Reducing carbon emissions in 3D concrete printing
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Abstract: Concrete 3D printing (3DCP) is a breakthrough construction technology that is touted to enhance
the environmental sustainability of the production of concrete elements. This can be achieved by (1)
elimination of formworks (2) innovative design practices for 3DCP, and (3) use of eco-friendly printable
concretes. In this study, the authors analyzed the effects of these technical processes on reducing the
carbon emissions in the 3D printed concrete elements. The development and use of 3D printable eco-
friendly ultra-high performance concrete (3DP-E-UHPC) demonstrate the combined effects of these
processes on reducing the emissions. Due to the high strength and ductility of 3DP-E-UHPC, the designs
of 3DP-E-UHPC elements can have slender cross-sections. Building thin sections reduces the total use of
concrete in the printed elements, thereby reducing the carbon emissions. Meanwhile, the use of
supplementary cementitious materials in the production of 3DP-E-UHPC further draws down the carbon
emissions. In this study, the carbon emissions of the concrete elements made of 3DP-E-UHPC were
measured by calculating their global warming potentials based on material ingredient use and cross-section
sizes. The outcomes were compared against those of the elements made using conventional methods (with
formworks), and conventional concretes. The results indicated the importance to promote the development
of sustainable mixtures and innovative design practices to reduce the carbon emissions using 3DCP.
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1. Introduction

The concrete industry is severely criticized for its carbon emissions. The production of ordinary Portland
cement, which is the main ingredient of concrete, is the third largest CO, releasing industry sector,
accounting for about 8-10% of the total worldwide anthropogenic carbon emissions [1, 2]. This demands
more technological advancements in the concrete industry to control the emissions and address the net
zero targets. Concrete 3D printing (3DCP) has been touted as a more sustainable construction process for
complex geometrical design applications [3]. The elimination of formwork, space for innovative and aesthetic
architectural shapes and the fast production rate have made 3DCP a lucrative production technique [4].
However, reducing the carbon emissions by means of 3DCP is still unclear [5]. Despite efficient material
use, the mixture designs developed for 3DCP notably show higher carbon footprints per unit volume than
the conventional concrete [6]. Additionally, the operational energy of the 3DCP and the emissions related
to the depreciation of the 3D printer have not yet been explored. As the technology becomes more
widespread, it is essential to establish the sustainable aspects of this technology [7].

To assess the sustainability impact of the technique, a project was designed to produce 100 facade panels
using 3DCP with eco-friendly ultra-high performance concrete (3DP-E-UHPC). In a previous study, the
authors discussed the development of 3DP-E-UHPC and characterized the fresh, and hardened state
properties [8]. The 3DP-E-UHPC replaces up to 60% OPC with supplementary cementitious materials in
the binder, significantly reducing the carbon emissions. Due to the ultra-high strength (>150 MPa) and
ductile properties of the 3DP-E-UHPC, less material can be used to achieve the required structural integrity,
further providing design efficiencies . This allows the production of thin, aesthetic architectural geometries
for concrete structures. In this study, such an intricate design was analyzed for its sustainability aspect. Two
scenarios were considered for this analysis.

Scenario 1: Production of 100 fagade panels (1 m x 0.3 m x 0.1 m) made with conventional concrete (CC)
having a mean compressive strength of 35 MPa.

Scenario 2: Production of 100 thin facade panels (1 m x 0.3 m x 0.05 m) designed for the same loading
conditions with 3DP-E-UHPC having a mean compressive strength of 135-160 MPa.



2. 3DP-E-UHPC mixture design and the production of facade panels

The development of 3DP-E-UHPC by replacing 60% OPC mass with supplementary cementitious materials
such as silica fume (SF), ground granulated blast-furnace slag (GGBS) and fly ash (FA) was investigated
in a previous study by the authors [8]. Limestone powder (LP) was used as additional cement filler. LP was
found to have synergic effect with the SCMs, thereby increasing the mechanical properties of the mixture
designs. A particle packing model [9] was employed to achieve the highest packing of the OPC, SCMs and
the sand particles. The mixture design of the 3DP-E-UHPC was provided in Table 1. The HRWRA presents
the high range water-reducing admixture. Nanoclay was used as the viscosity modifier. The mixture also
had static yield stress of 520 Pa after 5 minutes rest time and a structural build up rate above 30 Pa/min,
which are found to be well within the range of printable concrete characteristics [10]. The 90-day mean
compressive strength of 3DP-E-UHPC ranges between 135-160 MPa depending on the testing direction of
the printed concrete.

Table 1: Mixture Design of 3DP-E-UHPC [8]

Cementitious binder Sand
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3DP-E-UHPC 273 | 293 | 205 | 205 | 203 | 585 | 390 | 156 | 18 | 5

(kg/m?3)

First, the dry granular materials (OPC, SCMs, LP, and two sands) were mixed. Then, 75% of the measured
water was gradually added to the mixer and mixed for 5 min at low speed. Thereafter, the liquid based
HRWRA, which was diluted with the remaining (25%) water was added to the mixture. The low speed was
maintained until fluid consistency was achieved (3-5 min). This was followed by 2 min of high-speed mixing.
Subsequently, the nanoclay was added gradually at the end and mixed at high speed for 3 min to achieve
a favorable rheology for printing [11, 12].

The 3D printer used for large-scale production is shown in Figure 1(a). The working area of the 3D printer
was 8.1 m x 6.5 m x 4.2 m. This 3D printer was based on a gantry robot with a print head moving along
beams. The print head was designed to function in 6 degrees of freedom (i.e., 3 axes defined by the linear
movement and 3 axes defined by the rotational movement of the print head). The movement of the 3D
printer was controlled by a control panel cabinet and a motor control cabinet. The control panel was shown
in Figure 1(b). A detachable nozzle of 15 mm circular outlet diameter was attached to the print head.
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Figure 1 (a) Large-scale 3D printer (b) Control panel of the 3D printer



A twin pumping system was designed for the transfer of concrete from the mixing location to the printer. The
first pump was located away from the printing area/platform and connected to the second pump via a hose.
The second pump was connected to the actuator of the 3D printer and was connected to the print head via
another hose. In this manner, the extrusion of the concrete was controlled at two locations simultaneously.
The pumping rate of the twin pumping system and the extrusion rate of the 3D printer were synchronized to
ensure the uninterrupted transfer of material from the mixing location to the outlet to the nozzle. The
extrusion rate was then synchronized to the deposition of the material via the nozzle outlet (15 mm
diameter). The printing process of the facade panel is shown in Figure 2. The nozzle stand-off height (i.e.,
the vertical distance between the layer and the nozzle at the time of deposition) is zero. The printer was
programmed to move up in 10 mm intervals in conjunction with the layer thickness of the design.

Figure 2 Printing process of facade panels (a) side view (b) Design pattern

Figure 3 shows the 3D printed fagade panel. The panel was successfully printed without any blockage or
segregation during the pumping and extrusion processes. The design was consistent throughout the height.
Neither collapse nor excessive deformation was observed in the panel up to 300 mm height, i.e., 15 minutes
print time. This is consistent with the yield stress analysis of the 3DP-E-UHPC discussed in the previous
work [8].

Figure 3 3D printed facade panel (a) front view (b) side view (c) top view (d) design pattern



3. Carbon emissions of 3DP-E-UHPC

The carbon emissions of 3DP-E-UHPC were calculated based on the global warming potential (GWP) of its
raw ingredients, design efficiency and the printing process. The GWP is one of the most widely used
environmental impact indicators for aggregating the emissions of various greenhouse gases associated with
a particular process or the entire life cycle of a product. It estimates the energy absorbed by a unit mass of
a gas over a given period (typically, 100 years) relative to the energy absorbed by the same mass of CO,
over that period. In this study, only the GWP of the production of the panels were considered [13]. The GWP
during its use stage and end of cycle stages were not studied since the data was not sufficient. The
emissions of the raw materials were considered as shown in Table 2. The emissions due to transport of the
raw materials was not included since the travel distance significantly varies by the geolocation.

Table 2: GWP of 3DP-E-UHPC raw materials [8]

Cementitious binder
s | 2|8
Materials o ) 5 Sand ) Py, 3
T A z Q 0 s | 2
o M > 8 > 2
GWP (kg CO
eq(/lgg) 2 0.84 0.37 0.13 0.26 | 0.026 0.0024 0.00015 | 0.75 | 1.5

A provision was assumed for the design efficiency of using 3DP-E-UHPC. Due to its ultra-high strength, the
concrete elements can be designed thinner, with less material use. The mean compressive strength of the
3DP-E-UHPC is approximately 4 times higher than the conventional concrete used in the facade panels.
For the same loading conditions, the section thickness of the panels can be reduced by half. Further
topological optimizations such as the knitting designs used in this study can be incorporated into the 3D
printing process which could further reduce the section dimensions for the 3D printing panels [14]. However,
those were not included in these calculations for brevity. Since the 3D printing process is still in its infancy,
a material waste of 15% was assumed compared to the 10% used for the conventional concrete casting.

The 3D printing process reduces the GWP associated to formwork production and waste removal. The
formwork was assumed a waste after five uses in the conventional practices in this study. It can be argued
that the production of concrete elements with similar dimensions can repurpose the formwork for multiple
casting applications. However, this defies the major proposition for 3DCP technology, which is its
architectural freedom, which allows to produce concrete elements of various shapes and dimensions at a
fast production rate. Therefore, it can be argued that the actual GWP of the 3D printing process could be
significantly lower depending on the design features of the projects. Additionally, another provision was
assigned for the printing process. This was assumed based on the electricity consumption and machine
depreciation based on the time used to print the panels. It must also be noted that the GWP values vary
depending on the type of equipment and geolocations.

Table 3 shows the total GWP of scenario 1 and 2 based on the provisions related to these assumptions.
Scenario 2 where 3DP-E-UHPC was used in a 3D printing set up showed lower emissions than the
conventional concrete production methodology for these facade panel productions. While the reduction due
to formwork use is important to the adoption of 3DCP process, the large emission reduction can clearly be
attributed to the material selection and use. It appears that the benefits of formwork elimination can be easily
offset by using a carbon intensive concrete mortar in a 3DCP application. Therefore, it is important to
develop and adopt low carbon concretes such as E-3DP-UHPC, limestone calcined clay concretes and
geopolymer concretes for 3DCP applications to maintain its sustainable outlook [15, 16]. With more research
and applications in the 3D printing industry, the waste allowance and design efficiency will be controlled
better, further lowering the carbon emissions.



Table 3: Global warming potential (GWP) of facade panel production [16, 17]

| Units Scenario 1 | Scenario 2
Concrete
GWP of raw ingredients for concrete production kg CO, eq./ m3 343 449
Required concrete volume m3 3 15
Waste consideration 0.1 0.15
Total concrete GWP kg CO, eq. 1063 741
Formwork
GWP for plywood production kg CO, eq./ m3 1880
Required plywood volume m?3 0.304
Total formwork GWP kg CO, eq. 572 0
Process
GWP - Mixing process kg CO; eq. 0.8 0.8
GWP - Casting and vibration process kg CO, eq. 05 0
GWP - Pumping and 3D printing process kg CO; eq. 0 3
Total kg CO; eq. 1636.3 744.8

4.

Conclusions

This study discusses the use of 3DCP process for facade panel applications made of 3DP-E-UHPC. The
carbon emissions of this process were compared against those of the conventional casting of the same with
conventional concrete mix design for the same loading conditions. The following conclusions can be drawn
from the study.

Production of thin aesthetic facade panels at a fast production scale can become viable via the

1.
3DCP technology and efficient raw material selection and use.

2. The carbon emissions of the facade panel production can be reduced by improving the design
efficiencies that 3DCP has on offer and reducing the OPC content in the mixture designs.

3.

5.

The significant portion of the carbon emissions in the facade panel productions come from the
material development than the formwork use. Therefore, the development of low carbon concretes
and their adoption to 3DCP is vital for its sustainable use.
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