the spreading layer




	
a

	
thickness of the layer in front of the pipes (m)




	
b

	
thickness of the layer behind the pipes (m)




	
Λa

	
thermal permeability of the layer in front of the pipes toward the interior (W/(m2·K))




	
Λb

	
thermal permeability of the layer behind the pipes toward the exterior (W/(m2·K))




	
θm 

	
average heating water temperature (°C)
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Figure 1. Application of active thermal protection as a thermal barrier to a new brick building (source: ISOMAX) [3]. 
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Figure 2. Application of active thermal protection as a thermal barrier on the exterior side for the application of heat from the unfrozen depth of the ground (source: ISOMAX) [3]. 
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Figure 3. Use of active thermal protection in the reinforced concrete core of the building envelope as a thermal barrier concreted directly in-site using EPS lost formwork (source: ISOMAX) [3]. 
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Figure 4. Mathematical–physical model for calculating the dynamic resistance, dynamic transmission heat loss coefficient, dynamic thermal insulation thickness, and mean heat transfer medium temperature in the ATP layer of the building envelope (variant 1). 
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Figure 5. Mathematical–physical model for calculating the dynamic resistance, dynamic transmission heat loss coefficient, dynamic thermal insulation thickness, and mean heat transfer medium temperature in the ATP layer of the building envelope (variant 2). 






Figure 5. Mathematical–physical model for calculating the dynamic resistance, dynamic transmission heat loss coefficient, dynamic thermal insulation thickness, and mean heat transfer medium temperature in the ATP layer of the building envelope (variant 2).



[image: Energies 16 04391 g005]







[image: Energies 16 04391 g006 550] 





Figure 6. Mathematical–physical model for calculating the dynamic resistance, dynamic transmission heat loss coefficient, dynamic thermal insulation thickness, and mean heat transfer medium temperature in the ATP layer of the building envelope (variant 3). 
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Figure 7. Mathematical–physical model for calculating static and dynamic thermal resistance and transmission heat loss coefficient. 
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Figure 8. Wall system with pipes in the insulation layer with thermal diffusion devices, type B (source: STN EN 1264-1), 1—wall structure, 2—insulation layer, 3—piping, 4—thermal diffusion device, 5—fixing supports, 6—thermal diffusion layer, 7—surface covering. 
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Figure 9. Building envelope fragment with a load-bearing part made of aerated concrete blocks with a thickness of 375 mm and thermal insulation on the outside with a thickness of 100 mm. θm—the temperature in construction (°C), e—exterior, and i—interior. 
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Figure 10. Graphical dependence of the dynamic thermal resistance on the thickness of the static/dynamic thermal insulation and the mean temperature of the heat transfer medium in the ATP pipes. 
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Figure 11. 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. 
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Figure 12. Temperature behavior in the envelope structure of the experimental house EB2020 with different temperatures of the heat transfer medium in the ATP. θm—the temperature in construction (°C), ATP—active thermal protection, e—exterior, i—interior, 1—interior plaster, 2—aerated concrete block, 3—layer with ATP (25–30 mm), 4—static thermal insulation, 5—exterior plaster. 
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Figure 13. Variant I—Fragment of a wall with integrated energy-active elements (mean temperature of the heat transfer medium θm = 25 °C). qi—radiant flux density towards the interior (W/m2), qe—radiant flux density towards the exterior (W/m2), θi—inside air temperature (°C), θe—outside air temperature (°C), θpi—interior surface temperature (°C), θpe—exterior surface temperature (°C), L—an axial distance of pipes (m), d—pipe diameter (m), Λa—thermal permeability of the layer in front of the pipes toward the interior (W/(m2 K)), Λb—thermal permeability of the layer behind the pipes toward the exterior (W/(m2 K)), Λd—thermal conductivity of the pipe material (W/(m2 K)), θd average temperature of the structure in the axis of the pipes (°C), θm—average heating water temperature (°C), hi—heat transfer coefficient toward the interior, he—heat transfer coefficient toward the exterior, a—thickness of the layer in front of the pipes (m), b—thickness of the layer behind the pipes (m). 
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Figure 14. Variant II—Fragment of a wall with integrated energy-active elements (mean temperature of the heat transfer medium θm = 30 °C). qi—radiant flux density towards the interior (W/m2), qe—radiant flux density towards the exterior (W/m2), θi—inside air temperature (°C), θe—outside air temperature (°C), θpi—interior surface temperature (°C), θpe—exterior surface temperature (°C), L—an axial distance of pipes (m), d—pipe diameter (m), Λa—thermal permeability of the layer in front of the pipes toward the interior (W/(m2 K)), Λb—thermal permeability of the layer behind the pipes toward the exterior (W/(m2 K)), Λd—thermal conductivity of the pipe material (W/(m2 K)), θd—the average temperature of the structure in the axis of the pipes (°C), θm—average heating water temperature (°C), hi—heat transfer coefficient toward the interior, he—heat transfer coefficient toward the exterior, a—thickness of the layer in front of the pipes (m), b—thickness of the layer behind the pipes (m). 






Figure 14. Variant II—Fragment of a wall with integrated energy-active elements (mean temperature of the heat transfer medium θm = 30 °C). qi—radiant flux density towards the interior (W/m2), qe—radiant flux density towards the exterior (W/m2), θi—inside air temperature (°C), θe—outside air temperature (°C), θpi—interior surface temperature (°C), θpe—exterior surface temperature (°C), L—an axial distance of pipes (m), d—pipe diameter (m), Λa—thermal permeability of the layer in front of the pipes toward the interior (W/(m2 K)), Λb—thermal permeability of the layer behind the pipes toward the exterior (W/(m2 K)), Λd—thermal conductivity of the pipe material (W/(m2 K)), θd—the average temperature of the structure in the axis of the pipes (°C), θm—average heating water temperature (°C), hi—heat transfer coefficient toward the interior, he—heat transfer coefficient toward the exterior, a—thickness of the layer in front of the pipes (m), b—thickness of the layer behind the pipes (m).
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Figure 15. Variant II—Fragment of a wall with integrated energy-active elements (mean temperature of the heat transfer medium θm = 35 °C). qi—radiant flux density towards the interior (W/m2), qe—radiant flux density towards the exterior (W/m2), θi—inside air temperature (°C), θe—outside air temperature (°C), θpi—interior surface temperature (°C), θpe—exterior surface temperature (°C), L—an axial distance of pipes (m), d—pipe diameter (m), Λa—thermal permeability of the layer in front of the pipes toward the interior (W/(m2 K)), Λb—thermal permeability of the layer behind the pipes toward the exterior (W/(m2 K)), Λd—thermal conductivity of the pipe material (W/(m2 K)), θd—the average temperature of the structure in the axis of the pipes (°C), θm—average heating water temperature (°C), hi—heat transfer coefficient toward the interior, he—heat transfer coefficient toward the exterior, a—thickness of the layer in front of the pipes (m), b—thickness of the layer behind the pipes (m). Note: The calculation was performed using an algorithm developed by us in Excel based on the calculation procedure described in Section 3.2.2. 
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Figure 16. Application of contact-heat-insulating panel with active regulation of heat transition carrier air [2]. 
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Figure 17. Application of contact-heat-insulating panel with active regulation of heat transition carrier air [2]. 
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Figure 18. Application of the contact insulation system by means of thermally active panels, with a combined function of ATP and register collecting solar energy or energy of the surrounding [2]. 
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Table 1. Pipe spacing coefficient aT for type B systems [45,46,47,48,49,50,51,52,53,54].
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	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
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Table 2. Correction factor if on contact for type B systems [45,46,47,48,49,50,51,52,53,54].
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	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 characteristic KWL value for type B systems (KWL = 0) [45,46,47,48,49,50,51,52,53,54].
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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
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Table 4. Coefficient bu versus pipe spacing L for type B systems [45,46,47,48,49,50,51,52,53,54].
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	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
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Table 5. Comparison of characteristic data of direct, semi-accumulation (TABS), and accumulation (ATP) radiant heating at a mean heat transfer medium temperature of 25 °C.
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Thermal Transmittance in Front of/above the Pipes towards the Interior ΛA (W·m−2·K−1)

	
Thermal Transmittance in Front of/above the Pipes towards the

Exterior ΛB (W·m−2·K−1)

	
Surface Temperature θP (°C)

	
Direct (Instantaneous) Heat Flux to the Interior qi (W/m2)

	
Direct (Instantaneous) Heat Flux to the Exterior qe (W/m2)

	
Total Direct (Instantaneous) Heat Flux qpriamy (W/m2)

	
The Heat Flux Accumulated in the Building Structure qakumulácia (W/m2)

	
Total Delivered Heat Flux qcelkové (W/m2)

	
Heat Storage Potential for Heating (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Direct (Instantaneous) Heat Flux (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Heat Flux Delivered (%)

	
Comparison of Direct (Instantaneous) Heat Flux to the Interior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior Compared to Losses to the Exterior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior to the Total Heat Flux Delivered (%)






	
Interior temperature θi (°C)

	
20

	
Classic large-area

radiant heating

	
7.98

	
0.14

	
22.75

	
27.47

	
4.83

	
32.29

	
0.00

	
32.29

	
0.00%

	
14.94%

	
14.94%

	
100.00%

	
0.00%

	
0.00%




	
Exterior temperature θe (°C)

	
−11




	
Mean temperature of the heat transfer medium θm (°C)

	
25




	
Heat transfer coefficient before/above pipes to interior hpi (W·m−2·K−1)

	
10

	
Thermally Activated Building Systems (TABS)

	
0.45

	
0.21

	
20.22

	
2.25

	
7.41

	
9.66

	
22.63

	
32.29

	
70.08%

	
76.73%

	
22.96%

	
8.19%

	
34.91%

	
8.02%




	
Heat transfer coefficient behind the pipes to the exterior

hpe (W·m−2·K−1)

	
7




	
Thermal conductivity coefficient TI

λ (W/(m·K))

	
0.037




	
Pipe spacing

L (mm)

	
150

	
Active thermal protection (ATP)

	
0.23

	
0.36

	
20.12

	
1.16

	
13.13

	
14.29

	
18.00

	
32.29

	
55.75%

	
91.92%

	
40.68%

	
4.21%

	
63.26%

	
25.73%




	
Pipe diameter (mm)

	
15




	
Thermal insulation thickness (TI)

(mm)

	
100
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Table 6. Comparison of characteristic data of direct, semi-accumulation (TABS), and accumulation (ATP) radiant heating at a mean heat transfer medium temperature of 30 °C.
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Thermal Transmittance in Front of/above the Pipes towards the Interior ΛA (W·m−2·K−1)

	
Thermal Transmittance in Front of/above the Pipes towards the

Exterior ΛB (W·m−2·K−1)

	
Surface Temperature θP (°C)

	
Direct (Instantaneous) Heat Flux to the Interior qi (W/m2)

	
Direct (Instantaneous) Heat Flux to the Exterior qe (W/m2)

	
Total Direct (Instantaneous) Heat Flux qpriamy (W/m2)

	
The Heat Flux Accumulated in the Building Structure qakumulácia (W/m2)

	
Total Delivered Heat Flux qcelkové (W/m2)

	
Heat Storage Potential for Heating (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Direct (Instantaneous) Heat Flux (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Heat Flux Delivered (%)

	
Comparison of Direct (Instantaneous) Heat Flux to the Interior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior Compared to Losses to the Exterior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior to the Total Heat Flux Delivered (%)






	
Interior temperature θi (°C)

	
20

	
Classic large-area

radiant heating

	
7.98

	
0.14

	
25.49

	
54.93

	
5.31

	
60.24

	
0.00

	
60.24

	
0.00%

	
8.81%

	
8.81%

	
100.00%

	
0.00%

	
0.00%




	
Exterior temperature θe (°C)

	
−11




	
Mean temperature of the heat transfer medium θm (°C)

	
30




	
Heat transfer coefficient before/above pipes to interior hpi (W·m−2·K−1)

	
10

	
Thermally Activated Building Systems (TABS)

	
0.45

	
0.21

	
20.45

	
4.50

	
8.44

	
12.94

	
47.30

	
60.24

	
78.52%

	
65.23%

	
14.01%

	
8.19%

	
37.11%

	
5.20%




	
Heat transfer coefficient behind the pipes to the exterior

hpe (W·m−2·K−1)

	
7




	
Thermal conductivity coefficient TI

λ (W/(m·K))

	
0.037




	
Pipe spacing

L (mm)

	
150

	
Active thermal protection (ATP)

	
0.23

	
0.36

	
20.23

	
2.31

	
14.96

	
17.27

	
42.97

	
60.24

	
71.33%

	
86.62%

	
24.83%

	
4.21%

	
64.52%

	
16.02%




	
Pipe diameter (mm)

	
15




	
Thermal insulation thickness (TI)

(mm)

	
100
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Table 7. Comparison of characteristic data of direct, semi-accumulation (TABS), and accumulation (ATP) radiant heating at a mean heat transfer medium temperature of 35 °C.
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Thermal Transmittance in Front of/above the Pipes towards the Interior ΛA (W·m−2·K−1)

	
Thermal Transmittance in Front of/above the Pipes towards the

Exterior ΛB (W·m−2·K−1)

	
Surface Temperature θP (°C)

	
Direct (Instantaneous) Heat Flux to the Interior qi (W/m2)

	
Direct (Instantaneous) Heat Flux to the Exterior qe (W/m2)

	
Total Direct (Instantaneous) Heat Flux qpriamy (W/m2)

	
The Heat Flux Accumulated in the Building Structure qakumulácia (W/m2)

	
Total Delivered Heat Flux qcelkové (W/m2)

	
Heat Storage Potential for Heating (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Direct (Instantaneous) Heat Flux (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Heat Flux Delivered (%)

	
Comparison of Direct (Instantaneous) Heat Flux to the Interior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior Compared to Losses to the Exterior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior to the Total Heat Flux Delivered (%)






	
Interior temperature θi (°C)

	
20

	
Classic large-area

radiant heating

	
7.98

	
0.14

	
28.24

	
82.40

	
5.79

	
88.19

	
0.00

	
88.19

	
0.00%

	
6.57%

	
6.57%

	
100.00%

	
0.00%

	
0.00%




	
Exterior temperature θe (°C)

	
−11




	
Mean temperature of the heat transfer medium θm (°C)

	
35




	
Heat transfer coefficient before/above pipes to interior hpi (W·m−2·K−1)

	
10

	
Thermally Activated Building Systems (TABS)

	
0.45

	
0.21

	
20.67

	
6.75

	
9.46

	
16.21

	
71.98

	
88.19

	
81.62%

	
58.38%

	
10.73%

	
8.19%

	
38.83%

	
4.17%




	
Heat transfer coefficient behind the pipes to the exterior

hpe (W·m−2·K−1)

	
7




	
Thermal conductivity coefficient TI

λ (W/(m·K))

	
0.037




	
Pipe spacing

L (mm)

	
150

	
Active thermal protection (ATP)

	
0.23

	
0.36

	
20.35

	
3.47

	
16.78

	
20.25

	
67.94

	
88.19

	
77.04%

	
82.88%

	
19.03%

	
4.21%

	
65.50%

	
12.46%




	
Pipe diameter (mm)

	
15




	
Thermal insulation thickness (TI)

(mm)

	
100
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Table 8. Characteristic data for direct-fired heating, semi-accumulation heating (TABS), and accumulation heating (ATP) for the static/load-bearing part of the brick building envelope.
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Thermal Transmittance in Front of/above the Pipes towards the Interior ΛA (W·m−2·K−1)

	
Thermal Transmittance in Front of/above the Pipes towards the

Exterior ΛB (W·m−2·K−1)

	
Surface Temperature θP (°C)

	
Direct (Instantaneous) Heat Flux to the Interior qi (W/m2)

	
Direct (Instantaneous) Heat Flux to the Exterior qe (W/m2)

	
Total Direct (Instantaneous) Heat Flux qpriamy (W/m2)

	
The Heat Flux Accumulated in the Building Structure qakumulácia (W/m2)

	
Total Delivered Heat Flux qcelkové (W/m2)

	
Heat Storage Potential for Heating (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Direct (Instantaneous) Heat Flux (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Heat Flux Delivered (%)

	
Comparison of Direct (Instantaneous) Heat Flux to the Interior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior Compared to Losses to the Exterior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior to the Total Heat Flux Delivered (%)






	
Interior temperature θi (°C)

	
20

	
Classic large-area

radiant heating

	
7.98

	
0.26

	
25.47

	
54.68

	
9.68

	
64.37

	
0.00

	
64.37

	
0.00%

	
15.04%

	
15.04%

	
100.00%

	
0.00%

	
0.00%




	
Exterior temperature θe (°C)

	
−11




	
Mean temperature of the heat transfer medium θm (°C)

	
30




	
Heat transfer coefficient before/above pipes to interior hpi (W·m−2·K−1)

	
10

	
Thermally Activated Building Systems (TABS)

	
2.30

	
0.29

	
22.03

	
20.34

	
11.71

	
32.05

	
32.32

	
64.37

	
50.21%

	
36.53%

	
18.19%

	
37.20%

	
17.30%

	
3.15%




	
Heat transfer coefficient behind the pipes to the exterior

hpe (W·m−2·K−1)

	
7




	
Thermal conductivity coefficient TI

λ (W/(m·K))

	
0.033




	
Pipe spacing

L (mm)

	
150

	
Active thermal protection (ATP)

	
1.30

	
0.33

	
21.22

	
12.17

	
13.15

	
25.32

	
39.05

	
64.37

	
60.67%

	
51.94%

	
20.43%

	
22.25%

	
26.37%

	
5.39%




	
Pipe diameter (mm)

	
15




	
Thermal insulation thickness (TI)

(mm)

	
100
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Table 9. Characteristic data for direct-fired heating, semi-accumulation heating (TABS), and accumulation heating (ATP) for the static/load-bearing part of the reinforced concrete masonry envelope.






Table 9. Characteristic data for direct-fired heating, semi-accumulation heating (TABS), and accumulation heating (ATP) for the static/load-bearing part of the reinforced concrete masonry envelope.





	

	
Thermal Transmittance in Front of/above the Pipes towards the Interior ΛA (W·m−2·K−1)

	
Thermal Transmittance in Front of/above the Pipes towards the

Exterior ΛB (W·m−2·K−1)

	
Surface Temperature θP (°C)

	
Direct (Instantaneous) Heat Flux to the Interior qi (W/m2)

	
Direct (Instantaneous) Heat Flux to the Exterior qe (W/m2)

	
Total Direct (Instantaneous) Heat Flux qpriamy (W/m2)

	
The Heat Flux Accumulated in the Building Structure qakumulácia (W/m2)

	
Total Delivered Heat Flux qcelkové (W/m2)

	
Heat Storage Potential for Heating (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Direct (Instantaneous) Heat Flux (%)

	
The Ratio of the Direct (Instantaneous) Heat Flux to the Exterior to the Total Heat Flux Delivered (%)

	
Comparison of Direct (Instantaneous) Heat Flux to the Interior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior Compared to Losses to the Exterior with Direct Large-Area Radiant Heating (%)

	
Increase in Direct (Instantaneous) Heat Flux Losses to the Exterior to the Total Heat Flux Delivered (%)






	
Interior temperature θi (°C)

	
20

	
Classic large-area

radiant heating

	
7.98

	
0.29

	
25.46

	
54.62

	
10.77

	
65.39

	
0.00

	
65.39

	
0.00%

	
16.47%

	
16.47%

	
100.00%

	
0.00%

	
0.00%




	
Exterior temperature θe (°C)

	
−11




	
Mean temperature of the heat transfer medium θm (°C)

	
30




	
Heat transfer coefficient before/above pipes to interior hpi (W·m−2·K−1)

	
10

	
Thermally Activated Building Systems (TABS)

	
4.23

	
0.31

	
23.38

	
33.80

	
12.17

	
45.97

	
19.42

	
65.39

	
29.70%

	
26.47%

	
18.61%

	
61.88%

	
11.47%

	
2.13%




	
Heat transfer coefficient behind the pipes to the exterior

hpe (W·m−2·K−1)

	
7




	
Thermal conductivity coefficient TI

λ (W/(m·K))

	
0.033




	
Pipe spacing

L (mm)

	
150

	
Active thermal protection (ATP)

	
2.69

	
0.33

	
22.32

	
23.17

	
12.92

	
36.09

	
29.30

	
65.39

	
44.81%

	
35.79%

	
19.75%

	
42.43%

	
16.62%

	
3.28%




	
Pipe diameter (mm)

	
15




	
Thermal insulation thickness (TI)

(mm)

	
100
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