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Abstract: The article analyzes the impact of different filling materials for a seasonal heat storage
stack that can be used to heat an innovative plus-energy house in Poland. The storage medium
is of the sensible heat type. Twelve filling materials and nine thermal insulation materials readily
available in the local market were analyzed. Seven variants comprising a combination of the stack’s
filling and thermal insulation materials were selected and then grouped into three classes: advanced,
medium, and simple technology. Using a mathematical model, energy analysis of the year-round
operation of the HVAC installation in the analyzed building was performed for each of the seven
variants. The conducted analyses revealed that for each combination of filling and thermal insulation
material, there is an optimal maximum temperature of the stack, at which the volume of the stack is
the smallest or its costs are the lowest. The obtained results were evaluated to determine the ideal
variant combination, and two solutions were recommended: clinker brick and fireplace wool, for
which the stack volume is 23 m® and the total cost is EUR 12,500; and concrete block and glass wool,
for which the stack volume is 27 m? and the total cost is EUR 1700.

Keywords: energy modelling; thermal stack; stack’s filling; thermal insulation

1. Introduction

Home heating currently accounts for 62.8% of Europe’s energy consumption [1]. To
reduce this consumption, ever-more houses are being made thermally insulated in order
to better utilize solar gains. Action is also being taken to use solar radiation in order to
produce hot domestic water in solar thermal collectors, as well as to produce electricity
in photovoltaic panels. However, the seasonal availability of solar energy is a problem
with regard to Europe’s climate: high availability in summer and low availability in winter
(when the heating needs of buildings are greatest). In order to store the energy accumulated
in summer, various seasonal energy storage systems are being built, including thermal
seasonal storages [2]. Thanks to this innovation, the energy accumulated during summer
can be used for heating in winter [3]. It is also possible to store the cold air in winter in
order to use it for cooling in summer [4].

Thermal storage systems of this kind require adequate thermal insulation. In the case
of a short-term storage period lasting a few hours or days, the commonly used thermal
insulation is of a small thickness. In order to achieve long-term heat storage, heat losses
must be very small. A lot of research and scientific investigation was carried out and is
still being carried out on the issue of selecting thermal insulation for seasonal thermal
storage. Villasmil W. et al. present a review of the technical possibilities of insulating low-
temperature seasonal domestic hot water tanks located on the ground floor or buried in the
ground under the building [5]. In the construction industry, low-temperature insulations
are commonly used, and extensive studies on the necessary factors for choosing a particular
type and/or thickness were analyzed in past studies [6,7]. For instance, Kumar D. et al.
examined the possibility of insulation in the form of pre-fabricated elements made of

Energies 2023, 16, 4568. https:/ /doi.org/10.3390/en16124568

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16124568
https://doi.org/10.3390/en16124568
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5975-9941
https://orcid.org/0000-0002-8208-8688
https://doi.org/10.3390/en16124568
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16124568?type=check_update&version=1

Energies 2023, 16, 4568

20f21

PV panels

lightweight concrete and used as a building fagade [8]. There was also prior research
streamlined to focus on the analysis of local climatic conditions or different locations of
buildings; locations considered included Turkey [9], Canada [10], US [11], and African
countries [12]. Moreover, ever-more sophisticated mathematical models are being built
for seasonal thermal storage analyses. Pazold M. et al. developed a computer model for a
high-temperature stone storage system using a building simulation tool and verified the
results experimentally [13].

The prevalent literature available on insulation for seasonal thermal storage subject
matter concentrates on low- and medium-temperature thermal storage systems. In the
case of high-temperature thermal storage applications, there are new additions, such as
aerogels [14], ceramic fibers [15], calcium aluminate [16], and previously known vacuum
panels [17,18], to the already known insulating materials.

Contemporary studies of seasonal thermal storages for buildings mainly focus on the
analysis of energy and cost savings. There is little-to-no extensive research analyzing the
size (or volume) and construction costs of the installation with regard to the used materials
and the value of the maximum operating temperature. Moreover, there is no such analysis
for the climatic conditions of Poland.

1.1. Idea of Plus-Energy Home in Poland

The authors, in their previous publication [19], presented the concept of an energy-
saving plus-energy house in Poland, which operated on the basis of the innovative concept
of the HVAC-Photovoltaic Powered Seasonal Thermal Storage (HVAC-PVPSTS) system (see
Figure 1a). The proposed single-family house was equipped with a set of 39 photovoltaic
panels (Figure 1b) that produced electricity. The electrical energy produced is used to
charge the seasonal thermal storage stack of the sensible heat-type filling, which gives
off the stored heat in winter for the purpose of heating the living space. The rest of the
electrical energy from the panels is used to compensate for other energy needs, such as
domestic hot water and air conditioning in summer, while the surplus is sold to the grid.
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Figure 1. Concept of an energy-saving plus-energy house in Poland: (a) Scheme of proposed
innovative HVAC-PVPSTS system, (b) cross-section of building.

According to energy simulations conducted on the basis of Typical Meteorological Year
data for Wroclaw, Poland, it turned out that the thermal stack mustbe atleast 1.6 x 1.6 x 0.3 m,
and should be heated up until the end of October to a maximum temperature of 600 °C (as
shown in Figure 2). In order to minimize the heat losses from the stack, it was necessary
to use thermal insulation made of mineral wool, which had a thickness of up to 100 cm.
This approach allowed the heat losses to be limited to a maximum of approximately 400 W.
The thermal stack (with its thermal insulation) had total dimensions of 3.6 x 3.6 x 2.3 m,
completely filling the space allocated for it on the ground floor of the house (see Figure 1b).
Thanks to this fact, nearly all of the heat losses from the stack remained inside the living space,
which, in turn, enabled the efficiency of the heat storage to be increased to almost 100%.



Energies 2023, 16, 4568

30f21

storage stack temperature, °C

700

600

500

400

300

200

100

seasons

initial temp. 436°C

Jan.

Feb.

space cooling

autumn temperature peak,

(max. 600°C) T~

v

final temp. 436°C

end of stack discharging ;
in spring summer lowering of the temperature

(min. 50°C)

autumn start

/of stack charging

Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Figure 2. Temperature chart of storage system throughout year.

The thermal stack is charged from the first day of October until it rises to a peak
of 600 °C; this strategy is necessary to ensure the storage of enough heat for the winter
season. By the end of October, the intensity of solar radiation begins to gradually decrease,
as autumn gradually fades into winter. Hence, the discharging period of the seasonal
thermal storage stack starts, as it releases heat to the home gradually from November to
May (see Figure 2). From May to September, the storage stack is maintained at minimum
temperature to allow for space cooling. This cycle is carried out to ensure continuous
energy supply from the storage stack to the considered building.

The purpose of this study is to consider whether the previously adopted assumptions
regarding the size of the storage stack and the materials that were used for its construction
(magnesite block), the materials that were used for the thermal insulation (mineral wool),
and the limiting of the heating temperature of the storage stack (up to 600 °C) are optimal.

The most similar published work to the considerations proposed by the authors was
carried out by Villasmil W. et al., in which the costs of thermal storage for water tanks
of various volumes and for selected insulation materials suitable for temperatures up to
100 °C were analyzed [5]. This study did not aim to select an appropriate tank for a specific
building; rather, the goal was to estimate the cost of any water tank in the volume range
from 10 to 1000 m3. In analysing the cost, the current prices for the thermal insulation
materials in Western European countries were assumed. The results of these tests cannot
be directly applied here, because of both the difference in the temperature range and the
marked difference between the costs of building materials in Western Europe (Switzerland)
and Poland.

In selecting thermal insulation materials for building facades [6,8,9,11,12,14], most
authors analyzed the weight of insulation per wall surface; neither the total volume nor
total cost of the considered insulation were analyzed. The thermal insulation options
considered in these publications are suited to even lower temperatures than those tolerated
by the water tank storage system. Therefore, it is not possible to make use of the results
due to the differences in the temperature range. Additionally, the methods of heat transfer
calculation employed in the above publications concern a flat surface, rather than a small
stack volume enveloped in a large volume of thermal insulation, which will be explained
later on in this article.

In the authors’ proposal, analysis will be carried out on high-temperature heat storage
materials and high-temperature thermal insultation adapted from them. The method of
calculating heat transfer will apply to thermal insulation of significant thickness, which
will highly influence the method of calculating heat losses.

1.2. Thermal Storage Optimization

The energy analyses implemented by the authors in their previous publication [19]
were carried out with many assumptions, including the maximum temperature of the bed
being 600 °C and the filling of the storage stack being high-temperature resistant magnesia
blocks. However, it is not certain whether the adopted assumptions allowed the authors
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to obtain optimal results. Assuming, for the purpose of the thermal comfort balance, that
the same amount of heat should be accumulated regardless of the adopted maximum
temperature and filling material, the two opposite variants presented in Figure 3 will be
considered. Increasing the maximum temperature of the thermal stack allows more heat
to be stored with the same amount or volume of used filling. However, the thermal stack
needs to be resistant to such high temperatures. As the maximum temperature of the
thermal stack increases, the necessary thickness of the thermal insulation also increases.
In this situation, for a certain amount of the required heat of the thermal stack, a higher
temperature of the thermal stack allows the size of the stack to be reduced, while the
thickness, and, thus, the volume of the thermal insulation, are increased (see Figure 3a).
At the same time, a higher temperature means that it is necessary to use more expensive
temperature-resistant materials. In turn, a lower thermal stack temperature means that
a smaller size of the storage stack, as well as a reduced thickness of thermal insulation,
is needed (see Figure 3b). Moreover, cheaper materials can be used, as they are more
easily available. In order to find the right solution, it was decided to review the available
thermal stack filling materials and thermal insulation materials that are available when
using modern construction technologies in Poland. By knowing which materials can be
used, an analysis of the size and cost of the materials of the thermal storage (with the
necessary heat capacity for the assumed maximum temperature, filling of the stack, and
the stack’s thermal insulation) will be conducted.

thermal thermal
stack filling insulation

high temperature, low temperature,
small amount of filling, large amount of filling,
large thickness of insulation, small thickness of insulation,
high-temperature resistant materials, low-temperature resistant materials,
(expensive, advanced) (cheaper, simple)

Figure 3. Two opposing thermal storage stacks with insulation: (a) high-temperature, (b) low-temperature.

2. Materials and Methods
2.1. Thermal Stack Filling Materials

In the modern construction industry, there are many building materials that can be
used as filling materials for thermal storage stacks. For the purpose of the study, a review
of readily available building materials that can be applied in storage stacks was carried out.
Building materials such as bricks/blocks have regular, rectangular shapes, which means
that they can be arranged in stable stacks. For this reason, the stack casing does not have
to have a high resistance to the lateral pressures of the filling. By leaving small gaps in
the stack between the bricks/blocks for air to flow, it is relatively easy to organize heat
exchange between the stack and the air. Bulk materials, such as gravel, crushed granite, or
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basalt pieces, require the use of gabion-type containers, into which they can be poured. The
poured stones leave 30-40% free space, which can then be used for air, i.e., a heat carrier.
The walls of the container must be resistant to the relatively high lateral pressures of the
stones. Detailed technical and economic data for each of the considered filling materials
are given in Table 1.

Table 1. Building materials considered for filling thermal stack.

Maximum Dimensions Arrasnta‘e:ll;ent Specific Volumetric
Kind Material Temp. m Dengsi ty ! Heat Cost 2
o . 3
C kg/m> kJ/kg-K Euro/m
Calcium silicate 500 26 x 12 x 6.5 1579 880 357
brick [20] ’
Bricks/blocks  Ceramic brick [21] 700 25 x 12 X 6.5 1562 880 249
Hollow ceramic
block [22] 700 37.3 x 25 x 23.8 751 880 115
Clinker brick [21] 900 24 x 11.5 x 7.1 2053 880 630
Chamotte half
thickness brick [23] 1800 23 x11.4 x 3.2 1750 920 3754
Chamotte brick [23] 1800 23 x 114 x 64 1808 920 2535
Magnesite 3
block [24] 1600 12 x 12 x 12 2600 940 6397
Concrete block [25] 400 38 x 24 x 12 2284 840 95
Special Heat-resistant 1350 ) 2950 4 860 2345
concretes concrete [26]
Gravel [27] 400 1.6-3.2 1700 960 27
Stones Granite crushed 800 3.1-6.3 1500 920 18
stone [27]
Basalt crushed 400 31-63 1600 1000 341
stone [27]

1 density of a material in which there were voids filled with air, 2 cost according to retail sale price in Poland for
March 2023. In case of a large number of items, price may have been up to 30% lower; 3 there may have been no
finished products, cost was estimated using the example of a selected storage heater; * related to the concrete

block’

s dimensions.

The following building materials were found to be applicable:

Calcium silicate bricks are a relatively new material [28]. They are made by mixing
quartz sand and quicklime with the addition of water. The bricks, after being formed
into specific dimensions, were heated to a temperature of 200 °C using steam for
several hours, which, in turn, accelerated the bonding of the lime with the sand.
Ceramic bricks are the most known historical building material [29]. They are made
from locally mined clays, which, after being mixed into a uniform mass, are formed
into blocks of specific sizes and then dried. Depending on the type of clay, they are
fired at temperatures of 850-1000 °C. Ceramic bricks are a durable material (lasting
hundreds or even thousands of years), as long as they do not soak up water and freeze.
Hollow ceramic blocks are a relatively new building material. They are much larger
than bricks, but have a slotted structure, thanks to which they provide some thermal
insulation. They are created in the same way as ceramic bricks. In the case of a thermal
stack, these channels can be used as additional heat exchange surfaces.

Clinker bricks are made in the same way as ceramic bricks, albeit using specially
selected types of clay and through firing at a temperature of 1000-1100 °C. Bricks of
this type are relatively resistant to water absorption, and for this reason, they are used
for the facades of buildings.

Clinker-perforated bricks are made in the same way as clinker bricks; however, they
contain empty channels inside, which allow for their mass to be reduced. In the case
of a thermal stack, these channels can be used as additional heat transfer surfaces.
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e  Chamotte bricks are made in the same way as ceramic bricks, albeit using selected
types of refractory clay and through firing at a temperature of 1100-1300 °C. Bricks of
this type are used for heat-resistant walls and vaults inside furnaces and boilers. They
can even work at temperatures of up to 1500 °C.

e  Chamotte half-thickness bricks are used for thin-walled heat-resistant linings in the
interiors of furnaces and boilers for operating temperatures of up to 1800 °C.

e  Magnesite blocks are not made of clay, instead being made of magnesium carbonate.
This make-up means that they have a high density (the highest of all ceramic materials).
At the same time, these products are very resistant to high temperatures, though they
are expensive. They are quite chemically resistant, which is why they are used in
industry as heat regenerators and high-temperature heat accumulators up to 650 °C.

e  Concrete blocks are much larger than bricks. They are a relatively cheap building
material [30] and are made by mixing aggregate, sand, cement, and water. After
hardening, they are quite resistant to water absorption, which is why they are used for
constructing underground building structures.

e  Heat-resistant concrete [31] is only a dry mass, which, after adding water, allows for
any shape to be cast in molds. There are no ready-made products produced from this
material. Its composition is similar to ordinary concrete, though there is an addition of
basalt and diabase, which, in turn, increases its fire resistance. Depending on the type
of additive, concretes of this type are resistant to temperatures of up to 1000-1350 °C.

e  Gravel is made of small round-shaped stones extracted from the beds of rivers. As
they contain various types of rocks, including easily disintegrating ones, they cannot
be heated to temperatures of above 400 °C. They cannot be stacked, and can only be
poured into a container (filling about 60% of its volume). This structure enables air to
flow through the free space.

e  Granite crushed stone is widely used in the construction industry to harden soils
under buildings and roads; it is also used as a component of concrete mixes. Granite is
a stone that is resistant to temperatures of up to 800 °C, though after many heating
cycles, it may crack. Crushed stone is polygonal in shape, cannot be stacked, and can
only be poured into a container (filling about 65% of its volume). These features enable
air to flow through the free space.

e  Basalt crushed stone is used in the construction industry as a stone that does not
absorb water. It is a stone that is resistant to temperatures of up to 400 °C, though after
many heating cycles, it may crack. It is a stone melted in furnaces and then crushed
into pieces. Basalt crushed stone has a shape close to rectangular, though pieces are
often of different sizes. For this reason, it cannot be stacked, and can only be poured
into a container (filling approximately 65% of its volume). This make-up enables air to
flow through the free space.

In the case of bricks and blocks, it was assumed that for the purpose of air flow and
heat exchange in the storage stack, it is necessary to maintain a certain distance between the
individual elements of the filling. In the case of bricks, the necessary distance is 1 cm, while
in the case of chamotte half-brick, it is 0.5 cm. For magnetite block and concrete block, the
required distance is 2 cm, while for hollow block, it is 1 cm. These statistics are shown in
Figure 4. This distance is an important parameter for determining the stack filling density
(presented in Table 1).
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Figure 4. Schemes of how to fill a thermal stack.

2.2. Thermal Insulation Materials

Thermal insulation were divided into categories depending on their temperature

ranges. The categories are as follows [32]:

Low-temperature thermal insulation (usually cryogenic up to 15 °C),
Intermediate-temperature thermal insulation (ranges from 16 to 300 °C),
High-temperature thermal insulation (from 300 °C and above).

In the next part of the article, only high-temperature materials will be considered.
Good thermal insulation is generally characterized by low thermal conductivity. This

value is often indicated by A, W/m.K. Insulation is produced in different forms depend-
ing on the required application. These forms, amongst others, include the following
options [33]:

Foams (these could be either rigid or sprayed foams);

Rigid boards;

Sheets/mats/blankets (batts and rolls);

Pre-formed shapes;

Cements;

Reflective insulation (typically aluminum foil covered surfaces);
Loose-fill insulation (such as perlite granules).

Insulative materials are also divided into three types depending on their internal

structure. They can be fibrous, cellular, or granular (loose-fill). Selected high-temperature
thermal insulation materials are further discussed in the paragraphs below.

Perlite is created as a result of heating rock pellets between temperatures of 800 and
1200 °C until they pop and produce small-sized, almost weightless pellets. Perlite is
mainly composed of silica and aluminum, though it also contains some impurities.
The thermal conductivity of perlite is about 0.076 W/m K, falling to 0.057 W/m.K
for expanded perlite, and its average density is about 120 kg/m3. Perlite is generally
not advisable for use in applications with high probability of moisture permeability
as perlite easily absorbs moisture; however, it is a favorable choice for filling small
compact spaces and awkwardly-shaped areas, because of its loose-fill form. Perlite is
usually classified as non-combustible. It is subject to dusting during installation; thus,
appropriate caution should be taken [34,35].

Mineral wool is a general term that often refers to three kinds of insulation material [35-37]:

- Slag wool, which is made from blast furnace slag often sourced from steel mills;

- Glass wool, which is fiber glass made from molten glass comprising 20-75%
recycled glass. Its thermal conductivity is about 0.035 W/m.K, with a density
ranging from 10 to 80 kg/m?. It is non-combustible and absorbs sound;

- Rock mineral wool, which is usually obtained through either heating molten basalt
or diabase to temperatures as high as 1600 °C, or spinning molten rock in a candy
floss-like spinning machine. Its thermal conductivity is about 0.033 W/m.K, and
it has a working temperature of between —200 and 900 °C. It is non-combustible.
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Mineral wool usually comes in blanket or loose-fill forms. It absorbs moisture, but can

be tempered with mineral oil to reduce its moisture-permeability.

Aerogel is a super insulating material with high porosity, very low density, and high
thermal insulation efficiency. It is created by replacing the liquid component of gel
with gas, which is what makes it a good thermal insulator as gases are poor conductors.
However, they are also poor radiative insulators because infrared radiation passes
through them. Aerogels can be made from different compounds and can be organic
or inorganic. The most popular forms of aerogels are silica aerogels, which come
in blanket, powder, loose-fill, or monolithic form. The blankets have low thermal
conductivity of about 0.015 W/m-K [37,38].

Fiber glass is usually manufactured in several forms, including the following: mat/blanket
(batts and rolls), rigid boards, and loose-fill form; therefore, its range of application is
wide. It is produced through spinning molten glass (a large percentage is generated
via recycling) into fibers. Due to the presence of glass particles in this material, it could
be harmful when in contact with the human skin or eyes, or if ingested. It is moisture-
permeable but fire-resistant. Its thermal conductivity also varies with respect to density in
the case of batts or boards. Fiber glass is usually very affordable [37,39,40].

Ceramic or refractory ceramic fibers are composed of equal proportions of alumina
and silica. They are often referred to in modern terms as high-temperature insulation
wool. Ceramic fibers come in two types: ceramic oxide fibers and ceramic non-oxide
fibers. The latter fibers have the disadvantage of being resistant to oxidation. They
are non-flammable, have low density, and possess high temperature capacity for
continuous use up to 1260 °C. They generally come in blanket forms, although they
can also be produced as pre-cast shapes depending on the desired application [32].
Polycrystalline wool is a kind of ceramic oxide fiber consisting of above 63% Al,O3
and 37% SiO,, with a continuous temperature rating of about 1650 °C and density
ranging from 96 to 160 kg/m?3 [41].

Calcium silicate is a moisture-permeable insulation material that mainly contains
hydrous calcium silicate. It is non-flammable. It has a thermal conductivity of about
0.054 W/mK and a density of 240 kg/m?3. The maximum temperature recommended
for continuous use is around 1000 °C [32,36].

For the purpose of further analyses, selected insulation materials are listed in Table 2.

Table 2. Materials considered for thermal insulation of thermal stack.

Maximum COT:‘;::;:)H Volumetric
Kind Material Temperature T Cost 2
°oC Coefficient Furo/m?
W/m.K
Mineral wool 600 0.036 783
Boards Fireplace wool 600 0.038 543
Calcium silicate 1000 0.1 1295
Aerogel 400 400 0.019 8957
Mats Aerogel 650 650 0.018 17,296
Glass wool 400 0.035 56
Rock wool 640 0.039 208
Ceramic fibre 1260 0.06 850
Granules Perlite 650 0.076 80

Lata temperature of 200 °C, 2 cost according to retail sale price in Poland in March 2023. In case of purchasing a
large number of items, price may be up to 30% lower than average retail sale price.

2.3. Thermal Stack Variants

For the purpose of the study, the authors considered 12 possible thermal stack filling

materials (Table 1) and 9 thermal insulation materials (Table 2), which, in total, gives as
many as 12 x 9 = 108 possible thermal stack construction variants. It was assumed that
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this figure represents an excessive number of combinations, and, in practice, it is more
reasonable to propose just seven versions, which are marked with the letters A to G. These
versions were arranged so that variants A, B, and C are the most technologically advanced
variants (in terms of used materials). Variants D and E use medium range technology,
while variants F and G are the simplest versions because they are made of the most readily
available and cheapest materials. The matrix of the considered variants A-G is shown in
Figure 5 and described in Table 3.

Mineral wool board
Fireplace wool board
Aerogel 400 mat
Aerogel 650 mat

Glass wool mat
Rock wool mat

Ceramic brick D medium technology

Clinker brick E advanced technology
- P

Chamotte brick C B

Magnesite block A -

Concrete block a

basic technolo_qy/
Granite crushed stone G

Figure 5. Matrix of considered variants A-G with a marked choice of material for stack’s filling and
thermal insulation.

Table 3. Considered versions of cooperating pairs of materials for thermal stack.

11s Thermal Temperature
. Stack Filling .
Technology Version . Insulation Range
Material . o

Material C

A Magnesite Aerogel 650 mat 650

Advanced B Chamotte brick ~ Aerogel 400 mat 400

Chamotte brick Mineral wool 600
board

Medium D Ceramic brick Fireplace wool 600
board

E Clinker brick ~ !replace wool 600
board

Basic F Concrete block Glass wool mat 400

G Granite grains Rock wool mat 400

The materials marked in Figure 5 with gray text color were withdrawn from further
tests after the first attempts at calculations; these materials are as follows:

e  building materials with excessively low densities, for which the necessary volume of
the thermal stack filling would have to be extremely large,

e insulation materials with high thermal conductivity coefficients, for which the neces-
sary volume of the thermal insulation would also have to be very large.

These materials were not considered in further analyses.
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2.4. Heat Loses from the Stack

Each type of storage stack requires the use of thermal insulation in order to avoid
losing stored heat. Stacks with a high temperature and a long period of heat storage
require exceptionally thick insulation—both of these criteria are met by the stack that
was considered in the case of a low-energy house with a seasonal storage stack. Typical
applications of thermal insulation usually concern situations where the thickness of the
insulation is much smaller than the dimensions of the insulated device. Calculations of heat
flow are. thus, relatively simple, as they refer to flat or curved surfaces. In the analyzed
case, it is necessary that heat losses forming the stack do not exceed 500 W (theoretically,
higher heat loss values could be accepted, though in autumn—when the stack has the
highest temperature—such high values would require the use of air conditioning, even at
low ambient temperatures). For this reason, the used thermal insulation should be quite
thick. In such cases, as shown in Figure 6, the outer surface of the stack’s insulation A,
exceeds the outer surface of the stack’s filling A; several times.

Ae >> AI d Ae
// _________ % _/7; he
BEEl S // | Aa
d S
i [
| ; j|\\\ Ai
| ’ )
| |
| W stack filing
A thermal insulation

Figure 6. Scheme of calculating heat losses from stack through insulation.

In the literature, we find fundamental calculations of heat transfer for large, flat, and
boundary-less surfaces that are utilized in arbitrarily calculating thick layers of thermal
insulation. There are also widely known formulae for calculating heat transfer in insulated
pipes and spheres. However, considering this case with thick layers of insulation, the
situation is similar to the case of the insulated sphere, although the geometry here is of
a rectangular shape where we have A, >> A; In regard to the calculation of heat transfer
for cylindrical or spherical surfaces, the convection coefficient, which influences the rate
of convection, is increased on the external side and decreased on the internal side. This
increment or reduction is performed in proportion to the ratio of the areas considered.

For such defined conditions of heat transfer, the following formula was used:

1
Q= TR R A AT, 1)
%Z'h . A % o
where:
Q—heat loss, W;
A,—external area of thermal insulation, m?2;

A;—internal area of thermal insulation (external area of storage stack), m?;
A;—average area of thermal insulation, mZ;

d—thickness of thermal insulation, the same in each direction, m;

A—heat conduction coefficient, W/mK;

h,—external convective heat transfer coefficient, W/m?2K;

hi—internal convective heat transfer coefficient, W/m?K;
AT—temperature difference between external and internal air, °C.
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In Figure 5, the average heat exchange surface is marked with a dashed line. When
the area A, is close to A;, which is most often the case in technical issues, the average area
A, can be calculated as the arithmetic mean:

Ag = )

In the case where the area A, is much larger than A;, the average area A, should be
calculated as the arithmetic mean:

Ag = /A A, ®)

The value of the heat conduction coefficient strongly depends on temperature. Usually,
in the temperature range from 20 to 600 °C, it increases twice. In such a case, the inner
layers of the stack’s insulation would have a higher value for this coefficient, whereas the
outer layers would have a lower value. In order to use one value in the calculations, it was
proposed that a weighted average that is proportional to the layer area would be calculated:

_ Achet Ak

A= , 4
Ae+Ai ()

where:

Ae—heat conduction coefficient for the temperature of an external layer, W/mK;
Ai—heat conduction coefficient for the temperature of an internal layer, W/mK.

In comparison to the heat transfer calculation for cylindrical or spherical surfaces, the
thermal conductivity coefficient on the side with the larger area i.e., the external side, is
increased, while that on the smaller internal area is reduced. This increment or reduction is
performed in proportion to ratio of the areas given consideration.

In order to simplify the calculations, it was assumed that the structure of the insulation
is uniform in the entire volume (especially at the bottom). The real construction of the
thermal stack should take into account the strength of the thermal insulation material
pressed under the weight of the stack’s filling material. Typically, the compressive strength
of thermal insulation materials is low, and the construction would require a steel support
frame to support the stack filling. Analyses of this kind would exceed the possibilities
of a single publication, which is why the authors adopted the assumptions involved in
simplifying the considerations.

2.5. Mathematical Modelling of the System

In the previous publication [19], the authors described the construction and operation
of a mathematical model that was used to assess the energy processes that occur in the
analyzed single-family house. This model takes into account the following aspects: heat
flow through the walls, windows, doors, floor and roof of the building; solar radiation
gains through the windows; and ventilation with the use of a heat recovery unit. The
installation was powered using a set of 39 photovoltaic panels located on the roof of the
building. For the needs of the current analyses, the section for changing the thermal stack’s
parameters was expanded in the model (see Figure 7, indicated in pink), in turn giving
the possibility of introducing different thermal stack sizes, as well as the use of different
materials for the stack’s filling and thermal insulation. These analyses were carried out,
using the trial and error method, within the temperature ranges in which the materials can
be used as stack filling or thermal insulation.
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Figure 7. Calculation algorithm scheme: preliminary and precise energy balance calculations with
correction loops.

By selecting any combination of variant and temperature of the stack, it is necessary
that heat losses from the stack fall between 400 and 500 W. The lower limit of 400 W is
necessary to avoid having to use excessive amounts of insulation. The higher limit, i.e.,
500 W, is necessary to avoid overheating the living space. The thermal stack ought to have
residual energy load up to 15 May, ensuring constant heating potential throughout the
heating season (from 15 September to 15 May). If the energy load of the stack is too high by
15 May, repeated calculations are made to reduce the dimensions of the stack filling, while
if it is too low, the dimensions of the stack filling should be increased.

3. Results

Using the mathematical model of energy balancing for the entirety of the analyzed
building, a series of calculations was made for all seven considered variants of the thermal
storage construction. For each variant, the calculations were carried out for several values
of the maximum temperature of the stack’s filling—usually with a step of 100 °C. For
some variants, the calculations were carried out for lower temperatures, because the used
stack’s filling or thermal insulation materials were not resistant to such high tempera-
tures. To clarify, temperatures that are not recommended are marked with a dashed line
(see Figures 8B and 10F). The graphs were compiled in pairs for each of the variants. The
left graph shows the volume of the thermal stack (total volume in black), the volume of
the stack’s filling (in red), and the volume of the stack’s insulation (in yellow). In addition,
the upper part of the graph above 30 m® was hatched diagonally, because this section
represents the maximum volume of the room that is intended to be filled with the thermal
storage. The right graph shows the costs of the thermal storage material (in the same color
scheme). We note that all graphs of the thermal storage’s volume have the same scale on
the vertical axis of 0-40 m® (only graph G has a scale of 0-50 m?). In turn, the cost graphs
have individual scales that vary greatly. For example, the scale for variant A is 0-400,000
EUR, while for variant F, it is only 0-2000 EUR. Different scales were chosen in order to
facilitate the finding of the point of the minimum costs.

Figure 8 shows the results of the analyses for variants A, B, and C (advanced technol-
ogy). It can be seen that with an increase in the maximum allowable working temperature
of the stack, the volume of its filling decreases, while the amount of thermal insulation
increases. For each of the considered variants A, B, and C, the cost of the stack filling is
always lower than the cost of the thermal insulation. It is usually several times lower, and
it is only in the case of variant C (chamotte + mineral wool) that the costs are similar, but
this fact is only true for the maximum temperature of 300 °C.
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Figure 8. Calculation results for variants A, B, C (advanced technology): (A) version A, (B) version B,
(C) version C.

For variant B, the analyses carried out for the cases of above 400 °C are only theoretical,
because the aerogel that was used as the thermal insulation should not work at such
high temperatures.

For each of the considered variants, the minimum volume of the stack can be indicated.
It is different for the different temperatures for each of the variants:

e for variant A, the minimum volume of the thermal storage is equal to 11.9 m? for a
temperature of 520 °C;

e for variant B, the minimum volume of the thermal storage is equal to 10.9 m? for a
temperature of 400 °C;

e for variant C, the minimum volume of the thermal storage is equal to 27 m? for a
temperature of 390 °C.

For each of the considered variants, the minimum cost of the storage stack can be
indicated. It is different for the different temperatures for each of the variants:

e  for variant A, the minimum cost is EUR 190,000 for a temperature of 520 °C;
e for variant B, the minimum cost is EUR 70,000 for a temperature of 400 °C;
e for variant C, the minimum cost is EUR 24,000 for a temperature of 500 °C.

In variants A and B, the optimal temperature required for the volume and cost of the
storage stack is the same, whereas for variant C (chamotte and mineral wool), the optimal
temperatures differ by as much as 110 °C.
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The comparison between variants A and B shows that it would make more sense to
use variant B, because it has a slightly smaller volume, while at the same time, it has much
lower costs (2.7 times lower).

Figure 9 shows the results of the analyses for variants D and E (medium technology).
In this case, it is visible that the volume of the stack’s filling decreases, whereas the amount
of thermal insulation increases with the increase in the maximum allowable working
temperature of the stack. For each of the considered variants D and E, the cost of the stack’s
filling is always lower than the cost of the thermal insulation.
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Figure 9. Calculation results for variants D, E (medium technology): (D) version D, (E) version E.

For each of the considered variants, the minimum volume of the storage stack can be
indicated. This value is different for the different temperatures for each of the variants:

e for variant D, the minimum volume of the thermal storage is equal to 29.8 m? for the
temperature of 350 °C;

e for variant E, the minimum volume of the thermal storage is equal to 23 m? for the
temperature of 540 °C.

For each of the considered variants, the minimum cost of the storage stack can be
indicated. This value is different for the different temperatures for each of the variants:

e for variant D, the minimum cost is equal to EUR 14,500 for the temperature of 300 °C;
e for variant E, the minimum cost is equal to EUR 12,500 for the temperature of 550 °C.

In both variants, the optimal temperature required for the volume and the cost of the
storage stack is the same; it is only different for variant D (by 50 °C).

Figure 10 shows the results of the analyses for variants D and E (simple technology).
In this case, it is clear that the volume of the stack’s filling decreases, whereas the amount
of thermal insulation increases with an increase in the maximum allowable working tem-
perature of the storage stack. For each of the considered variants F and G, the cost of the
stack’s filling is always lower than the cost of the thermal insulation. For variant F, the
analyses carried out in the cases above 400 °C are only theoretical, because the glasswool
used as thermal insulation should not work at such high temperatures.
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Figure 10. Calculation results for versions F, G (simple technology): (F) version F, (G) version G.

For each of the considered variants, the minimum volume of the storage stack can be
indicated. This value is different for the different temperatures for each of the variants:

e for variant F, the minimum volume of the thermal storage is equal to 27 m?> for the
temperature of 400 °C;

e for variant G, the minimum volume of the thermal storage is equal to 32 m? for the
temperature of 400 °C.

For each of the considered variants, the minimum cost of the storage stack can be
indicated. This value is different for the different temperatures for each of the variants:

e for variant F, the minimum cost is EUR 1700 for the temperature of 400 °C;
e for variant G, the minimum cost is EUR 1500 for the temperature of 400 °C.

In both variants, the optimal temperature required for the volume and the cost of the
storage stack is the same.

4. Discussion

Table 4 presents the thermal stack’s parameters for all the considered variants A-G for
their optimal maximum operating temperature. It can be seen that the amount of exported
energy is the same for all the variants, amounting to about 10.77-10.95 MWh during the
whole year. This amount of energy could result in a gain of 2180 EUR/year. The constant
value of this energy results from the constant amount of thermal energy that is required
to heat the living space, which is independent of the materials that were used to build
the stack.

The results presented in the form of a table were also converted to graphical form, as
shown in Figure 11. When comparing the results, the group of variants A—C (advanced)
was considered to be unreasonably expensive. Among variants D and E (medium), variant
E (clinker brick and fireplace wool), with a volume of 23 m? and a cost of EUR 12,500,
was considered to be worth recommending. Among variants F and G (simple), variant
F (concrete block and glass wool), with a volume of 27 m? and a cost of EUR 1700, was
considered to be worth recommending. To clarify these points, the recommended variants
E and F are marked in pink in Figure 11. Figure 12 shows a cross-sectional view of the house
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for each variant of the stack’s insulation dimensions. As can be seen, even the smallest
stack (variant B) does not significantly increase the usable living space.

Table 4. Parameters of thermal stack for selected optimal maximum operating temperature in case of
all considered variants.

Insulation Total Optimal Stack Cost Energy
Technology  Variants Thickness, Volume, Temperature, Euro ”  Produced,
m m? °C MWh
Advanced A 0.45 11.9 520 190,000 10.95
B 0.3 10.9 400 70,000 10.81
C 0.7 27 390 24,000 10.92
Medium D 0.75 29.8 300 14,500 10.91
E 0.8 23 540 12,500 10.88
Basic F 0.6 27 400 1700 10.77
G 0.6 32 400 1500 10.91
stack’s volume, m3 insulation thickness, m stack’s cost, k EUR max. temperature, °C electric energy export, MWh
0 10 20 30 0 02 04 06 08 O 20 40 60 80 190 0 200 400 600 0 5 10
g -
§ B
8 ¢
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Figure 11. Bar chart presentation of thermal stack’s parameters for all considered variants at

optimal temperature.

Figure 12. Cross-sectional view of house for each variants of stack’s insulation: (A) version A,
(B) version B, (C) version C, (D) version D, (E) version E, (F) version F, (G) version G.
4.1. Technological Comments

According to the calculation results, the following comments can be made:

1.  Filling materials with densities lower than 1500 kg/m? are not recommended for
such high-temperature seasonal thermal storage applications to avoid creating ex-
cessively large dimensions for the stack. Insulation materials with coefficients of
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thermal conductivity higher than 0.05 W/m-K would also result in unnecessarily
large insulation thickness.

2. For each of the considered variants, the cost of the stack’s filling is always lower than
the cost of the thermal insulation. It is usually several times lower, and it is only in
variant C (chamotte and mineral wool) that the costs of the materials are similar (with
the maximum temperature being limited to 300 °C).

3. Inthe advanced variants A (magnesite and aerogel 650) and B (chamotte and aerogel
400), the volume of the thermal stack is 11.9 m? and 10.9 m?3, respectively, which is
much smaller than the size of the room for which it is intended (30 m?3). For the C-G
variants, the volume of the thermal stack is slightly smaller than the volume of the
room. For variant G only (granite pieces and rockwool), this volume is 31 m®—thus,
it slightly exceeds the size of the room.

4. All of the variants differ greatly in terms of the thermal stack’s cost. The most expensive
are the advanced variants, because the cost of variant A (magnesite and aerogel 650)
is equal to EUR 190,000 for a maximum temperature of 520 °C, and its value probably
exceeds the cost of building a single-family house. Variant B (chamotte and aerogel
400) costs EUR 70,000 for a maximum temperature of 400 °C, which makes it 1.7 times
cheaper than variant A. The two cheapest variants are F (concrete block and glasswool),
with a cost of EUR 1720, and G (granite pieces and rock wool), with a cost of EUR
1500—Dboth variants function for a maximum temperature of 400 °C.

5. The advanced variants were considered to be unreasonably expensive. Among the
medium technology variants, variant E (clinker brick and fireplace wool), with a
volume of 23 m3 and a cost of EUR 12,500, was considered to be worth recommending.
In turn, among the simple technology variants, variant F (concrete block and glass
wool), with a volume of 27 m® and a cost of EUR 1700, was considered to be worth
recommending.

4.2. Comparative Analyses

To correctly evaluate the significant value of the selected variants E and E, they can be
compared to a water heat storage system, shown seen in Table 5.

Table 5. Selected features of variants E and F, compared to alternative heat storage in water tanks.

Volume of
Total Temperature
. Heat Storage Cost
Technology Variants . Volume, Range,
Material 3 Euro o
3 m C
m

Clinker bricks E 9 23 12,500 50-540
Concrete blocks F 5 27 1700 50-400
Water tank [42] 27 30 29,400 30-100

In the case of the considered building, storage of about 8T] of heat per annum is
required to ensure and maintain the thermal comfort of the occupants. Variant E (filled
with clinker bricks) and variant F (filled with concrete blocks) were previously assessed for
the production of this amount of heat. However, to load the same amount of heat, which
is stored in water tanks with a 27 m® volume of water, when operating between 30 and
100 °C, it would be necessary to have the same or even a slightly larger volume reservoir,
i.e., about 30 m3, as indicated in Table 6.

Comparing the costs of heat storage in water tanks and the two variants of heat storage
selected, the cost of a typical water tank system is about 2.3 times more expensive than
variant E and, staggeringly, about 17 times more expensive in the case of variant F.
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Table 6. Selected features of energy storage technologies.
Useful Temp. Mass Volumetric Efficiency Lifetime
Storage Storage X % of Cost (Years
. Difference Energy Stored  Energy Stored Hazard
Technology Medium €0 (J/kg) (M]/m®) Storage (USD/KJ)) or
& (%) Cycles)
Water 0-100 335.2 335.2 0.0052
. Granite 450 978 0.000038 80 cycl.
Sensible Concrete 200 210 504 0.00022
Magnesite 600 690 2070 0.00014
bricks
Lead-acid 180 360 80 0.024 8 years fire
Electric LiFePO4 393 360 0.096 fire
battery ** NiMH 277 650 0.21 fire
Li-ion - 720 800 95 0.092 40 years fire

* useful temperature difference or melting temperature (°C). ** related to 100 Ah, 12 V battery.

The cost-friendliness of variants E and F also make a huge difference in compari-
son to electric battery storage (see Table 6), which costs almost 1000 times as much as
concrete filling in the case of NiMH batteries, or about 400 times as much in the case of
Li-ion batteries.

According to the selected part of proposed HVAC-PVPSTS system, the cost of building
of the house increases, as presented in Table 7. The base cost of storage stack recommended
by the authors increases the cost of building the house by only about 2-11%, according to
the technology employed. Implementing the complete HVAC-PVPSTS system would only
increase the cost of building a typical home in Poland by about 20%, which is reasonable and
even attractive in comparison to other heat storage technologies. In Poland, the materials
considered are readily available and accessible in the local market.

Table 7. Selected costs of analyzed plus-energy house.

Invest House Cost Incerease
Part Cost o,
EUR ?
House building 110,000 -
PV panels set 7600 7
Heat storage stack E variant 12,500 11
Heat storage stack F variant 1700 1.5

5. Conclusions

The article considers multiple variants of the thermal storage construction, which can
be used to meet the needs of a plus-energy single-family house powered using a set of PV
panels that cover the entire roof. Using the mathematical model, which describes the energy
processes occurring in the building and in HVAC installation, seven sets of materials for
the construction of the thermal storage were analyzed. These sets are technologies divided
into the following categories: three advanced, two medium, and two basic technologies.
For each variant, calculations were made that assumed several values of the maximum
level of the maximum temperature of the stack (according to the thermal resistance of these
materials). The following key findings can be drawn:

1.  As the maximum allowable working temperature of the storage stack increases, the
amount of the stack’s filling material decreases, with the amount of thermal insulation
material also increasing.

2. The higher the density of the thermal filling material, the smaller the required thermal
stack volume. Low-density materials, such as ceramic brick or ceramic hollow block,
should not be used because the thermal stack would have to have a huge volume.

3. For each of the considered variants, the minimum volume of the storage stack can be
indicated. It occurs at a different temperature for each of the variants. The minimum
cost of the stack’s materials can also be indicated, which also occurs at a different
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temperature for each of the variants. In most of the variants, the optimal temperature
with regards to the volume and the cost of the stack is usually the same.

4. There is a huge range (>100) of costs between the considered variants of the construc-
tion of the same storage stack.

5. Seasonal thermal storage based on a sensible heat storage stack filled with building
materials is currently not popular in thermal storage technologies in comparison to
heat storage in water tanks. The analysis revealed that a high-temperature storage
stack filled with clinker bricks or concrete blocks may have a smaller volume than a
comparable water storage tank with the same amount of stored heat.

6.  The costs of heat storage in a stack filled with the materials proposed by the authors
is considerably cheaper than the cost of heat storage in the much more popularized
water tank systems. In the case of a thermal storage stack filled with clinker bricks, it
is about 2.3 times cheaper and, more significantly, 17 times cheaper in the case of a
thermal storage stack filled with concrete blocks.

7. The basic cost of the storage stack recommended by the authors would increase the
building cost of the house by only about 2-11%, according to the technology used.
Applying the complete HVAC-PVPSTS system would increase the cost of building
the house by about 20%, which is not a problematic figure.

8.  Seasonal thermal storage based on sensible heat filled with building materials offers
some advantages, such as non-toxicity, non-flammability, corrosion resistance, and
being the most environmentally and human health-friendly material. Additionally,
sensible heat materials are readily available and accessible in the local market.
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