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Abstract: Novel building designs and materials to provide thermal comfort at minimum energy costs is
important for sustainable construction. In this study, a house with 3D-printed walls made of lightweight
concrete was analysed to determine thermal comfort criteria for space cooling energy requirements and
was compared against currently used designs and materials in Australian residential buildings. Seven
different printing mix designs with two different types of lightweight aggregates were developed followed
by an assessment of the mechanical and thermal properties. The results showed that increasing the
lightweight aggregates by up to 80% volume of sand could decrease the thermal conductivity by up to
60%. The effects of materials and different 3D-printed wall designs of a typical house have been
analysed by energy plus software to determine heat transfer, heat storage, as well as, cooling and
heating energy consumption.
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1. Introduction

Approximately half of the peak residential building energy demand in Australia's eastern capital cities
comes from air conditioning (AC) [1]. The reduction of cooling and heating loads in buildings promotes
sustainability by reducing energy consumption and CO, emissions. The energy efficiency of a building
is determined by its ability to reduce energy usage and provide thermal comfort. The thermal
performance of the building envelope plays a pivotal role in determining how much energy is consumed
by a building [5]. The flow of heat through external walls could be reduced by using appropriate thermal
insulations. A key benefit of 3D printing technology is its ability to build complex geometries which can
affect the thermal conductivity of printed walls of a building.

The thermal properties of building materials strongly influence the amount of energy required to heat
and cool buildings and to maintain thermal comfort [6]. It is reported that 100% substitution of sand by
lightweight expanded clay aggregate (LECA) in concrete 3D printing mixes could double the thermal
resistivity [7]. The thermal properties of the compositions directly depend on the substitution rate. The
thermal gradient between the internal and external walls for the reference specimen was 19 °C while
the thermal gradient for the walls including 85.4% LECA in the mix design was 21 °C. Some studies
showed that the decrement of the material density by the incorporation of foam agents and lightweight
aggregate could improve the thermal conductivity of printed materials. The printability of foamed
concrete with a density of 550 kg/m? [8]. The results showed that the thermal conductivity of printable
foamed concrete slab and aerated autoclaved concrete are 0.125 W/mK and 0.153 W/mK, respectively.
Energy consumption in the built environment is largely determined by the design of the building and its
elements. In order to design buildings that are climatically appropriate and have lower energy demands,
special care must be taken in the design phase. Thermal comfort is achieved by designing the building
elements to meet a certain thermal transmittance value in accordance with climatic conditions. The air
gaps or layers of insulation between components of building elements are usually used in most building
techniques [13]. A building energy modelling for 3D-printed buildings by utilisation of normal and
lightweight concrete was analysed [14]. Three different walls including a 3D-printed wall with a solid
core, a 3D-printed wall with a solid core and rebars, and a 3D-printed wall with a cavity were analysed.
The results showed there is a lack of efficiency between common 3D-printed wall systems and the
minimum energy code requirements, especially in cold climate regions, which necessitates more
insulation and using materials with lower thermal conductivity, such as lightweight concrete [14].
Different printed wall design with various materials to reduce the thermal conductivity in accordance with
climate zone regulations was analysed [13]. A parallel cavity has a significantly lower thermal
transmittance value than one with a larger cavity. Double rows of cavity height of 10 cm reduced U-
values by 42.4% compared to single rows of cavity height of 15 cm. The effect of temperature difference
on thermal transmittance values becomes less significant as wall thickness increases.

This research was conducted to analyse the thermal performance of 3D-printed walls containing
different lightweight aggregates such as cenosphere and expanded glass in Australia. Different wall
configurations were proposed for creating a printing layout with air cavities to satisfy the thermal
requirements. The proposed floor plan by the nationwide house energy rating scheme (NatHERS) was
used to evaluate the performance of 3D-printed walls in New South Wales. While there has been



significant research on the impact of various building components on energy efficiency in Australia, there
is still a research gap in understanding the impact of wall configuration on energy savings. Specifically,
there is a need for further investigation into the performance of different wall configurations in terms of
energy consumption, solar heat gain, heat loss, and thermal conduction under identical conditions.
Additionally, there is a lack of research on the floor area saving of different wall configurations when
adjusted to have the same thermal resistance. A comprehensive understanding of the impact of 3D-
printed wall configurations compared to conventional walls on energy savings in buildings was achieved.
The energy saving analysis was.

2. Methodology

2.1.  Material

The printing mixes comprised general purpose (GP) cement, ground granulated blast furnace slag,
hydrated lime, and undensified silica fume. Other components of the mix included a high-range water
reducer (superplasticiser), a non-chloride accelerator, and washed river sand with a particle size of less
than 1 mm. Expanded glass aggregate is a lightweight, porous material derived from recycled waste
glass that has been treated and granulated at high temperatures. It can be used as a construction
aggregate in a variety of applications, including as a component in concrete mixes, and is considered
an environmentally friendly alternative to traditional aggregate materials. The loose bulk density of
expanded glass is 400 kg/m?3 with a grain size of 100-300 um. Cenospheres are small, hollow, spherical
structures composed mainly of silica and alumina and filled with inert gases resulting from coal
combustion at high temperatures. The loose bulk density of the cenosphere is 450 kg/m3 with a
maximum grain size of 300 pm.

2.2. Mix design

The present study aimed to investigate the effects of varying replacement percentages of lightweight
aggregates, i.e. cenosphere and expanded glass, on thermal and mechanical performance concrete
mixes. To this end, three different densities of 1900, 1800, and 1650 kg/m3 were selected. To ensure
that all the mixtures could be printed effectively, a fixed spread diameter of 22015 mm on the flow table
was maintained throughout the experiment. To achieve the desired consistency, excess water was
carefully measured and added to the mix designs. The mixtures were named G45, G65, and G85,
indicating 45%, 65%, and 85% volume replacement of sand by the expanded glass, respectively.
Similarly, the mixtures containing 40%, 60%, and 80% volume replacement of sand by cenosphere were
named C40, C60, and C80, respectively.

2.3. Flow Table and Mechanical properties

To conduct the flow spread test, a conical mould was used according to ASTM C1437 [16]. The flow
spread diameter of each mix was evaluated as the average of four diameters on the table. The
evaluation of compressive strength was performed on 50-mm cubes after 1, 7, and 28 days according
to the ASTM C109 standard. All samples were cured at a consistent room temperature of 23 + 2 °C and
were protected by a plastic sheet to avoid any moisture loss until the time of testing. The thermal
conductivity of the materials was measured using a C-therm device. The measurements were taken at
room temperature (25 °C) to simulate real-world conditions following ASTM C518. The measurements
were taken at multiple points on each material sample to obtain a representative value for the thermal
conductivity of the material. The results were recorded and used in the analysis of the energy savings
of the building. In this study, all mix designs were casted and thermal conductivity of all of them were
measured at 28 days. Then, three samples (Control, G65 and C60) were printed. The saw cutting
technique was employed to smooth the surface of the 3D printed samples. Then, the results of the
thermal conductivity of printed samples were recorded and used in the analysis of the energy savings
of the building.

2.4. Modelling

To accurately measure the energy savings of a building with different wall designs, a detailed building
model was created using Energy Plus software. The first step in creating the building model was to
design the floor plan of the building. The floor plan recommended by the Nationwide House Energy
Rating Scheme (NatHERS) was modelled in Sketch Up software (Figure 1). Once the floor plan was
created, the open studio plug-in was used to assign the materials for the walls, windows, roof, doors,
and other elements in the building. Different wall design configurations were modelled in Energy Plus
software to measure their thermal conductivity and energy savings. The software was configured
according to the specific building and climate conditions of the location, including the local weather
patterns, solar radiation, and building orientation. In this research, the climate data of New South Wales
was gathered and utilised in the software. To analyse the impact of wall configuration on the energy



savings of buildings, two scenarios were selected for investigation. In the first scenario, the thermal
resistance of a brick wall was measured and used as the reference wall. It should be noted that the
thermal resistance of a wall composed of multiple layers was calculated based on the thermal
resistances of each layer and their respective thicknesses. The thermal resistance of each layer is the
thickness of the layer divided by its thermal conductivity. The overall thermal resistance is obtained by
the summation of the layers thermal resistance. Then, the printed brick wall was then adjusted in terms
of wall width to have the same thermal resistance as the reference wall. This approach enabled the
measurement of area saving for each wall configuration. The second scenario involved maintaining a
constant wall width while measuring the energy savings of the walls in terms of energy consumption,
solar heat gain, heat loss, and thermal conduction. This approach enabled the measurement of the
performance of each wall configuration in comparison to the reference wall under identical conditions.
The use of these two scenarios in combination provides a comprehensive understanding of the impact
of the 3D-printed wall configurations on the energy savings of buildings. The first scenario enabled the
measurement of the impact of energy savings (thicker walls) on floor area and the second scenario
compared the energy performance of printed walls in comparison with the reference brick wall.
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Figure 1. The proposed floor design in this study.

3. Results and Discussions

3.1. Thermal Conductivity

It appears that the thermal conductivity values of the control sample (which contains only sand) are
higher than the values of the samples containing cenosphere and expanded glass lightweight
aggregates. This is expected, as the addition of these lightweight aggregates decreases the thermal
conductivity of the materials. The reduction in thermal conductivity that is observed in these lightweight
aggregates can be attributed to their lower thermal conductivity compared to sand. Cenosphere has a
thermal conductivity value of 0.1 W/mK and expanded glass has a thermal conductivity between 0.08
to 0.1 W/mK. The use of lightweight aggregates contributed to a decrease in the thermal conductivity of
the printing mix design with these aggregates (Figure 2). Overall, the use of cenosphere aggregates
and expanded glass in cement-based composites can lead to significant reductions in thermal
conductivity, which can be beneficial for applications where thermal insulation is important. Additionally,
the results for the printed samples show that the thermal conductivity can vary slightly depending on the
orientation measurement of the printed sample (i.e. top vs side). This is due to differences in the
alignment of lightweight aggregates in the printed layers, which can affect the heat transfer properties
of the material. Also, the presence of air or voids between two layers can decrease the thermal
conductivity of the material. This is because air is a poor conductor of heat compared to solids, so it acts
as a thermal insulator. As a result, if there are gaps or voids between the layers, they can reduce the
overall density of the material and increase its porosity, leading to a decrease in thermal conductivity.
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Figure 2. Thermal conductivity versus the material density of printing mixes.

3.2. Compressive strength

The compressive strength of 3D printing mortar is a crucial factor in the 3D printed structures, as it
directly impacts the stability of the printed structure. In this study, the compressive strength of materials
was evaluated by replacing sand with expanded glass and cenosphere as lightweight aggregates
(Figure 3). The results indicated that the compressive strength decreased as a higher volume of sand
was replaced with lightweight aggregates. The control sample showed a compressive strength of 41.2
MPa, 72.2 MPa and 93.6 MPa after 1 day, 7 days and 28 days, respectively. The results showed that
the compressive strength of lightweight mortar containing expanded glass decreased by 27% to 43%
by increasing the expanded glass contents. The compressive strength of lightweight mortar including
the cenosphere reduced by 18% to 37% by increasing the cenosphere. The decrease in compressive
strength can be attributed to the lower strength of lightweight aggregates compared to sand. Additionally,
the increment in void contents could have resulted in reduced compressive strength. However, the use
of lightweight aggregates can also have benefits, such as a decrease in the overall weight of the
structure and improved thermal insulation.
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Figure 3. Compressive strength of samples made of Ilghtwelght aggregates.
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3.3. Energy Savings

The reference wall has a 250 mm width, with a thermal resistance of 1.93 m2.K/W, and was used as a
basis for comparison, and the thickness of the wall configurations was compared to determine the floor
area savings. The printed rectangular walls made of control, cenosphere and expanded glass mortars
were analysed. The results showed that changing the materials used in the printed bricks did not result
in significant changes in wall width for the same energy performance. This suggests that material choice
may not be a critical factor in determining the thickness of the printed walls with a large cavity between
printed layers. Based on the results, it has been determined that the printed wall with a layer thickness
of 35 mm is capable of achieving the reference brick thermal resistance with a width of 225 mm.
Similarly, it has been found that a printed brick wall with a layer thickness of 50 mm can attain the same
thermal resistance with a width of 255 mm, and a printed brick wall with a layer thickness of 70 mm can
achieve the reference thermal resistance with a width of 290 mm. This finding suggests that printed
brick walls with 35 mm layer thickness may be a viable option for building construction. This wall with



two printed 35 mm layers with a 5 mm air gap between the layers can offer floor area saving compared
to traditional brick walls. The results also suggest that wall design may have a significant impact on the
amount of material needed for building construction, which in turn affects the energy efficiency and
sustainability of the building made with 3D printing concrete.

The printed brick wall with 35 mm layer thickness (three layers in a cross-section of walls equal to 105
mm of printed materials in 250 mm wall thickness) was chosen to be compared with the brick wall in
terms of energy saving with similar wall width of 250 mm. The surface average face conduction heat
transfer energy (J) in winter and summer was measured for the brick wall and the printed wall made of
control, cenosphere, and expanded glass mortars in the designated building (Figure 1) and the results
were analysed to identify the best-insulated wall. The results indicate that the reference wall was the
least energy efficient, with the highest heat transfer energy in both winter and summer and the printed
wall made of cenosphere is the best-insulated wall among the four tested walls, with the lowest heat
transfer energy. However, it is crucial to note that the differences in energy efficiency between the
printed walls were not significant. For instance, the results indicate that the conduction heat energy
transfer of the printed wall decreased by 1910 KJ and 505 KJ in winter and summer, respectively. In
addition to the reduction in conduction heat transfer, the study also assessed the energy consumption
of the air conditioner and found that the use of printed walls resulted in energy savings of 2-5%. This
study highlights the potential for energy saving and floor space saving through 3D printing construction
of walls.

4. Conclusions

1. The use of cenosphere and expanded glass aggregates in cement-based composites reduced the
thermal conductivity and bulk density of printing mixes. This is beneficial for applications where
thermal insulation is important.

2. The compressive strength of 3D printing mortar decreases as higher volumes of lightweight
aggregates are used. This can be attributed to the lower strength of the aggregates and increased
void content.

3. The printed wall made of cenosphere is the best-insulated wall among the four materials tested,
with the lowest heat transfer energy in both winter and summer.

4. Unique wall design configurations by 3D printing help with floor area and energy savings in
sustainable digital construction
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