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Abstract

This study presents a comparative analysis of the effects of lightweight aggregate concrete (LWAC) and
foamed concrete (FC), with dry densities of 500, 750 and 1000 kg/m?, on the thermal performance of a
typical multi-family (residential) building. Typical two-layer walls consisting of an essential layer
(LWAC or FC), with an insulating layer of foamed polystyrene were evaluated. To ensure fixed U values
for all variants tested, the thicknesses of the support layers were adjusted accordingly, in such a way
that in each variant the load-bearing layer had the same value of the thermal resistance, thus ensuring
the same thermal transmittance value for the entire wall. Calculations were made for four different
climate zones, making it possible to determine the impact of each variant used, in different climatic
conditions. For a hot climate, the data for Cairo (Egypt) was used. A moderate, warm climate was
represented by Vienna (Austria), a moderate cold climate by Kotobrzeg (Poland) and a cold climate by
Tromsoe (Norway). Significant correlations between the type/density of concrete and climate zones
were established. The study shows that, despite comparable densities and thermal conductivity values
between LWAC and FC, their specific heat and thus dynamic thermal properties are different. Study
provides valuable guidelines and knowledge on choice between proper lightweight concrete type
depending on the climate zone. Meaningful conclusions were drawn, showing that the pursue for
developing the material with “the lowest” thermal conductivity itself is not the key factor to develop a
residential building with satisfactory thermal comfort.
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1. Introduction

Concrete is the most popular building material used in engineering structures. Compared to other
building materials, normal-weight concrete has a wide range of superior properties, such as good
mechanical properties, low sorptivity and high durability. In terms of material properties, the thermal
performance of concrete is not good enough to use it solely as a building envelope. To reduce its thermal
conductivity, other insulation materials needs to be taken into consideration when designing concrete
elements. To satisfy the European Energy Efficiency Directive for climate neutrality of building stock
by the year 2050, work is actively being carried out to improve the thermal insulation of building
envelopes, along with attempts to decrease the total energy used for heating [1]. Such challenges are of
high importance, as in a traditional building heat loss system, 70% of the loss is due to the enveloping
structure [2]. This problem is not only significant in countries with cold climates, but also in those
located in warm climate zones, where a substantial amount of energy is used for cooling [3-6]. There is,
therefore, a strong interest in developing modern building materials to tackle these environmental

challenges.

One type of construction material known for its favorable thermal properties is lightweight concrete
(LWC), which has a dry density in the range of 800-2000 kg/m?, according to EN 206-1. The concrete
below this range is considered to be a nonstructural material and is called ultra-lightweight (ULWC) or
infra-lightweight concrete [7]. Lightweight concrete can be classified into two main categories: namely,
lightweight aggregate concrete (LWAC) and foamed concrete (FC). The former is produced by
incorporating lightweight aggregates in a mixture while the latter is a cellular concrete containing large
numbers of pores produced by foaming agents. Although, the production technology of modern LWC
is well-known for more than a century, this technology has experienced a significant boom in the last
two decades. This is attributed to the development of inter alia: high-strength artificial aggregates, new
admixtures and additives, advanced measuring techniques as well as substantial improvement of the
production methods (e.g. high-shear mixers). These enable to produce advanced lightweight
cementitious composites with remarkably improved durability and mechanical properties which allow,

despite extremely low density, to use them for structural applications.
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The use of such materials in the construction of engineering structures has manifold benefits: the use of
LWC in multi-story buildings can decrease the dead weight of a building, as well as providing significant
cost saving related to work time. It has beneficial effects on improving seismic structural response,
provides longer spans, improves fire and acoustic resistance, as well as lowering reinforcement ratios
and foundation materials [8]. When used in prefabricated elements, it decreases transportation costs.
Since it exhibits significantly lower thermal conductivity than normal-weight concrete, it can play a
substantial role in decreasing the energy consumption required for heating and cooling [8]. Pan et al. [9]
have reported that the incorporation of lightweight concrete blocks as partition walls, leads to a decrease
in the direct cost of an apartment by about 8.2 % - 13.9 %, as compared to one built with conventional
partitions. Furthermore, additional factors, such as transportation costs, enlarged net room area or project
duration, are of significance. Kurpinska et al. [10] have performed a comparative study on the production
of the prefabricated elements of ordinary and lightweight concrete walls in residential construction,
showing that the incorporation of LWAC during the production process can increase the initial costs of
a construction process, but on the other hand its use leads to a decrease in construction time and transport
costs. Muda et al. [11] have reported that the use of fiber-reinforced structural LWAC in high-rise
residential buildings, as compared to the use of conventional concrete and sand-cement brick and clay
brick walls, results in energy savings between 3.2% and 14.8%, across various climatic regions.
Moreover, such material can be used without additional insulation in hot-humid tropical and temperate
Mediterranean climates. Liu et al. [12] have reported that a properly designed foamed concrete mixture
composition noticeably increases the energy savings in a building. The evaluation of a typical, large
office building model has shown that in both cold and warm climates in parts of the USA, the use of FC

can reduce cooling energy consumption, as all as saving cooling water usage [12].

It is widely agreed that concrete density has a major influence on the thermal conductivity of LWC. In
contrast, a higher volume of pores within it results in deterioration of mechanical performance and the
durability of related properties. Therefore, there is significant interest in research related to the
production of LWC with satisfactory density, mechanical and thermal properties [2], [6], [8], [13], [14].

Among the thermal properties, thermal conductivity is not the only representative property that can



classify a material as being suitable for insulation. Thermal capacity and thermal mass should also be

taken into account when designing a building envelope.

The potential of using ULWC in building envelopes and its performance in relation to LWC has been
extensively evaluated by Roberz et al. [15]. The authors have reported that, despite the relatively low
density of ULWC (ca. 800 kg/mq), an extremely high thickness would be necessary to apply solely this
material in envelope construction in colder climates (Amsterdam, the Netherlands). Robati et al. [16]
have evaluated the effects of ULWC used in floor designs, on the energy performance of a typical office
building in Australian conditions. The research has revealed that structures with a higher thermal mass,
could moderate fluctuations between inside and outside air temperatures. In other words, buildings with
a higher concrete mass (thermal mass) stored more heat, which then reduced the peak indoor air
temperatures. Moreover, it was found that slab structures produced with ULWC resulted in indoor
temperatures that were more sensitive to fluctuations in external air temperatures. Thus, such buildings
required more energy to achieve the desired indoor temperature range, as compared to elements built
from conventional concrete. Similarly, Kumar et al. [10] have reported that lightweight thermal mass
materials have poor dynamic characters (time lag and decrement factor), which should be considered
when designing residential buildings. Besides, lightweight construction materials have higher embodied

energy than conventional materials.

As such, there is still no agreement between researchers as to whether LWC and ULWC are suitable
materials for use in the production of building envelopes. Moreover, more study is required to
understand which type of LWC, i.e. lightweight aggregate concrete or foamed concrete, is more
favorable for this purpose. For instance, while LWAC is more expensive than FC due to the cost of
lightweight aggregates, its compressive strength-to-density ratio is much higher than that of FC. In
addition, LWAC is more durable than FC, though its production requires much more energy than the
production of FC. Finally, both materials can be recycled easily, thus making them much more

sustainable than conventional concrete.

Based on the above-mentioned studies, it can be concluded that whilst there is a certain amount of

knowledge regarding the role of foamed concrete and LWCs, the literature is limited to only one type
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of concrete density or only to selected densities. The novelty of the manuscript is that it presents for the
first time a comparative study on thermal performances of lightweight and ultra-lightweight building
envelopes produced with LWAC and FC with the same density levels. All concrete mixtures were
developed by the authors, and the simulations are based on the experimental data. For this purpose,
LWAC and FC mixtures, with initial dry densities of 500, 750, and 1000 kg/m?®, were produced and
evaluated. The concretes used in this study covered the range of both ultra-lightweight concretes (500
and 750 kg/m® and lightweight concretes (1000 kg/m®). We also presented the impact of the
construction material used and its thickness on thermal comfort factors such as Predicted Mean Vote
(PMV) and the number of hours with exceeded comfort temperature. Study provides guidelines and
knowledge on choice between proper lightweight concrete type (lightweight aggregate concrete or foam
concrete) depending on the climate zone. Through comprehensive research plan a valuable data for
researchers and engineers is given to develop building envelopes with the most optimized thermal

performances.

2. Materials and methods

2.1. LWAC and FC properties

Two types of concretes, with three density classes, were prepared to perform an evaluation of energy
efficiency. Lightweight aggregate concrete (LWAC), with theoretical densities of 500, 750 and 1000
kg/m3, as well as foamed concrete with theoretical densities of 500, 750, and 1000 kg/m3, were
developed and tested. The mixture design, production process and comprehensive evaluations of the
concretes used in this study are available in our previous work [17]. For a better understanding of the
differences between the pore structure of the used materials, micro-computed tomography (micro-CT)
3D images of the concretes were used, with the results presented in Figure 1. In the LWAC specimens,
most of the porosity came directly from the lightweight aggregate used (grey color), while in the case
of FC, the pores are in the matrix, since aggregates were not used. It can be seen that the number of

pores in the specimen increased significantly with decreasing concrete density.
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Figure 1. Pore structures of the LWAC (left and middle column) and FC specimens (right column), at
different densities (Note: in each specimen, the left column show the inside the lightweight aggregates
(grey), while the middle and right column show the pores within the matrix (grey).

The measured dry densities and basic thermal properties of all the variants tested, are presented in Table
1. The thermal characteristics of the LWCs were determined using the Hot Disk transient plane source
method, according to 1SO 22007-2 [18]. Prior to testing, cubic specimens with an edge length of 100
mm were oven-dried and cooled to room temperature at zero humidity conditions. Five measurements

in each case were performed to increase accuracy, with the mean values taken as representative.



Table 1. The dry densities and thermal properties of the concretes tested [17].

_ Dr)_/ Therma! V(_)Iyme Specific heat '_I'her(ngl
Material density  conductivity  specific heat Jlkg K diffusivity

kg/m? W/mK 10% J/m’K 10 m?/s
FC500 505 0.14 0.3386 670.50 0.413
FC750 785 0.24 0.5626 716.69 0.427
FC1000 930 0.31 0.9140 982.80 0.339
LWAC500 500 0.14 0.4531 906.20 0.309
LWAC750 695 0.22 0.7300 1050.36 0.301
LWAC1000 940 0.33 1.1400 1212.77 0.289

2.2. Methods

The energy performance calculations were made based on a typical, five-story multi-family building
model. The external walls were assumed to be two-layer walls, consisting of an essential layer made
from the lightweight concretes produced and a 10 cm, foamed polystyrene insulating layer; one of the
most commonly used insulating materials in Europe [19]. Both surfaces of the external wall were
finished with conventional cement-based plaster rendering. The building analyzed is presented in Figure
1 (a). Due to a large number of envisaged variants, the repeatable parts of the building (without the
ground floor or the last floor) were used for the calculations, thus making it possible to omit the impact
of heat transfer to the ground and through the roof. This allowed an emphasis on differences between

variants related to heat transfer through the external walls (Figure 2(b)) and to focus solely on the

materials used in this study.

Figure 2. The multi-family building analyzed (a) and the model adopted for simulation (b).



For all variants, the simulations were done on external walls of the same thermal transmittance, U, equal
to 0.20 W/(m?K); which is the standard in Poland and in many other countries in Europe [20]. The

parameters of the outer wall are presented in Table 2.

Table 2. Outer wall layer parameters.

Layer Thermal Thermal

No Layer thickness  conductivity  resistance

m W/mK (M2K)/W
- Internal air - - 0.130
1 Internal plaster 0.005 0.800 0.006

2 Tested lightweight concretes Table 3

3 Foamed polystyrene 0.100 0.033 3.030
4 External plaster 0.004 1.200 0.003
- External air - - 0.040

To ensure that all the variants tested had the same U values, the thicknesses of the support layers were
adjusted accordingly, in such a way that in each variant the loadbearing layer had the same value of the
thermal resistance, thus ensuring the same thermal transmittance value for the entire wall. The necessary
thicknesses of the concrete layers are shown in Table 3, with the influence of a given material and its
thickness on the thermal performance of the whole building, determined according to the data obtained.
The theoretical thicknesses were calculated on the basis of the thermal conductivity of individual
materials and the necessary thermal resistance, which enables to obtain thermal transmittance at the
level of 0.2 W/(m?K) of the entire wall. It can be clearly seen that a significant reduction in wall thickness

could be achieved by decreasing concrete density.

Table 3. The required thickness and thermal resistance of the external wall layer.

Theoretically Design

h Thermal
_ required thermal transmittance
Material thickness resistance
2
" (MPK)W W/(m?*K)
FC500 0.251
FC750 0.430
FC1000 0.555 1.790 0.20

LWAC500 0.251
LWACT750 0.394
LWAC1000 0.591




The calculations were undertaken at four different locations. This allowed the determination of the
impact of each variant used, in different climatic conditions. For a hot climate, the data for Cairo (Egypt,
Taverage=21.7°C, Tmax=43.0°C and Tmin=7.0°C) was used. A moderate, warm climate was represented by
Vienna (Austria, Taverage=10.4°C, Tma= 32.4°C and Tmin= -10.9°C), a moderate cold climate by
Kotobrzeg (Poland, Taverage=8.6°C, Tmax= 29.7°C and Tmin= -9.8°C) and a cold climate by Tromsoe
(Norway, Taverage=2.1°C, Tma= 22.0°C and Tmin= -14.2°C). The average external air temperatures in the

test locations are presented in Figure 3.

35
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Tromsoe, Norway

Figure 3. The average external temperatures in the test locations.

The building thermal performance analysis was done using WUFI Plus software, which makes it
possible to analyze a whole building as a model that connects energetic building simulation and
hygrothermal component calculation. Transient heat and moisture transports were calculated
simultaneously at arbitrary time steps, during an arbitrary simulation period. The calculation was
performed using the finite volumes method. Validation studies of this software have been presented,

among others, in [21], [22].

The parts of the building analyzed were the three middle floors, each with an internal useable area of
100 m2 The simulation was performed for the full calendar year. The internal walls and floors above
and below the analyzed part of the building were assumed to be adiabatic boundaries, due to the
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proximity of a story with a similar internal temperature. All the inner walls were assumed to be24 cm

thick with a cement-lime plaster finish.

The windows in the model, with a total area 1/8 of the total internal useable area, were modeled as triple
glazed windows with a thermal transmittance U = 0.90 W/(m?K). The model did not take into account
any sunshade or solar control systems. 40% of the window surface area was located on the southern
building face, while on other faces the window area was 20 % each. The ceilings were taken to be

monolithic reinforced concrete with a layer of sound insulation made of foamed polystyrene.

The simulations were performed in two variants: with a cooling system and without it. The assumed
minimum internal temperature was equal to 20°C and the maximum temperature, in the variant with
cooling, was 24°C. The analysis included mechanical ventilation, providing air exchange at three
different rates: 0.5, 1.0 and 1.5 1/h. Additional infiltration through leaks in the building envelope was
set to a constant, equal to 0.1 1/h for all variants. Internal heat gains were constant and the same in all
variants and locations. No ventilation heat recovery was taken into account. Overall, 144 variants were

simulated: 6 external wall types, 4 locations, 3 ventilation rates and two cooling system variants.

3. Results

3.1. Dynamic thermal characteristics

Before performing the main thermal performance simulations, the dynamic thermal characteristics of
the variants of the external wall were calculated, according to the EN ISO 13786 [23] standard. The
calculations were done for a 24-hour fluctuating temperature period. The heat transfer matrix for the six

tested wall variants was calculated according to the following equation (Eq.1):

- 2

del  Z21 Z22] lg;

where:
Zmn— calculated matrix elements based on periodic heat penetration depth,

6,, and §,, — average values of temperature and heat flow.
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The dynamic thermal characteristics were calculated on the basis of the transfer matrix.
Figure 4 presents the internal thermal admittances, Y11, and the internal areal heat capacities, K1, of each
variant. The admittance and heat capacity values increased with increases in the wall layer thickness.
Despite comparable thermal conductivity values for FC and LWAC in the corresponding density groups,
noticeable differences in the specific heat and thermal diffusivity values were observed. This is
attributable to the mixture composition and thermal characteristics of their constituents (aggregate
particles in the case of LWAC) as well as pore structure and dry density. Variants FC1000 and
LWAC1000 were characterized by significantly higher thermal conductivity values. Consequently,
solutions based on these materials should allow better use of thermal energy accumulated in the building
wall components. Due to higher LWAC volume-specific heat values, slightly higher values for both

thermal admittance and heat capacity were achieved in the case of LWAC.

40 60.0
44,65 350 [ 4818 500
3.5 325 '
36.06 37.96 400 —
— 30 2
= - 276 3
% 2667 262 28.85 300 £
=25 =
=
= 2.07 200
o 1.90
2.0 10.0
15 0.0
FC500 FC750 FC1000 LWAC500 LWAC750 LWAC1000

O Internal thermal admittance Y11 @ Internal areal heat capacity K1

Figure 4. The internal thermal admittance, Y11, and internal areal heat capacity, Ki, values of the
external wall variants tested.

Figure 5 presents the periodic thermal transmittances, Y11, of each variant, calculated for 24-hour
temperature fluctuations. Variants based on less dense wall materials were characterized by higher, more
unfavorable thermal transmittance values. However, it should be noted that very low values were
obtained for all the variants. The higher LWAC volume heat capacity values caused a significant

reduction in periodic thermal transmittance, compared to FC with the same density.
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Figure 5. The periodic thermal transmittance values, Y11, of the external wall variants tested.

The thermal transmittance values, which affected the decrement factors obtained, are shown in Figure
6, where it can be clearly seen that the lowest values were achieved for variants with the thickest wall
layers; FC1000 and LWAC1000. It should be noted that higher time shifts were obtained for the lightest

wall variants based on materials with the lowest thermal conductivity (FC500 and LWAC500).
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Figure 6. The decrement factor f and the time shift between temperature amplitudes values, 4z, of the

external wall variants, tested.
In addition, a difference between FC and LWAC can also be distinguished: due to LWACSs higher
volume-specific heat values, of a reduction in the decrement factor values, in comparison to the

corresponding FCs variants, can be seen.
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3.2. Heating and cooling demand

In Figure 7, exemplary heating demand graphs for the whole year are presented. To improve the
readability of this manuscript, it was decided to show values for only one type of wall, i.e. based on
LWAC500, with two ventilation level values of 0.5 and 1.5 changes per hour. There were visible
differences in heating demand in each location, as well as an increase in heating demand with an increase

in the air exchange rate.
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Figure 7. The exemplary heating demand diagram for variants based on LWAC500 in different

locations and with different levels of ventilation.

The heating demand, Qw ng, for all the variants with a cooling system is shown in Figure 8. The charts
on the left show the absolute values for a full year of building use. The graphs on the right show the
relative results, in relation to the six variants based on walls with a material density of 1000 kg/m?®
(LWAC1000 and FC1000). Efforts were made to keep the same scale on the vertical axis so that variants
in different locations could be compared. All the other figures presented in this publication were

prepared similarly.

The highest differences were observed in moderate climates (Kotobrzeg and Vienna). The differences
in heating demand between the lightest and heaviest variants were between 12% and 14%, respectively.
These differences occurred at ventilation levels of 0.5 and 1.0 1/h. With higher air exchange rates, the
influence of accumulation and the thickness of the wall layer was lower — 1% and 3%, respectively. The

very high differences in the relative results for Cairo (Figure 8a) were a result of comparing very small
13



heating demand values at this location. These differences are insignificant due to virtually no heating
demand or only a very small one. In the case of the cold climate, the differences were also large, ranging
from 10% to 12% according to the ventilation rate (0.5 and 1.0 1/h). In all the locations, a slight
advantage in the LWAC-based solutions was visible. In the LWAC walls, higher changes in the relative

results of heating demand were observed, in comparison to the FC variants.

(a) Cairo, Egypt

200 298.0
150 . 2480
% 100 g 198.0
= =
Z 50 11480
- =] 100%
I —_— —m ———
o N _ ] 98.0
p=500kg/m3  p=750kg/m3  p=1000kg/m3 =S00kgim3 0 =750 kgim3 0 = 1000 ke/m3
DLWAC/051/h  ®EC/0.5 1/,'1 OLWAC /1.0 1/i @iwac /b5 in mrcs o i WAC /1.0 1
@FrC/1.01/h OLWAC/1.51/h BFC/1.51/k @FC/1.0 17k OLWAC /1.5 1/h IFCIi 51/
(b) Vienna, Austria
200 118.0
= 150 113.0
£ -
= 100 S 1080
— =
% . =
—_— = 1030 100%
,__55‘ =
0 ~ 080 T
p =500 kg/im3 p =750 kg/m3 p =1000 kg/m3 = 500 kg/m3 =750 ]"{f’“ 3 = 2000 kg/m3
BLWAC/0.51/h  BFC/0.51/h OLWAC/ 1.0 1/h mrwac/dsin mEC /08 U AC /1.0 1k
@FC/1.01/h DLWAC/1.51/h BFC/1.51/h @FC/1.01/h OLWAC /1.5 1/h -p(,n 51/
(c) Kotobrzeg, Poland
200 118.0
= 150 113.0
£ =
= 100 % 108.0
= g
= =
< 50 = 103.0 100%
=0 500 kg/m3 50 kg/m3 1000 kg/m3 980
-5 7 -
P R p= i S (5) 500 kg/m3 =750 kg/m3 = 1000 kg/m3
ELWAC/0.51/i BEC/0.51/h DLWAC /1.0 1k miwac/ s in cmec /o5 v WAC/ 1.0 Th
QFC/1.01/h OLWAC/1.51/h BFC/15 1/ QFC/1.01/h OLWAC /1.5 1/h IFC‘/J 51/h

(d) Tromsoe, Norway
118.0

200

150 = 113.0

100 108.0
o]

QH,nd [kWh/(mzy)]
Qua dmnge [’\.]

=500 kg/m3 p =750 kg/m3 p =1000 kg/m3 (57 500 kg/m3 p =750 ].g;‘m? 7 = 1000 kg/m3
EIIWALIU'H.'I BrC/051/Mh OLWAC/1.01/h OLWAC/051/h  BFC/051/h AL/TOU!’I
OFC/1.01/h OLWAC/1.51/h @FC/1.51/h OFC/1.01/h OLWAC/1.51/h IFL/ISlr’ir

Figure 8. Heating demand, Qn g, for building variants with a cooling system.

In Figure 9, the maximum hourly heating demand, Qumax, for the variants with a cooling system is
shown. The use of thick walls resulted in a reduction in the maximum instantaneous demand by 12-15

% in the case of Tromsoe, 12-13 % in Kotobrzeg and 15-16 % in Vienna. The greatest differences were
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observed in variants with the low ventilation level of 0.5 1/h; with high air exchange, the differences
were much smaller. The greatest changes in instantaneous heating demand were observed in Cairo.
However, in these variants the absolute values were about three times smaller than in the other locations.
In summary, the warmer the climate, the greater the differences in the instantaneous heating demand
between the various wall thickness variants. Moreover, slightly lower changes were reported for FC in
almost all cases and locations. The higher changes in the LWAC solutions were due to the higher volume

specific heat of the LWAC, in comparison to the FC variants.
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Figure 9. Maximum hourly heating demand, Qwmax, for building variants with a cooling system.
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The results of exemplary cooling demand for the variants based on LWAC500, are shown in Figure 10.
In distinction to heating demand, the dominant demand was in Cairo, followed by Vienna. The minimum

values were in Kotobrzeg and Tromsoe.

-6

-5 ,‘

-4

Qc [kW]

January February March — April May June July  September October NovemberDecember

Cairo, 0.5 1/h Vienna, 0.5 1/h Kolobrzeg, 0.5 1/h Tromsoe, 0.5 1/h
=== Cairo, 1.5 1/h Vienna, 1.5 1/h Kotobrzeg, 1.5 1/h = === Tromsoe, 1.5 1/h

Figure 10. Exemplary cooling demand diagram for the variants based on LWACS500, in different

locations and at different levels of ventilation.

The cooling demand for the variants with a cooling system is presented in Figure 11. In the variants
located in Cairo, the greatest differences were observed with the ventilation set at 1.0 1/h. In this case,
the thickest wall variants had approximately 3 % less cooling demand. Both higher and lower levels of
ventilation resulted in significantly smaller differences in cooling demand, which oscillated around 1%.
Large relative differences of over 20% were noted in Vienna, where there was a strong ventilation rate
of 1.5 1/h, but the differences were small in the other cases. In the moderately cold (Kotobrzeg) and cold

(Tromsoe) variants, the differences were insignificant due to the low cooling demand.
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Figure 11. Cooling demand, Qc,ng, for building variants with a cooling system.

Figure 12 shows the maximum hourly cooling demand. Large differences were observed in the case of
locations requiring a cooling system (Cairo and Vienna). The greatest differences, between 10 and 13%,
were found at ventilation levels of 0.5 and 1.0 I/h. The overly high ventilation level of 1.5 1/h reduced
the influence of the thickness and heat accumulation of the wall layer, on the temporary cooling demand.

Again, in the case of variants with cold climates, the influence of the base layer was limited.
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Figure 12. Maximum hourly cooling demand, Qw,mac, for building variants with a cooling system.

3.3. Predicted mean vote (PMV)

The predicted mean vote index (PMV) values for the exemplary variants, based on LWAC500, are
presented In Figure 13, All the variants had approximate values between -1 (slightly cool) to +1 (slightly
warm) for the whole year, which means that thermal comfort was maintained for all of them throughout
the entire calendar year. The sum of the absolute PMV values for the whole year was determined on the
basis of the measurements for each variant. The lower the Y |[PMV]| value obtained, the better the thermal

comfort of a given variant.
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Figure 13. Exemplary PMV diagram for variants based on LWACS500, in different locations and at
different levels of ventilation, with a cooling system.

Figure 14 shows the values of the annual ) |[PMV]| for the variants with a cooling system. The warmer
the climate at a given location, the greater the differences between the variants. Particularly large
differences occurred in variants with a ventilation level of 0.5 1/h. In Cairo, the differences between the
thinnest and lightest walls were 5-6 %. In Vienna and Kotobrzeg, the differences at this level of
ventilation amounted to about 2% in favor of the thickest variant. The differences in Tromsoe were
negligible. The results were opposite in highly ventilated variants (1.5 1/h). Better results were obtained
for thinner walls with a lower thermal conductivity coefficient (LWAC500 and FC500). In general, in
almost all the variants, differences between LWAC and FC variants were observed. Due to the higher
specific heat of the LWAC variants, the PMV change values between different wall layer densities were

higher in the LWAC variants.
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Figure 14. Annual, total |PVVM| for building variants with a cooling system.

In Figure 15, the values of the predicted mean vote index (PMV) are presented for exemplary variants
based on LWAC500, but without a cooling system. This caused an significant increase in PMV values.
In the case of Cairo, at a ventilation level of 0.5 1/h, thermal comfort was exceeded beyond the upper
PMV scale (PMV> 3). An increase in PMV was also observed at other locations, but it was not as

significant as in the case of the hot climate.
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Figure 15. Exemplary PVM diagram for variants based on LWAC500, at different locations, with

different levels of ventilation and without a cooling system.

Figure 16 shows the annual > |PMV| values for the variants without a cooling system. In contrast to
variants with a cooling system, more favorable values were obtained with thinner walls, with lower
thermal conductivity coefficients (LWAC500 and FC500) and in hot and warm locations with low
ventilation rates. In Cairo, with ventilation rates of 0.5 and 1.0 1/h, the differences reached 2-3% in favor
of thinner wall variants. At a level of 1.5 1/h, the thicker variant of the wall seemed to be slightly more

favorable, while in the cold climate of Tromsoe, the differences between the variants were negligible.

21



(a) Cairo, Egypt
16000
14000
12000

= 10000

8000

6000

4000

2000

IPMVI [-

p =500 kg/m3
BLWAC/0.51/h BFC/0.51/h
B@FC/1.01/h OLWAC/1.51/h

p =750 kg/m3

(b) Vienna, Austria
9000
8000
7000
6000
5000
4000
3000
2000 =

p =500 kg/m3

BLWAC/0.51/h  WFC/0.51/h

BFC/1.01/h BOLWAC/1.51/h

TIPMVI [

p =750 kg/m3

(c) Kotobrzeg, Poland
9000
8000
7000
6000
5000
4000
3000
2000

SIPMVI [

p =500 kg/m3 p =750kg/m3

BLWAC/0.51/h BFC/0.51/h
BFC/1.01/h OLWAC/1.51/h

(d) Tromsoe, Norway

9000
8000
7000

6000

E? 5000
4000

&

p =500 kg/m3 p =750kg/m3
BLWAC/0.51/h WFC/051/h
BFC/1.01/h OLWAC/1.51/h

p =1000 kg/m3

OLWAC/1.01/h
BFC/1.51/h

p = 1000 kg/m3

OLWAC/1.01/h
WFC/1.51/h

p =1000 kg/m3

OLWAC/1.01/h
BFC/1.51/h

p =1000 kg/m3
OLWAC/ 1.0 1/h
BFC/1.51/h

108.0
106.0
104.0
102.0 100%
100.0
98.0
96.0

PMV change [%]

p =1000 kg/m3

p =500 kg/m3

BLWAC/0.51/h BWFC/0.51/h
@FC/1.01/h OLWAC/1.51/h

p =750 kg/m3

OLWAC/1.01/h
BFC/1.51/h

108.0
106.0
104.0
102.0
100.0

PMV change [%]

98.0

p =1000 kg/m3
OLWAC/1.01/h
BFC/1.51/h

p =500 kg/m3
BLWAC/0.51/h WMFC/0.51/h
@FC/1.01/h OLWAC/1.51/h

p =750 kg/m3

108.0
106.0
104.0
102.0

100%

100.0

PMV change (%]

98.0 .
p =500 kg/m3 p =1000 kg/m3
BLWAC/0.51/h WFC/0.51/h

BFC/1.01/h OLWAC/1.51/h

p =750 kg/m3
OLWAC/1.01/h
BFC/1.51/h

108.0
106.0
104.0

102.0
100%

[ TTH

p =1000 kg/m3

100.0

PMV change [%]

98.0

p =750 kg/m3
OLWAC/1.01/h
BFC/1.51/h

p =500 kg/m3
LWAC/0.51/h WFC/051/h
BFC/1.01/h OLWAC/1.51/h

Figure 16. Annual total |PVM| for building variants without a cooling system.

The exemplary graphs of internal temperature, for variants based on LWAC500, are shown in Figure
17. Results are shown for ventilation levels of 0.5 and 1.5 1/h and no cooling system. The horizontal,
purple line highlights the parts of the graphs defined as ‘overheated’. As expected, increasing the

ventilation level rate, significantly lowered the mean indoor temperature. Nevertheless, in warm

locations it was insufficient.
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Figure 17. Exemplary internal temperature diagram for variants based on LWAC500, in different

locations and with different levels of ventilation, without a cooling system.

For all the variants without a cooling system, the number of hours exceeding an internal temperature
above 24°C were calculated for the whole year and are presented in Figure 18. Generally, wall materials
with a density of 500 kg/m?® were more favorable in hot climates. The number of hours exceeding the
internal temperature was up to 8% lower with the ventilation set to 0.5 I/h. A similar tendency was
observed in the case of Kolobrzeg (ventilation rate of 0.5 1/h). The overheating temperature did not
occur with higher ventilation rates in Kotobrzeg, but the situation was more complex in Vienna. Here,
in the case of ventilation at levels of 0.5 and 1.0 1/h, the variants based on materials with a lower density
were more favorable. On the other hand, in the case of strong ventilation at a level of 1.5 1/h, the variant
with a 1000 kg/m®wall density was more beneficial. In the case of Tromsoe, wall layer material thermal
accumulation did not affect the results due to the fact that the internal temperature did not practically
exceed 24°C. In hot and warm climates, differences between different density variants were more
favorable when LWACSs were used. This was due to their higher volume specific heat, as compared to

the FC variants.
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Figure 18. The number of hours exceeding an internal temperature above 24°C, for building variants

without a cooling system.
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4. Discussion

When comparing the dynamic thermal characteristics of the particular concrete types tested, it is worth
taking note of the effects of the higher volume specific heat values, in the lightweight aggregate
concretes, which affected both thermal admittance and internal heat capacity. Slightly higher values for
both were achieved in the case of LWAC. LWAC’s higher specific heat values also resulted in a
significant reduction in periodic thermal transmittance, as compared to FC with the same density. In
addition, a reduction in the decrement factor values, in comparison to the corresponding FC variants,

was observed.

The differences in the thermal properties of the concretes resulted in some variations in the results
between LWAC and FC. The relationships between selected dynamic thermal characteristic parameters

and the results of the energy balance of the buildings tested are presented below.

Figure 19 presents the relationship between the total [PVVM| and the internal thermal admittance, of six
types of external walls tested, at all four locations with a ventilation rate of 0.5 1/h. Similar relationships
were observed for the other test ventilation rates. Except for Tromsoe, the coefficients of determination
obtained had rather high values. In the thermal admittance range tested, the differences were rather
small. The greatest decrease in |PVM|, with an increase in thermal admittance, was observed for the hot

climate in Cairo (the highest slope of the trendline).
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Figure 19. Relationship between total |PMV| and internal thermal admittance, Y.1, for variants with a

ventilation rate 0.5 1/h and a cooling system.

The relationships between the maximum hourly heating demand, Qw,ng, and the internal areal heat
capacity, K, for the variants with a cooling system, at all four locations, are presented in Figure 20. For
all the variants tested, high coefficient of determination values was obtained. The maximum heating
demand decreased with an increase in internal areal heat capacity. A stronger decrease was observed for

variants with a ventilation rate of 1.0 1/h, for which the slopes of the trend lines were the steepest.
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Figure 20. The relationship between the maximum hourly heating demand, Qw,max, and the internal
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areal heat capacity, K, for variants with a cooling system.

The relationships between maximum hourly cooling demand, Qc,n¢, and internal areal heat capacity, are
presented in Figure 21. Similarly, to heating demand, the instantaneous cooling demand decreased with
an increase in internal areal heat capacity. Again, for almost all the variants, R? was high and the biggest
slope for the trend lines was with a ventilation rate of 1.0 1/h. The highest influence of heat capacity

was observed for the hot climate of Cairo. The colder the climate, the smaller the effect of heat capacity

of cooling demand.
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Figure 21. The relationship between the maximum hourly cooling demand, Qc max, and the internal

areal heat capacity, K, for variants with a cooling system.

The relationship between the number of hours exceeding an internal temperature above 24°C and the
internal areal heat capacity, for building variants without a cooling system, is shown in Figure 22. This
relationship is much more complex. In the case of the hot Cairo climate, an increase in heat capacity
resulted in an increase in the number of hours exceeding an internal temperature above 24°C, with a
ventilation rate of 0.5 and 1.0 1/h. For ventilation of 1.5 1/h, the line trend was almost horizontal. In the
warm Vienna climate, at a ventilation rate of 0.5 and 1.0 1/h, an increase in heat capacity also increased
the number of hours exceeding the internal temperature, although a decrease was observed at the higher

ventilation rate (1.5 1/h).
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The relationships in colder climates were different. In Kotobrzeg, a small decrease was also observable

for the 1.0 1/h ventilation rate. In the cold climate of Tromsoe, for the only variant in which temperatures

above 24°C occurred, the trend was also decreasing.
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Figure 22. The relationship between the number of hours exceeding an internal temperature above 24°C

and the internal areal heat capacity K, for building variants without a cooling system.
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5. Conclusions

This study examined the influence of lightweight concretes of different densities, used as external wall
layers, on the thermal performance of a typical multi-family building. The concluding remarks of this

study can be summarized as follows:

The use of concrete with higher thermal conductivity and greater thickness makes it possible to obtain
an external wall with a much higher internal heat capacity and higher internal thermal admittance.
These kinds of walls maintain the same thermal transmittance as walls made from materials of higher
thermal insulation and lower thickness. They are also characterized by a much lower periodic thermal

transmittance.

The use of thicker wall layers with higher thermal conductivity reduces the heating demand in cold
and moderate climates by 10 to 14%. Such partitions also make it possible to reduce the instantaneous

hourly heating demand; from 12-15% in cold climates, up to 28-32% in the tested hot Cairo climate.

Thick external walls also help to reduce hourly peak cooling demand (up to 13% in mild warm and
hot climate). In the case of a hot climate, with the highest cooling demand, the application of walls
with a density of 1000 kg/m?® (FC1000 and LWAC1000) resulted in a reduction in the total cooling

demand by between 1 and 3%.

The influence of wall thickness on the total |PVM| value, in buildings with a cooling system, was
highest in hot climates; by up to 6% in favor of thick wall layers. In mild climates, the difference
was about 2%, while in cold climates it was negligible. In the absence of a cooling system, the
differences were small or in favor of walls made of materials with lower thermal conductivity (FC500

and LWACS500).

In buildings without a cooling system, in hot and mild warm climates, in most cases thinner walls
with better thermal insulation (FC500 and LWAC500) reduced the number of hours exceeding

internal temperatures above 24°C by up to 8%, compared to walls based on LWAC100 and FC1000.
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e  Such thicker walls, however, require a significant increment of the structural (load-bearing) layer
thickness to achieve the required low value of thermal transmittance, and thus negatively affects the

cubature of the building itself.

Despite comparable densities and thermal conductivity values in LWAC and FC, their specific heat and
thus dynamic thermal properties were different. In general, when comparing LWAC and FC used as
wall layers, some differences in the thermal performance of the whole building were reported, when
comparing variants of the same density. This is attributable to their porosity and different constituents,
which influence the thermal properties of a given concrete composite, and thus the results of the thermal

balance of the building tested.

Prior to incorporating these materials as wall layers, other aspects, including mechanical and durability

related properties, should be taken into account in order to fully utilize their potential.
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