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Abstract
Three-dimensional concrete printing (3DCP) has emerged as a promising innovation 
in the construction industry, significantly reducing its reliance on intensive labor while 
minimizing material waste. Despite its benefits, a major limitation of current 3DCP 
practices is the high reliance on cement as the primary binder, which often exceeds 
60% of the total solid content. This high cement usage contributes significantly to 
CO2 emissions, raising sustainability concerns. In this study, a 3D-printable concrete 
mix incorporating large aggregates (up to 10 mm) was developed, replacing over 7% 
of fine aggregate and reducing cement content to approximately 29% by weight. 
The effects of CO2 gas and a steam–CO2 mixture on the mechanical performance 
and CO2 uptake of the printed concrete were assessed. Thermogravimetric analysis 
was used to quantify CO2 sequestration over time. Compared to control samples 
without gas treatment, those exposed to the steam–CO2 mixture showed enhanced 
buildability, improved compressive and flexural strength, and greater CO2 uptake. 
The results suggest that surface spraying of the steam–CO2 mixture during the 
3D printing process offers a viable and scalable approach to improving both the 
structural performance and environmental footprint of printed concrete elements.

Keywords: 3D concrete printing; Carbon dioxide uptake; Large-aggregate printing; 
Steam–CO2 injection; 3DCP buildability; CO2 emission cost; Mechanical strength

1. Introduction
Additive manufacturing, commonly known as three-dimensional concrete printing 
(3DCP) in the construction sector, offers numerous advantages,1 including design 
freedom, reduced material waste, lowered labor requirements, and formwork elimination, 
ultimately leading to a significant reduction in costs. Once the printer is configured 
and the appropriate material is selected, it can print continuously without intensive 
human intervention until the desired structural shape is complete. Many countries have 
already successfully constructed functional concrete structures2 and restored naturally 
formed structures3 using three-dimensional (3D) printing technology, demonstrating its 
practical capabilities.
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In recent years, researchers from both academia 
and industry have conducted extensive studies on the 
application of 3DCP. These efforts have primarily focused 
on evaluating a wide range of materials and their properties 
to determine their suitability for 3DCP technology.4-6 
However, unlike conventional concrete casting, 3DCP 
builds structures layer by layer, which can introduce 
anisotropic behavior and weak interlayer bonding due to 
pore formation.7 The absence of compaction or vibration 
during printing further increases porosity, potentially 
reducing mechanical strength and durability.8 These 
structural challenges highlight the need for enhanced 
material formulations and curing methods, such as the 
steam–CO2 integration proposed in this study.

One major drawback of the 3DCP technology is 
its high binder demand. For example, the use of fine 
aggregate particles, typically less than 4  mm in size, 
requires a substantial amount of binder or cement to 
produce printable materials. This is because the materials 
need to be mixed and transported through pumps and 
hose pipes to the printing head or nozzle before being 
deposited in layers. Cement is the most used binder in 
both conventional and 3DCP construction processes. 
However, the production of cement is known to be one of 
the major contributors to CO2 emissions, which contribute 
to atmospheric greenhouse gases. A large amount of CO2 is 
released during cement manufacturing, both due to energy 
use and the calcination chemical process.9 To mitigate this 
issue, one potential strategy is to substitute fine particles 
with larger aggregates in the printable materials, which 
would significantly decrease the amount of cement used 
and associated carbon emissions. From a sustainability 
perspective, alternative binder materials, such as slag, silica 
fume, and fly ash, can be used to replace cement. Another 
challenge with 3DCP is the absence of formwork, leaving 
most printed surfaces directly exposed to the environment. 
This exposure may impact the curing process and, 
subsequently, the mechanical and durability properties of 
3DCP structures.10,11

Carbonation technology offers several benefits for 
concrete. It not only improves the properties of concrete but 
also permanently sequesters CO2 in it.12 One commonly used 
method of carbonation technology is curing concrete samples 
in a CO2 chamber. This allows CO2 to react with different 
hydration products of cement at different stages, resulting in 
the formation of minerals for carbon sequestration. The key 
reactions that take place between CO2 and the cement matrix 
are illustrated in Equations I–IV.13-15

3 3 32 2 2 2 2 3CaO SiO CO xH O SiO xH O CaCO. .� � � � � (I)

2 2 22 2 2 2 2 3CaO SiO CO xH O SiO xH O CaCO. .� � � � � (II)

Ca OH CO CaCO H O( )2 2 3 2� � � � (III)

C S H CO SiO CaCO H O� � � � � �2 22 2 3 2 � (IV)

During the carbonation reaction in cement, the 
primary products are calcium carbonate (CaCO3) and 
silica (SiO2). These products are primarily formed 
through the decalcification of silicate phases or 
dehydrated cement particles, as well as through the 
formation of calcium–silicate–hydrate (C–S–H) gel. In 
the curing process, the carbonation of tricalcium silicate 
(3CaO.SiO2 or C3S) and dicalcium silicate (2CaO.SiO2 
or C2S) phases governs the process, resulting in the 
production of silica gel and calcite, as shown in Equations 
I and II.13 In the weathering carbonation process, 
calcium hydroxide (Ca(OH)2) is consumed, and CaCO3 
is produced, as shown in Equation III.14 However, with 
excessive exposure to CO2, the C–S–H gel decomposes, 
as shown in Equation IV.15

The presence of CO2 in concrete lowers the pH value in 
the pore solution of the carbonated area. In general, natural 
carbonation is considered a long-term process and can 
result in depassivation and corrosion of the reinforcement. 
In addition, the rate of CO2-related reaction in concrete 
depends on various factors, such as the water–cement 
ratio (w/c) of the concrete, the composition of materials, 
the type of curing, the quantity of pores, temperature, and 
internal humidity.14

In numerous studies, scientists have attempted 
to utilize CO2 to directly or indirectly modify the 
properties of materials, both in their fresh and hardened 
states. The X-ray diffraction test reveals that as the 
concentration of CO2 increases, the amount of calcite 
also increases. Conversely, in the case of portlandite, the 
amount decreases as CO2 levels rise.14 It is reported that 
the prolonged mixing of CO2 can significantly impact 
the workability of materials. According to a report, as the 
duration of CO2 exposure increases, the workability of the 
materials decreases.12 This is due to the rapid hydration 
of C3S and C3A, forming CaCO3 through the reaction of 
CO2 with Ca(OH)2. Similarly, Monkman et al.16 confirmed 
this decreased workability behavior of materials exposed 
to CO2. The initial slump value was reduced by 25–33% 
compared to the reference materials. Rapid hydration is 
also a contributing factor to the lower setting time of the 
materials.12

Researchers have investigated the effects of large 
aggregates on various properties of 3DCP.17-19 The 
inclusion of large aggregates increases the paste volume 
and the thickness of the water film in mixers, reducing 
the yield stress and viscosity of fresh materials, ultimately 

https://dx.doi.org/10.36922/MSAM025330076


Materials Science in Additive Manufacturing Potential of steam–CO2 spray in 3D concrete printing

Volume 5 Issue 1 (2026)	 3� doi: 10.36922/MSAM025330076 

affecting printability.17 Similar findings of decreased yield 
stress and viscosity have been reported by Wang et al.19 
Moreover, the researcher has investigated various chemical 
admixtures to optimize the rheological properties, such 
as yield stress and viscosity, of 3D-printable cementitious 
materials.20

The buildability of 3D-printable materials is reported 
to improve with the inclusion of large aggregates.17 
Furthermore, large aggregates can diminish the 
anisotropic behavior of 3D-printed samples and enhance 
mechanical properties, including compressive strength, 
flexural strength, bond strength, and elastic modulus. The 
redistribution of aggregates during the printing process 
and their penetration through the interlayer have been 
shown to increase bond strength and other mechanical 
properties in samples containing large aggregates. This 
redistribution positively affects the anisotropic behavior of 
3D-printed samples.18

However, if materials are not properly selected, 
specifically regarding the types and content of aggregates, 
the inclusion of large aggregates may negatively affect 
the properties of 3D-printed samples.19 Overall, positive 
outcomes have been reported for the use of large aggregates 
in 3DCP.21,22 In addition, incorporating large aggregates 
can reduce the need for an excessive amount of cement and 
natural sand compared to conventional 3D-printed mortar 
mixes, potentially offering a beneficial environmental 
impact.21 The use of large aggregates in printing can 
decrease cement volume fraction by approximately 50% 
compared to 3D-printed mortar mixes.23

This study analyzed the effects of directly injecting 
CO2 and a steam–CO2 mixture into fresh 3D-printed 
concrete samples incorporating large aggregates on their 
mechanical properties and printability. The printability of 
the 3D-printed materials was evaluated by assessing the 
maximum buildable layers of the fresh material under 
varying CO2 and steam–CO2 pressures. In addition, the 
hardened 3D-printed samples underwent compression 
and flexural testing to determine the influences of CO2 
and steam–CO2 integration. To quantify the amount of 
CO2 sequestered by the materials, a thermogravimetric 
analysis (TGA) test was performed. The results 
demonstrated that the injection of CO2 and steam–CO2 
enhanced both the printability and mechanical strength 
of the large-aggregate-based 3D–printed materials 
compared to the control mix. To the best of the authors’ 
knowledge, the research methodology employed in this 
study, involving CO2 and steam–CO2 injection into the 
large aggregates of 3D-printed concrete samples, is 
unique and has not been extensively documented in the 
scientific literature.

2. Materials and methods
2.1. Materials

Material composition is a crucial part of 3D printing 
technology. As a 3D-printed material undergoes mixing, 
pumping, and extrusion through a designated nozzle 
orifice, each component of the material plays a significant 
role in the printing process. In this study, a 3D-printable 
material was developed, consisting of large aggregates 
with a maximum size of 10  mm. These aggregates were 
used to replace a portion of the sand, which typically 
provides volumetric stability in 3DCP structures. The 
main materials used in this research work included 
ordinary Portland cement (CEM-I), undensified silica 
fume, a polycarboxylate superplasticizer, potable water, 
natural river sand (maximum size 2.3 mm), and gravel as 
large aggregates (maximum size of 10 mm), as presented 
in Table 1. The chemical compositions of the cement and 
silica fume utilized in this study are detailed in Table 2.

2.2. Printer and material delivery system

A six-axis robotic arm (KR 120 R3900 ultra K, KUKA, 
Germany) mounted with a customized nozzle (Figure 1A) 
was used to control the movement of the print head. Slicer 
software (Mastercam 2017, United States [US]) was used 
to create the 3D design in an XYZ coordinate system. 
A  progressive cavity feed pump (Taurus pump, MAI 

Table 2. Chemical compositions (% w/w) of cement and silica 
fume used in the research

Compositions Cement (%) Silica fume (%)

CaO 61.09 0.68

SiO2 18.69 95.78

Al2O3 6 0.12

Fe2O3 2.86 0.03

SO3 2.75 ‑

MgO 2.55 0.42

K2O 0.51 1.44

Na2Oeq. 0.38 0.43

Table 1. Material compositions by weight (%) for 3D 
concrete printing

Materials Weight (%)

Cement 29.3

Silica fume 2.89

Sand 48.21

Large aggregate 7.28

Water 12.02

Superplasticizer 0.29
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International GmbH, Austria) with a material extrusion 
rate of approximately 30  L/min was used as the printer’s 
pumping system. The printer is capable of producing 
objects with a diameter of up to 2.5  m. It was equipped 
with a circular nozzle measuring 45 mm in diameter and 
a 50 mm-diameter hose for transporting materials to the 
nozzle head. The nozzle head operated at a print speed 
of 150  mm/s to ensure smooth printing of 3D samples 
for buildability and mechanical testing. Figure  1A-F 
illustrates the printer, pump, large aggregates, toolpaths 
for buildability tests, toolpaths for mechanical testing 
samples, and printed samples used for mechanical strength 
evaluation.

2.3. Steam and CO2 injection in 3D-concrete-printing 
structures

Current carbon capture and sequestration methods 
often face challenges, including slow kinetics, limited 
CO2 uptake, high costs, and lengthy processing times. In 
general, natural carbonation requires long-term treatment 
due to its slow reaction rate, which significantly increases 
production costs.24 To address these issues, researchers 
have developed a straightforward technique that utilizes 
porous structures for rapid CO2 capture.25 However, 
this approach compromises the strength of concrete, 
as increased porosity reduces its structural integrity. 
Therefore, to evaluate the CO2 sequestration efficiency, this 
study employed a method26 in which pure CO2 (99% purity) 
was sprayed onto the surface of the printing layer during 
the 3D printing of structures. CO2 was applied at pressures 
of 2 bar, 4 bar, or 6 bar. In addition, to further enhance 

CO2 capturing, the study also conducted experiments that 
involved injecting steam alongside CO2. The effects of 
CO2 spraying and steam–CO2 spraying on the properties 
of 3D-printed concrete materials were compared with a 
control mix that did not involve CO2 or steam injection.24,25

2.4. Buildability test of 3D-printed concrete

The maximum height achievable with 3DCP was 
determined through the material’s strength, which must 
withstand the increasing compressive stresses from its own 
weight during printing. If these stresses exceed the yield 
strength, structural failure occurs. To assess buildability, a 
circular object with a 500-mm diameter was printed layer 
by layer vertically until it collapsed. The nozzle size and 
printing speed, as mentioned earlier, remained consistent 
throughout the experiments. The buildability of the 
materials was evaluated under different CO2 pressures, 
both with and without steam, and their performance was 
compared to the control mix.

2.5. Mechanical properties and microstructure test

The samples for the compressive and flexural strength tests 
were obtained from the printed specimens, as shown in 
Figure 1F. For each testing batch conducted on different 
days, a minimum of four samples were collected: cubes 
measuring approximately 90  mm × 90  mm  ×  90  mm 
for the compression test, and prisms measuring 
90  mm  ×  90  mm  ×  300  mm for the flexural test. The 
printing took place in a laboratory environment with an 
average temperature of 22 ± 2°C and relative humidity of 
60 ± 5%. All samples were stored in the laboratory until 

Figure 1. Set up of the 3D-printed large-aggregate concrete. (A) Six-axis robotic arm printer. (B) Pump for material delivery. (C) Large aggregates. (D) Tool 
path for buildability. (E) Tool path for mechanical testing samples. (F) Printed samples for mechanical properties testing

B

C

D

E F

A
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testing, and no additional curing methods were employed. 
It is important to note that only a CO2 pressure of 2 bar was 
used for mechanical testing and CO2 uptake calculations. 
Higher CO2 pressures result in rough surfaces on the 
3D-printed structures, potentially leading to uneven load 
distribution during mechanical testing.27

For the compressive strength test, a universal compression 
testing machine (B-001, ALFA Testing Equipment, Turkey) 
with a capacity of 2,000 kN was used to apply load 
gradually and uniformly to the samples. The loading rate 
was maintained at 900 N/s, in accordance with the ASTM 
C109/C109M standard28 for measuring the compressive 
strength of hydraulic cement mortar samples. The flexural 
strength was determined using an Instron machine 
(5969, US), following the ASTM C293 standard,29 which 
outlines the standard test method for flexural strength 
of concrete. In this test, a three-point bending load was 
applied to the samples, centered between two lower 
supports, with the distance between the supports set to 
three times the sample depth (i.e., 270 mm).

For microstructural analysis, images were obtained from 
hardened samples using a JSM 5600 LV scanning electron 
microscope (SEM; JEOL, Japan) with a magnification of 
×100 and a scale bar of 100 μm. Small samples, measuring 
2–3 mm in thickness and approximately 20 mm × 20 mm 
in area, were cut from the hardened concrete at 28 days of 
age and immersed in ethanol for an additional 7 days to 
halt the hydration process. Subsequently, the samples were 
placed in an oven at 60°C for 24  h before the SEM test. 
In addition, a metal coating was applied to the samples to 
ensure a smooth surface for testing.

2.6. Thermogravimetric analysis for the CO2 
uptake test

Thermogravimetric analysis was employed to measure 
mass loss resulting from the decomposition of hydration 
products, including ettringite, calcium silicate hydrate, 
calcium hydroxide, and carbonated calcium hydroxide, 
under different printing conditions. This mass loss reflects 
the decomposition of chemically bound water in the 
hydration products, providing an estimate of the degree 
of cement hydration as well as the decomposition of 
CaCO3 corresponding to the release of CO2 that was taken 
up during carbonation. For the TGA test, the peripheral 
region of samples from the compressive strength tests 
was collected after 7 and 28 days of testing. These samples 
were immersed in an ethanol solution for 7  days to halt 
the hydration process of the binders. After immersion, the 
samples were removed from the ethanol and placed in an 
oven at 60°C for 24 h. They were then ground into powder 
samples using a mortar and pestle and sieved through a 
250-μm sieve. The prepared samples were analyzed at 

a ramping rate of 20°C/min over a temperature range of 
25°C to 1,000°C to measure and monitor the mass loss of 
the concrete samples. The extent of hydration reactions 
and the amount of CO2 uptake by the materials were 
determined using Equations V–XIII:30

Dehydration Ldh m mo oC C
( ) � �

105 400
� (V)

Dehydroxylation Ldx m mo oC C
( ) � �

400 500
� (VI)

Decarbonation Ldc m mo oC C
( ) � �

500 950
� (VII)

Bound water W Ldh Ldx Ldcc( ) .� �� � � � �0 41 � (VIII)

Free Ca OH CH Ldx Ldcf� � � � � � � �2
4 11 1 68( ) . . � (IX)

Poorly crystalline CaCO DC m mo oC C3 500 700
( ) � � � (X)

Well crystalline CaCO HC m mo oC C3 700 950
( ) � � � (XI)

Degree of hydration DOH
Wc( )
.

� �100
0 24

� (XII)

Carbon uptake wt % binder;
( )

�� � � �

� � �

m m
n m W CH

o o

o

C C

C c f

500 950

105

	

� (XIII)

where n is the solid binder constitutions (wt.% dry 
mix), Wc is the chemically bound water (wt.% sample), and 
CHf is the free calcium hydroxide (wt.% sample).

Note that the carbonation of metal oxides was not 
included due to its low concentration and hence was 
considered negligible. In addition, various methods 
are available for quantifying CO2 in cement-based 
materials, depending on the specific materials and their 
decomposition processes. These methods include back-
titration, Fourier-transform infrared spectroscopy, and 
Raman spectroscopy.31 However, this study was limited to 
TGA analysis only.

3. Results and discussion
Most studies on carbonation have primarily concentrated 
on the carbonation curing of concrete samples or the mixing 
of CO2 with aggregates or binders before combining them 
with other concrete constituents.32,33 This study employed 
spraying techniques to apply CO2 and steam onto the 
surface of freshly printed layers.

3.1. Number of buildable layers of 
3D-concrete-printing structures

The number of buildable layers of the 3DCP structures 
under various conditions, including the presence and 
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absence of CO2 and steam, is illustrated in Figures 2 and 3. 
It is evident that the buildability of the materials improved 
with increasing CO2 pressure during printing, compared 
to the control mix. The maximum buildability was 
observed at a CO2 spraying pressure of 6 bar. In addition, 
the application of steam combined with a CO2 spraying 
pressure of 4 bar also showed a positive effect. Thus, it 
can be concluded that spraying CO2 and steam onto the 
surface of the printed layers enhanced the buildability of 
concrete. This effect is attributed to CO2 spraying, which 
aids in drying the layer’s surface and reduces setting time 
by altering the kinetics of cement hydration. The reaction 

between CO2 and CaO or Ca(OH)2, after mixing with 
water, will produce CaCO3, contributing to an increased 
buildable height of the 3D-printed structure. When steam 
is introduced alongside CO2, the printed layer’s surface 
becomes wet, enhancing the formation of C–S–H and 
CaCO3 and forming a strong bond with subsequent layers, 
thereby enhancing the buildable layers (Figure 3A).

The material developed in this research was also used 
to print 1.5 m-tall walls (roughly 50 layers), as displayed 
in Figure  3. Figure  3B illustrates the toolpath used for 
wall printing, while Figure  3C displays the printed wall. 

Figure 3. Buildability of large aggregate 3D printing materials. (A) Number of buildable layers across varying CO2 pressures. (B) Toolpath and dimension 
for wall printing. (C) 1.5 m-high wall printed with large-aggregate concrete at a CO2 pressure of 2 bar with steam.

B

CA

Figure 2. Buildable layers of the 3D-printed large-aggregate concrete. (A) Control mix (Ctrl). (B) CO2 pressure of 2 bar. (C) CO2 pressure of 2 bar with 
steam. (D) CO2 pressure of 4 bar. (E) CO2 pressure of 4 bar with steam. (F) CO2 pressure of 6 bar. (G) CO2 pressure of 6 bar with steam.

B C D

E F G

A
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During wall printing, the process was paused every 5–6 
layers for 7–10 min to mix a new batch of materials. As a 
result, the total time to complete the wall was 90–100 min. 
This experiment aimed to print a scalable structure using 
the large-aggregate 3D-printable material, combined 
with a steam–CO2 mixture as a potential alternative to 
traditional accelerating agents in concrete construction. 
This method could also serve as a means for permanent 
CO2 sequestration in fresh concrete. In a previous study, 
Li et al.12 examined the effects of directly incorporating 
CO2 into materials during mixing. The study found that 
this approach resulted in lower workability and reduced 
setting time. Their SEM images further indicated that the 
formation of reaction products on the surface of cement 
grains due to CO2 mixing accelerated the hydration of both 
tri-calcium aluminate (C3A) and tricalcium sulfate (C3S).

3.2. Compressive and flexural strength of the 
3D-concrete-printing structure

The development of compressive strength and the 
failure patterns of 3D-printed large-aggregate samples 
at 7 and 28  days are illustrated in Figure  4A and B. On 
both days, samples treated with a steam–CO2 mixture 
exhibited enhanced strength. By 28  days, the strength 
of the CO2-treated and steam–CO2-treated samples 
was approximately 25% and 28% higher, respectively, 
compared to the control sample. This improvement aligns 
with the buildability results. The enhanced strength can be 
attributed to the formation of nanoscale calcite (CaCO3) 
particles, which refined the pore structures in the hardened 

concrete due to the reaction between sprayed CO2 and the 
CaO in the cement.34

In 3D-printed samples, the interfaces between layers 
contribute to anisotropic mechanical behavior, in contrast 
to cast samples.35,36 These interfaces often serve as weak 
points that affect the stress–strain response, energy 
dissipation, and crack formation.35 Cracks can develop on 
both vertical and horizontal interfaces (refer to the red lines 
in Figure  4B), influenced by factors such as the loading 
orientation relative to the printed sample, the type of 
loading (bending or compression), and the dimensions of 
the samples. Figure 4C clearly shows that a crack occurred 
on the vertical interface of the cube samples before failure 
during the compression test. Although not depicted here, 
horizontal cracks were also observed in some samples. 
Detailed discussions on crack propagation in 3D-printed 
concrete samples, both with and without fibers, can be 
found in.35,37

The flexural strength of the 3D-printed samples was 
also enhanced with the incorporation of a steam–CO2 
mixture during printing, as shown in Figure 5. Compared 
to the control mix, the concrete samples sprayed with 
CO2 or a steam–CO2 mixture exhibited approximately 
2% and 4% higher strength, respectively, at the 28-day 
mark. The strength development of flexural samples from 
7 days to 28 days was not as significant as that observed 
in compressive strength samples. Previous research has 
shown that CO2-cured concrete exhibited higher strength 
development at an early age of 3 days compared to water-
cured conventional concrete.38 However, this difference 
became negligible at later ages of 28 and 90 days for both 
CO2-cured and conventional concrete samples. The size of 
the samples also affects the strength of CO2-cured samples. 
Specifically, smaller 5  cm × 10  cm cylinder samples 
demonstrated greater strength development than larger 
sizes, such as 10 cm × 20 cm and 15 cm × 30 cm cylinders. 

Figure  4. Strength and cracking patterns in the 3D-printed 
samples. (A) Compressive strength development in large-aggregate 
3D-concrete-printing samples under varying conditions. (B) Illustration 
of a 3D-printed cube sample with a dimension of 90  mm × 90  mm. 
(C) Failure patterns of tested cube samples.

B C

A

Figure 5. Flexural strength development in large-aggregate 3D-concrete-
printing samples
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In addition to sample size, curing conditions, including 
CO2 pressure, concentration, and curing time, are also 
crucial for strength development.

Both concrete strength and the degree of CO2 curing 
increase with longer curing times and higher CO2 pressures.39 
Notably, the reaction between CO2 and cement within the 
concrete occurs rapidly, within 15 min, regardless of CO2 
pressure and pre-conditioning environment. CO2 spraying 
on wet concrete initiates a carbonation reaction alongside 
cement hydration, leading to early-age carbonation.40 
Importantly, no adverse effects on the long-term 
development of concrete properties have been observed due 
to early-age carbonation. The interaction between CO2 and 
cement contributes to the formation of nanosized CaCO3, 
which helps fill voids and improve strength. However, 
some researchers have reported negative effects on cement 
hydration caused by CO2, attributed mainly to variations 
in material compositions and carbonation conditions.41-43 
Therefore, further research is needed to understand the 
carbon dynamics in these factors and confirm their effects 
on carbonated concrete.

3.3. CO2 uptake in 3D-concrete-printing samples

As shown in Figure  6, the TGA curve and derivative 
thermogravimetric (DTG) curve for 3D-printed concrete 
samples provide invaluable information about their 
hydration and carbonation state. The TGA and DTG 
curves typically show several distinct mass loss steps, each 
corresponding to the thermal decomposition of different 
compounds present in the concrete.25,27,44 Among them, 
for CO2 sequestration of 3D-printed concrete samples, it is 
necessary to examine in detail the decomposition range of 
CaCO3 located within the temperature range of 600–950°C.

At the early stage of curing (7 days), the integration of 
CO2 with steam enhanced the carbonation process in the 
3D-printed concrete sample, as illustrated in Figure  6A. 
However, the amount of CO2 sequestration calculated using 
Equation XIII did not show a significant difference across 

printing conditions. At longer curing times (28  days), 
changes depending on printing conditions became more 
evident. Compared to the 7th day’s TGA and DTG curves, 
more hydrated and carbonated products were formed. In 
the carbonation process, well-crystallized CaCO3 can be 
more dominant, and the integration of CO2 or a steam–CO2 
mixture increased the amount of well-crystallized CaCO3, 
as shown in Figures  6B and 7. Compared to the control 
samples at 28  days, the CO2 uptake of the CO2-sprayed 
3DCP samples increased by 7%, while that of the 
steam–CO2-treated samples increased by 23%. The results 
indicate that spraying CO2 or a steam–CO2 mixture 
not only accelerates carbonation during 3D printing, 
thereby improving buildability but also enhances CO2 
sequestration during the curing process. These findings 
open new avenues for future research on varying CO2 
concentrations, pressures, and their effects on different 
concrete compositions for the permanent sequestration 
of CO2 from the atmosphere. Moreover, CO2 uptake in 
concrete depends on several factors, including the water-
to-solid ratio and reaction time. Studies have shown that 

Figure 6. Thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves of the 3D-printed concrete with large aggregate at (A) 7 days and 
(B) 28 days

BA

Figure 7. Comparison of CO2 uptake under three different printing 
conditions at 7 and 28 days
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when the water-to-solid ratio exceeds 0.40, CO2 uptake 
decreases significantly. In addition, the capability for 
CO2 uptake increases with reaction time, reaching a peak 
between 1 and 72 h before saturation, as demonstrated in 
experiments with concrete slurry waste,32 which is beyond 
the scope of this research.

3.4. Scanning electron microscopy of 3D-concrete-
printing samples

Figure  8 displays the microstructure images of hardened 
concrete samples. Notably, the CO2-treated and steam–CO2-
treated samples showed a denser and less porous region 
surrounding the aggregates and cement paste compared 
to the control sample. This indicates strong bonding 
between the cement paste and aggregates, contributing to 
the formation of a robust interfacial transition zone and 
enhancing the mechanical strength of the concrete samples.

3.5. CO2 emission and cost analysis

This study conducted a computational analysis of the 
potential environmental impacts of 3D-printed large-
aggregate concretes. The CO2 emissions and costs 
associated with concrete are directly related to the quantity 
of materials used, particularly the cement in the mixture. 
The CO2 emissions and costs associated with the strength of 
concrete samples were calculated under three conditions: 
control, CO2, and steam–CO2, using Equations XIV–XVII, 
recommended by Meng et al.45:
(i)	 Material cost per unit volume (USD/m3):

C m PM
i

i

i i� �� �� � (XIV)

(ii)	 Material cost per 1 MPa of strength (USD/MPa):

U
C
fM

M

c t

=
( )

� (XV)

(iii)	Carbon emission per 1 MPa of strength (kg/MPa):

C
m C

fCO
i

i

i CO i

c t
2

2�
�� ��
� �

� (XVI)

(iv)	 Carbon emission cost per 1 MPa of strength 
(USD/MPa):

U P CCO CO CO2 2 2� � � (XVII)

where mi and Pi are the mass and price of each 
component, respectively, fc(t) represents the concrete 
strength, CCO2i represents the carbon emissions from each 
component, and PCO2 represents the current average carbon 
price per kg of CO2, which is USD 0.032.46

Table  3 presents the materials, their corresponding 
emission factors, and the approximate prices in the 
local market of Singapore. Using these equations, the 
approximate cost of materials, including carbon costs per 
1 MPa of strength, is calculated and shown in Table 4. The 
results indicate that incorporating CO2 and steam into 
3D-printed concrete structures can reduce costs compared 
to control. Specifically, the use of a steam–CO2 mixture 
resulted in a maximum cost reduction of 28% compared to 
control, while the use of CO2 alone resulted in a reduction 
of approximately 25%. These findings suggest that 
combining steam with CO2 offers greater potential than 
using CO2 alone. It is important to note that other costs 
associated with printing, such as workforce, equipment, 
and transportation, were not included in this analysis, as 

Figure 8. Scanning electron microscopy images of the microstructures of the 3D-printed large-aggregate concrete. (A) Control. (B) CO2-treated sample. 
(C) Steam–CO2-treated sample. Scale bar: 100 µm; magnification: ×100.

B CA

Table 3. Materials, emission factors, and the approximate 
price of materials used in the study

Materials Emission factors (kg CO2 e/kg) Price (USD/kg)

Cement 0.900 0.230

Stone chips 0.005 0.045

Sand 0.005 0.050

Silica fume 0.020 2.000

Superplasticizer 0.010 4.000

Water 0.0003 0.004

2 Bar CO2 1.000 0.766

Steam 0.010 0.250

Carbon price, PCO2 ‑ 0.032
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their actual values depend on various factors that were not 
considered in the current calculations.

In sustainable construction, decisions should be made 
based on specific optimization objectives.43 The model 
results presented in this research can serve as a valuable 
guide for these decisions. This research focused solely on 
the environmental impacts of the raw materials. As a result, 
other costs mentioned above are considered negligible. 
Nonetheless, the cost comparisons provided can provide 
readers a relative understanding of the costs of materials 
with or without CO2 or a steam–CO2 mixture during the 
3D printing of structures. For a more comprehensive 
comparison, additional factors must be included in future 
calculations to develop a solid solution.

4. Conclusion
This study investigated the dual effects of CO2 and a steam–
CO2 mixture on 3D-printed large-aggregate concrete 
samples. The following conclusions can be drawn from the 
research findings:
•	 The study demonstrates that employing CO2 or 

steam–CO2 in large-aggregate 3DCP has significant 
potential, as they can enhance both the buildability 
and mechanical properties of the structures.

•	 The buildability of 3D-printed samples is closely 
linked to CO2 pressure. When CO2 pressure increased 
from 2 bar to 6 bar, there was a 33% improvement 
in buildability for the steam–CO2 mix compared to 
the control mix. However, there was no significant 
difference in buildability between concrete samples 
using CO2 alone and those using the steam–CO2 
mixture. Notably, elevated CO2 levels can lead to 
rough surface formation, detracting from achieving a 
smooth finish in 3D-printed structures.

•	 At 28 days of testing, the compressive strength of the 
3D-printed samples treated with CO2 or steam–CO2 
was found to be 24% and 28% higher than that of the 
control samples, respectively. For flexural strength, 
the improvements were approximately 2% and 4%, 
respectively.

•	 The concrete samples treated with steam–CO2 
demonstrated a significant increase in CO2 uptake 
compared to samples treated with only CO2 or control. 

Specifically, the samples sprayed with steam–CO2 
showed 23% higher CO2 uptake compared to the 
control samples.

•	 Regarding material and carbon costs, the integrated use 
of steam–CO2 resulted in a maximum cost reduction 
of 28% compared to the control. For samples using 
CO2 alone, the cost reduction was approximately 25%.

The primary challenge in 3D printing with large 
aggregates is the slump of fresh concrete. It is well 
established that concrete or mortar with low to zero 
slump is preferable for successful printing, as it prevents 
layer deformation. However, achieving such low-slump 
concrete is difficult and necessitates careful selection of 
material compositions and delivery systems. In addition, 
the lack of standardized sample sizes for various tests is 
concerning, as sample size can significantly affect results 
even when identical material compositions are used. To 
fully harness the benefits of this technology, these issues 
must be addressed through prompt collaboration between 
academia and industry.
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