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ABSTRACT.

Building structures with integrated energy-active elements (BSIEAE) present a progressive al-
ternative for building construction with multifunctional energy functions. The aim was to determine
the energy potential of a building envelope with integrated energy-active elements in the function
of direct-heating, semi-accumulation and accumulation of large-area radiant heating. The research
methodology consists in an analysis of building structures with energy-active elements, creation of
mathematical-physical models based on the simplified definition of heat and mass transfer in radiant
large-area heating, and a parametric study of the energy potential of individual variants of technical
solutions. The results indicate that the increase in heat loss due to the location of the tubes in the
structure closer to the exterior is negligible for Variant II, semi-accumulation heating, and Variant III,
accumulation heating, as compared to Variant I, direct heating, it is below 1% of the total delivered
heat flux. The direct heat flux to the heated room is 89.17 %, 73.36 %, and 58.46 % of the total heat
flux for Variant I, Variant IT and Variant III, respectively. For Variant II and Variant III, the heat
storage accounts for 14.84 %, and 29.86 % of the total heat flux, respectively. Variants IT and III appear
to be promising in terms of heat/cool accumulation with an assumption of lower energy demand (at
least 10 %) than for low inertia walls. We plan to extend these simplified parametric studies with
dynamic computer simulations to optimise the design and composition of the panels with integrated
energy-active elements.

KEYWORDS: Building Structures with Integrated Energy-Active Elements (BSIEAE), Active Thermal
Protection (ATP), Thermal Barrier (TB), Large-Scale Radiant Heating/Cooling (LSRHC), Heat/Cool
Accumulation (HCA), Absorption of Solar and Ambient Energy, Thermally Activated Building Structure
(TABS).

1. INTRODUCTION

Mass production of prefabricated panels and standardised building modules with integrated energy-active
elements represents a variant of building construction with advantages in the form of fast assembly of building
objects with combined building-energy systems without significant technological downtime, higher economic
efficiency, high potential for the use of renewable energy sources (RES) and waste heat. These facts inspire
and motivate us to research different variants of technical solutions of self-supporting panels with an internal
energy source, active thermal protection (ATP), which we have described in the utility model SK5729 Y1 [1],
thermal insulation panels for systems with active heat transfer control in utility model SK5725 Y1 [2], and in
the European patent EP 2 572 057 B1 “Heat insulating panel with active regulation of heat transition” [3].

Active thermal protection (ATP) is a dynamic process characteristic of building structures with integrated
energy-active elements characterised by one or more functions in different energy systems’ operation modes. The
energy functions of ATP are a thermal barrier, large-scale radiant low-temperature heating/high-temperature
cooling, heat/cold storage, solar and ambient energy capture, heat/cold recovery, heat recovery, etc. This study
aims to determine the energy potential of a building envelope with integrated energy-active elements in the
function of direct-fired, semi-accumulation (TABS system), and accumulation of large-area radiant heating.
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2. CURRENT SITUATION

Various designs of prefabricated panels and standardised building modules with integrated energy-active elements
are known. According to the energy function, building structures with active thermal protection (ATP) are
divided into:

e building structures with large-scale radiant low-temperature heating or high-temperature cooling (BSHC)
function, Figure ]

¢ building structures with thermally activated building structure (TABS) function, Figure [2]

FUNCTIONALITY
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create a variety of individual space or living solutions.
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FIGureE 1. Standardised SUNOMAXCUBE building module with integrated energy-active elements in the building
structures [4].

0000000

FI1GURE 2. Division of TABS according to the position of the heat transfer medium: In the upper part: the heat
transfer medium is air distributed through the cavities in the ceiling panel, in the middle: the heat transfer medium is
a liquid in a pipe — monolithic ceiling, in the lower part: the heat transfer medium is a liquid in a pipe — prefabricated
ceiling panel [5].
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e building structures with thermal barrier function (TB), Figure

e building structures with an absorber (BSA) built into the building structure on the outside of the building
envelope to capture solar or ambient energy in synergy with heat pumps, Figure [4]

¢ building structures with combined energy functions (BSCE), Figure

Figure [I] shows a standardised SUNOMAXCUBE building module with integrated energy-active elements
in the building structures [4]. One of the pre-installed energy systems is a large-area low-temperature radiant
floor heating [6].

Thermally activated building structures (TABS) can also implement large-scale, low-temperature heating
and high-temperature cooling. The term ’'thermally activated parts’ is used for structures in which the flow of
a heat transfer fluid heats or cools the entire structure, and consequently the surrounding spaces. They are also
called hybrid systems since building structures have started to be used as heat exchange surfaces. These systems
operate at a small temperature difference between the temperature of the heat transfer fluid and the surrounding
space, allowing them to use low-temperature energy sources. TABS are made up of structures characterised by
high density, and weight (walls, ceilings, columns...) and equipped with cavities for air circulation, pipes for
water circulation, or pipes embedded in the monolithic ceilings of multi-story buildings, Figure

FIGURE 3. Left and centre — ISOMAX thermal barrier (TB) perimeter panel made of lost-foam expanded polystyrene
formwork, on the right — panels comprehensively manufactured in the panel factory [7].

ISOMAX perimeter panels with an integrated thermal barrier (TB) consist of a lost-foam expanded
polystyrene formwork containing a steel reinforcing mesh with piping, Figure [3] Usually, their internal space
is filled with a cast-in-place concrete mix only after they have been placed on site. In the next stage, the
concrete must cure and reach the required strength (approx. 28 days). This construction technique is called
'wet construction’. This is only applied in new buildings. Alternatively, the production of these panels can
be carried out comprehensively in a prefabrication plant [7].
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INTERIOR || ] | EXTERIOR

[ 55

FIGURE 4. Single-pipe combined energy wall system with massive absorber [g].

One of the variants of building structures with absorber function embedded in the building structure on the
exterior side of the building envelope used to capture solar or ambient energy in synergy with heat pumps is
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EXTERIOR INTERIOR

FIGURE 5. Double-pipe combined energy wall system with massive absorber [§].

shown in Figure [} The composition of the wall structure is precisely defined. The first design solution used in
practice is a wall with a reinforced concrete massive absorber (MA) on the outside, in which a plastic pipe is
embedded [8]. The inner reinforced concrete core is separated from the massive absorber by a polyurethane
foam layer separating the two reinforced concrete slabs. It is a polyurethane core that is sheathed on both sides
with reinforced concrete. The single-walled combined energy wall system with a solid absorber is primarily
used to capture energy from the exterior for further use with a heat pump. In theory, this system should also
recover heat from the interior (without the use of a heat pump).

The two-tube combined energy wall system with a massive RIEDER absorber [8], Figure [5] is an improved
version of the single-tube system, shown in Figure [d] by adding the energy functions of low-temperature heating
and high-temperature cooling. The composition of the wall structure is well defined. The first design solution
used in practice is a wall with a reinforced concrete massive absorber (MA) on the outside, in which a plastic
pipe is embedded. The inner reinforced concrete core is separated from the MA by a layer of polyurethane foam
which separates the two reinforced concrete slabs. It is a polyurethane core that is sheathed on both sides with
reinforced concrete. In the inner reinforced concrete core, a plastic pipe is encased, which is used for heating and
cooling. This system is also still in the experimental verification stage. It is envisaged that the massive absorber
(MA) should capture heat from the exterior and serve as the primary circuit for the heat pump. The theoretical
assumption is that the system should not only collect heat from the exterior but also recuperate the heat that
spreads from the interior without the aid of the heat pump. The system will only be suitable for practical use if
it absorbs more energy than the electrical energy required to drive the heat pump and circulators. The internal
piping is used for the interior’s low-temperature heating and high-temperature cooling.

Many researchers from all over the world have been involved in the analysis of building structures with
integrated energy-active elements. We provide references to some of the main scientific studies in this area

of research [9H25].

3. METHODOLOGY

The aim of this paper is a parametric study of the energy potential of precast reinforced concrete building
envelope panels with integrated energy active elements in three energy functions, viz:

e direct heating; large-scale radiant low-temperature heating, VARIANT I,
e semi-accumulative (TABS system), VARIANT TII,
e accumulation; large area radiant low-temperature heating, VARIANT III.

Based on the analysis of building structures with energy-active elements, Section [2 we have developed
mathematical-physical models for selected variants of technical solutions of the panels based on a simplified
definition of heat and mass transfer in radiant large-area heating, Figure [fH8 The parametric study of the
energy potential of the different variants of the technical solutions is based on a simplified calculation according
to [26H28]. In building structures with ATP, heat transfer is combined by convection and radiation. The
heat exchange occurs on the inner and outer surfaces of the building structure. On the inside of the building
structure, the following occurs:

e airflow, as the air is warmer in the higher positions and colder in the lower positions,

o radiation because of the heat exchange of a given structure with all other room structures.
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FIGURE 6. VARIANT I: Mathematical-physical model of a wall with integrated energy-active elements in the function
of direct heating and cooling.

¢; — heat flow towards the interior [W m™2], g. — heat flow towards the exterior [W m™?2], §; — inside air temperature [°C],
6. — outside air temperature [°C], 6,; — interior surface temperature [°C], 6, — exterior surface temperature [°C],
L — an axial distance of pipes [m], d — pipe diameter [m], A, — thermal permeability of the layer in front of the
pipes towards the interior [W (m?K)™'], A, — thermal permeability of the layer behind the pipes towards the
exterior [W (m? K)™!], Ay — thermal conductivity of the pipe material [W (m? K)™'], 84 — the average temperature of
the structure in the axis of the pipes [°C], 6, — average heating water temperature [°C], h; — heat transfer coefficient
towards the interior, he — heat transfer coefficient towards 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 7. VARIANT II: Mathematical-physical model of a wall with an internal energy source located in the centre
of the load-bearing part of a reinforced concrete panel, semi-accumulation heating and cooling, TABS system.

¢; — heat flow towards the interior [W m™2], g. — heat flow towards the exterior [W m™?2], #; — inside air temperature [°C],
6. — outside air temperature [°C], 6,; — interior surface temperature [°C], 6, — exterior surface temperature [°C],
L — an axial distance of pipes [m], d — pipe diameter [m], A, — thermal permeability of the layer in front of the
pipes towards the interior [W (m?K)™'], A, — thermal permeability of the layer behind the pipes towards the
exterior [W (m? K)™!], Ay — thermal conductivity of the pipe material [W (m? K)™'], 84 — the average temperature of
the structure in the axis of the pipes [°C], 6., — average heating water temperature [°C], h; — heat transfer coefficient
towards the interior, he — heat transfer coefficient towards the exterior, a — thickness of the layer in front of the
pipes [m], b — thickness of the layer behind the pipes [m].

On the outside of the building structure, there is:

e airflow mostly along with the structure due to wind,

e diffuse sky radiation acting on the building’s surface, and the heat exchange between surrounding buildings
and terrain [29].
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FicUre 8. VARIANT III: Mathematical-physical model of a wall with integrated energy-active elements located
at the interface between the load-bearing part and the thermal insulation part of the reinforced concrete panel,
accumulation heating, and cooling system.

i — heat flow towards the interior [W m™ 2], g. — heat flow towards the exterior [Wm™2], §; — inside air temperature [°C],
0. — outside air temperature [°C], 6,; — interior surface temperature [°C], 6, — exterior surface temperature [°C],
L — an axial distance of pipes [m], d — pipe diameter [m], A, — thermal permeability of the layer in front of the
pipes towards the interior [W (m?K)™!], A, — thermal permeability of the layer behind the pipes towards the
exterior [W (m? K)™!], Ay — thermal conductivity of the pipe material [W (m? K)™'], 84 — the average temperature of
the structure in the axis of the pipes [°C], 0,, — average heating water temperature [°C], h; — heat transfer coefficient
towards the interior, h. — heat transfer coefficient towards the exterior, a — thickness of the layer in front of the
pipes [m], b — thickness of the layer behind the pipes [m)].

To calculate the heat flux ¢ [Wm™2] from ATP, we followed the procedure of [26H28]. The average
temperature of the structure in the axis of the pipes:

tanh (mZ
0 05 = (6, — 0 ), )
mz
where:
64  the average temperature of the structure in the axis of the pipes [°C],
0;  internal design temperature [°C],
0., average heating water temperature [°C],
L axial distance of pipes [m],
m  coefficient characterising the heating plate in terms of heat dissipation [m~!] [26-28].

Coeflicient characterising the heating plate in terms of heat dissipation:

2. (Aa + Ab)
7T2)\dd ’

m  coefficient characterising the heating plate in terms of heat dissipation [m~!],

A, thermal permeability of the layer in front of the pipes towards the interior [W (m? K)~!],
A,  thermal permeability of the layer behind the pipes towards the exterior [W (m? K) 1],
Ag  thermal conductivity of the material into which the tubes are inserted [W (mK)™1],

d pipe diameter [m] [26H28].

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

1
Ao= |t 3)
Yt
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Thermal permeability of the layer behind the pipes towards the exterior:

A, thermal permeability of the layer in front of the pipes towards the interior [W (m? K)~1],
Ay  thermal permeability of the layer behind the pipes towards the exterior [W (m? K)~!],
thickness of the layer in front of the pipes [m)],
thickness of the layer behind the pipes [m],

i heat transfer coefficient towards the interior [W (m? K)~1],

a
b
Aas Ap  thermal conductivity of the material of the respective layer [W (m.K)™!],
h
he  heat transfer coefficient towards the exterior [W (m? K)~1] [26-28].

The average surface temperature of the structure 6, [°C]:

>

:A—?-(Qd—ei):i'(em_ei)

hz % m=

Opi — 0;

Opi  the average surface temperature of the structure [°C],

04  the average temperature of the structure in the axis of the pipes [°C],

0;  internal design temperature [°C],

0., average heating water temperature [°C],

A, thermal permeability of the layer in front of the pipes towards the interior [W (m? K)~1],
A,  thermal permeability of the layer behind the pipes towards the exterior [W (m? K)~1],

h;  heat transfer coefficient towards the interior [W (m? K)~1],

L axial distance of pipes [m],

m  coefficient characterising the heating plate in terms of heat dissipation [m~!] [26H25].

Specific heat output (flow) from the structure towards the interior:
qi:Aa'(ed_ei):ap'(ep_ei)a (6)
and specific heat output (flow) from the structure towards the exterior:

h;
Qe:Ab'(gd_ei):Ab'r'(gpi_ei)+Ab'(9i_oe) (7)

a

where:

¢;  heat flux from the structure towards the interior [W m™2],

¢e  heat flux from the structure towards the exterior [Wm~2],

0p;  the average surface temperature of the structure [°C],

04  the average temperature of the structure in the axis of the pipes [°C],

0;  calculated internal room temperature [°C],

0.  calculated external temperature [°C],

A, thermal permeability of the layer in front of the pipes towards the interior [W (m? K)~1],
Ay thermal permeability of the layer behind the pipes towards the exterior [W (m? K)~!],

h;  heat transfer coefficient towards the interior [W (m? K)~!] [26-28].

4. RESULTS AND DISCUSSION

Based on the analysis of building structures with energy-active elements, Section [2] the developed mathematical-
physical models, and the simplified calculation procedure according to [26H28], Section [3, we have developed an
application calculator in Excel. We then calculated the following values for panel variants I, II, and III:

e 0, average design temperature in the pipe axis [°C],

e 0, average surface temperature of the structure in the interior [°C],
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e ¢; heat flux from the structure towards the interior [Wm~2],
e ¢. heat flux from the structure towards the exterior [W m~2].

The calculation was conducted for a heating season. Boundary conditions include the following: the thickness
of the reinforced concrete bearing part of the panel bpanet = 150mm; thickness of the thermal insulation
br; = 200mm; outer dimension of the ATP pipe d = 15mm; distance between pipes L = 0.150 m; heat
transfer coefficient hp towards the interior hp = 10 W (m? K)~! (according to EN 15377-1 [30] and STN 73
0540-2+71+472 [31]). According to [26H28], the average design temperature along the pipe’s axis and the
average surface temperature were calculated using simplified calculation relations that took into account the
identical wall mass temperature in front of and behind the pipe. Figure [9] and Table [I] show the outcomes
of the calculations for the heating period. The temperatures that were taken into account were the average
working medium temperature in the ATP pipe 6,,, = 30°C, the outside air temperature §, = —11°C, and
the internal air temperature §; = 20°C.

Reinforced

Thermal insulation
concrete panel

Interior 150 mm 200 mm Exterior

4
direct (instantaneous) heat
flux to the interior 89.17 %

qi

heat losses 10.83 %

direct (instantaneous) heat

accumui ated heat
flux to the interior 73.36 % I

potentiall 14.84 %
qi :

direct (instantaneous) heat
flux to the interior 58.46 %

Gi

FIGURE 9. Heat flux analysis of the investigated variants of mathematical-physical models of perimeter reinforced
concrete panels.

¢; — heat flow towards the interior [W m™2], g. — heat flow towards the exterior [W m™?2], §; — inside air temperature [°C],
0. — outside air temperature [°C], 0,; — interior surface temperature [°C], 6, — exterior surface temperature [°C].
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In the parametric study of the stationary state based on mathematical-physical models and the analysis of
the energy potential of the subject variants of panels with integrated energy-active elements, we considered heat
and mass transfer with theoretical simplifications. For the panel with direct-fired large-area radiant heating,
Variant I, we do not consider the accumulation of the delivered heat flux in the mass of the building structure.
Table [1| shows the partial results from the parametric study, where all 3 variants of the mathematical-physical
models of the panel design solutions are compared.

For thermal insulation in the thickness range of 50-100 mm, the heat flux to the interior ¢; [W m~2] increases
while the heat loss ¢. [W m™2] decreases rapidly. For thicknesses above 100 mm, the effect of adding more
insulation becomes relatively small. This is true regardless of the thickness of the concrete core, which has
almost no effect on the heat flux. Conversely, the effect of pipe spacing on the heating performance is evident;
despite the small effect on the heat flux to the interior, increasing the thickness of the concrete, and hence
the inertia of the wall, can reduce the energy demand for heating [32]. For a system with a pipe embedded in
a solid concrete core, the storage capacity, which is defined as a time constant, can range from roughly 2.5 to
over 8 hours [33]. N. Aste, A. Angelotti, and M. Buzzetti, for instance, claim that in Milan, Italy, high-inertia
walls can have an energy demand that is up to 10 % lower than low-inertia walls. S.A. Al-Sanea, M.F. Zedan,
and S.N. Al-Hussain computed a reduction in energy demand for increasing wall thickness and heating energy
savings of up to 35 % owing to thermal mass optimisation for the climate of Riyadh, Saudi Arabia [34]. In other
research [35H37], the significance of concrete thickness for the thermal dynamics of buildings is highlighted. This
importance must be taken into account when designing a new structure, a restoration, or a control system.

Based on the analysis of the energy potential of the various technical solutions for the envelope panels with
integrated energy-active elements, it can be said that the increase in heat losses caused by the tubes’ placement
in the structure being closer to the exterior for Variant II, semi-accumulation heating (TABS system), and
Variant III, accumulation heating, in comparison to Variant I, direct heating, is negligible, below 1% of the
total delivered heat flux, Table [I] and Figure [9}

Of the total supplied heat flux shown in Table [[]and Figure [0} the direct heat flux to the heated room is
89.17 % for direct heating, 73.36 % for semi-accumulation heating (TABS system), and 58.46 % for accumulation
heating for Variant III.

VARIANT T ignores heat accumulation in favour of the panel’s simplicity. According to Table [1] and
Figure |§|, Variant II represents 14.84 % and Variant III up to 29.86 % of the total supplied heat flux for the
panel design (TABS system).

5. CONCLUSIONS

Variants IT and IIT appear promising in heat/cool accumulation with an assumption of lower energy demand
(at least 10 %) than for low inertia walls. We plan to extend these simplified parametric studies with dynamic
computer simulations to optimise the design and composition of panels with integrated energy-active elements.

Research in building structures with integrated energy-active elements brings many inspirations, innovations,
and completely new sustainable technical solutions that point to a high potential for energy savings, increased
economic efficiency, and environmental friendliness. The predetermination of these building structures for the
application of renewable energy sources and waste heat represents an energy-secure and self-sufficient technical
solution as a fully-fledged alternative to energy systems dependent on fossil fuels.
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LIST OF SYMBOLS

ATP Active Thermal Protection

BSA Building structures with an absorber

BSCE Building structures with combined energy functions
BSIEAE Building structures with integrated energy-active elements
BSHC Building structures with large-scale radiant low-temperature heating or high-temperature cooling
EP European patent

HCA Heat/cool accumulation

LSRHC Large-scale radiant heating/cooling

MA Massive absorber

RES Renewable Energy Sources

TABS Thermally Activated Building Structure
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TB Thermal Barrier

TI Thermal insulation

Thickness of the layer in front of the pipes [m]
Thickness of the layer behind the pipes [m)]
Pipe diameter [m]

> o e

®

Heat transfer coefficient towards the exterior [W (m® K)™']
Heat transfer coefficient towards the interior [W (m? K)™?]

Axial distance of pipes [m]

B

Coefficient characterising the heating plate in terms of heat dissipation [m™!]
The heat flux [Wm™?

q; Heat flow towards the interior [Wm™2

ge Heat flow towards the exterior [Wm
04 The average temperature of the structure in the axis of the pipes [°C]

0. Outside air temperature [°C]

6; Inside air temperature [°C]

0 Average heating water temperature [°C]

0pi Interior surface temperature [°C]

Ope Exterior surface temperature [°C]

Ao Thermal permeability of the layer in front of the pipes towards the interior [W (m? K)™!]
Ay Thermal permeability of the layer behind the pipes towards the exterior [W (m? K)™!]
Ag Thermal conductivity of the pipe material [W (m?K)™)

Aa, Ap  Thermal conductivity of the material of the respective layer [W/(mK)]

A¢  Thermal conductivity of the material into which the tubes are inserted [W/(mK)]
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