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Abstract
In this study, carbon emission and energy consumption values of seventeen 3D printable concrete mixtures were investigated. 
The carbon emission assessment of the mixtures was evaluated according to the use and amount of cement, fly ash, silica 
fume, limestone aggregate, recycled concrete aggregate, polypropylene fiber and water reducing admixture. Carbon 
emission assessment was made by using various embodied carbon and embodied energy values obtained from studies in 
the literature. As a result, a reduction in CO2 emission values of the mixtures was measured with the use of silica fume. 
Also, it was determined that with increasing use of polypropylene fiber, CO2 emission values increased by 3.6% (by 0.2%), 
7% (by 0.4%) and 10.8% (by 0.6%). It was understood that the use of recycled concrete aggregate causes a decrease in 
the carbon emission values of the mixtures. It was determined that the energy consumption values of 3D printable concrete 
mixtures have a similar trend as their carbon emission values.

Key Words: Carbon Emissions, Energy Consumption, 3D Printable Concrete, Recycled Concrete Aggregate, Silica Fume, Fly Ash, 
Polypropylene Fiber, Water Reducing Admixture

Introduction
Global population growth and the acceleration of urbanization 
have increased the need for urban infrastructure and therefore 
the demand for building materials to critical levels [1]. This 
situation, in particular, makes the environmental impacts of the 
construction sector even more evident. In fact, it was reported 
that 36% of global greenhouse gas emissions originate from 
building and infrastructure construction [2]. In this context, it is 
clear that the choice of building materials plays a decisive role 
in the carbon footprint.

The complex life cycle of cement, pozzolanic materials, 
aggregates and chemical admixtures used in concrete production 
makes it difficult to calculate carbon emissions. Therefore, the 
concept of “embodied carbon” is widely used in the literature 
to express the total carbon emissions that occur in the process 
from raw material acquisition to the production stage of a 
material [3]. Similarly, embodied energy describes the primary 
energy consumed throughout the life cycle of the material [4].  
Hammond and Jones limited this concept to the “Cradle-to-

Gate” approach and addressed the energy consumption of the 
product from the factory to the point of exit [5].

Compared to traditional construction methods, 3D printing 
technology significantly reduces carbon emissions by providing 
material optimization, waste reduction and energy efficiency 
[6-8]. This study aims to provide critical data for sustainable 
material selection by comparatively analyzing the embodied 
carbon and energy values of the components of 3D printable 
concrete mixtures.

Materials and Methods
In this study, the carbon emission and energy consumption 
values of 17 different 3D printable concrete mixtures were 
examined in detail. The materials and their proportions used in 
the composition of the mixtures are shown in Table 1. These 
mixtures were evaluated according to the amount of cement, 
fly ash, silica fume, aggregate type (limestone and recycled 
concrete aggregate-RCA), polypropylene fiber and water-
reducing admixture.
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Mixture Cement 
(kg/m3)

Fly Ash 
(kg/m3)

Silica 
Fume  
(kg/m3)

Limestone 
Aggregate 
(kg/m3)

RCA 
(kg/m3)

Water 
(kg/m3)

Polypropylene 
Fiber (kg/m3)

Water Reducing 
Admixture (kg m3)

1 450 300 0 1134.6 0 280 0 8.5
2 450 300 0 1134.1 0 280 0 8.7
3 450 300 0 1133.4 0 280 0 9
4 450 330 0 1074.6 0 280 0 8.5
5 450 350 0 1034.5 0 280 0 8.5
6 450 350 0 1029.4 0 280 3.6 8.5
7 450 350 0 1024.2 0 280 7.1 8.5
8 450 350 0 1019.1 0 280 10.7 8.5
9 450 350 0 1029.4 0 280 3.6 8.5
10 450 350 0 1024.2 0 280 7.1 8.5
11 450 350 0 1019.1 0 280 10.7 8.5
12 450 350 0 1029.4 0 280 3.6 8.5
13 450 350 0 1024.2 0 280 7.1 8.5
14 450 350 0 1019.1 0 280 10.7 8.5
15 450 350 0 0 993.4 280 7.1 3
16 423 350 27 0 981.1 280 7.1 4
17 409.5 350 40.5 0 973.8 280 7.1 5

Table 1: Mixing ratios of 3D printable concrete

In calculating carbon emission and energy consumption values, 
embodied carbon (kg CO₂/kg) and embodied energy (MJ/
kg) values per unit weight of each component were taken into 
account. These calculations, using the lowest and highest values 
in the literature (Table 2), were carried out according to the 
methodology given in Equation 1. Thus, the carbon emission 
and energy consumption values of the mixtures were obtained.

CO2=∑n
i=1 (Wi xCO2i-e)                  [1]

Where,
CO2 is the total embodied CO2 value of 1 m3 of concrete. Its unit 
is kgCO2/m

3.
n, is the total raw material in the mixture.

Wi is the total amount of material (in kg) required to produce 1 
m3 of concrete.
CO2i−e is the equivalent CO2 value of material (in kg CO2/kg)

Mixing 
Component

Embodied Carbon (kgCO2/kg) Embodied energy (MJ/kg)
Minimum value Maximum Value Minimum value Maximum Value

Cement 0.804a 0.94b 4.6c 6.15d

Fly Ash 0.008e 0.027f 0b 0.1g

Silica Fume 0.014h 0.024a 0.036i 0.1h

Limestone 
Aggregate

0.0026j 0.017a 0.018k 0.17g

RCA 0.002e 0.013l 0.066m 0.076k

Water 0c 0.001e 0g 0.2c

Polypropylene 
Fiber

3.43n 5.03c 79.8534o 94.4c

Water Reducing 
Admixture

0.0000052f 2.388a 0.0058m 18.3g

aThilakarathna et al., bHu et al., cHammond and Jones, dGoggins et al., eGan et al., fFlower et al., gAdesina et 
al., hKuruşcu et al., iMurthy et al., jYang et al., kKurda et al., lYazdanbakhsh et al., mSobuz et al., nKorol et al., 
oGalan-Marin et al., [9-22].

Table 2: Embodied CO2 emission and embodied energy factors used in the study

Experimental Results and Discussion
Embodied carbon dioxide refers to the total amount of carbon 
dioxide released throughout the production processes of a 
material, from raw material production to the final product [3]. 
Carbon emission and energy consumption values of the mixtures 

analyzed in the study are presented comparatively in Figure 1 
and Figure 2, respectively, based on 1 m3 of concrete. The 
findings support the emphasis made by Kaya et al. [4]. Cement 
stands out as the most dominant emission source, accounting for 
92-98% of the total CO2 emissions in the mixture. This result 
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is consistent with the high embodied carbon values of cement 
(0.804–0.94 kg CO₂/kg) in Table 2. Specifically, how the use 
of cement substitutes can reduce these emissions is one of the 
focuses of the study.

Keeping the amount of cement constant throughout the mixtures 
examined within the scope of the study made the effect of cement 
on carbon emissions more evident, especially in mixtures number 
16 and 17 containing silica fume. Experimental results show 
that these mixtures containing 6% and 9% silica fume reduce 
CO2 emissions by 4-7% compared to mixture number 15, which 
uses the same aggregate type but does not contain silica fume. 
This reduction can be explained by two main properties of silica 
fume: first, the additional energy requirement in its production 
is minimal since it is an industrial product; second, it has a 
much lower embedded carbon value compared to cement [3].  
The study by Wang et al. also supports these findings, revealing 
that the use of silica fume as a partial replacement material for 
cement significantly alleviates the environmental impacts of 
concrete production [23].

Experimental findings reveal that the lowest carbon emission 
value among the mixtures examined was observed in mixture 
number 17, which has the lowest cement content and was 
produced entirely using RCA. The performance of this mixture 
can be explained due to two critical factors: (1) minimization of 
the cement amount and (2) lower embedded carbon content of 
RCA compared to natural aggregates (Table 2). In contrast, the 
highest emission values were measured in blends 8, 11 and 14 
containing 0.6% polypropylene fiber. This is explained by the 
relatively high embodied carbon values of polypropylene fibers 
(3.43-5.03 kg CO₂/kg).

Analysis revealed that mixtures 1-5 did not show any significant 
difference in CO2 emission values. This similarity is mainly due 
to the fact that variations in the mixture components are limited 
to only minimal changes in the amount of fly ash (in the range 
of 300-350 kg/m³) and the water-reducing admixture dosage 
(8.5-9 kg/m³). The data presented in Table 2 show that the 
embodied carbon values for these two components are at quite 
low levels (in the range of 0.008-0.027 kg CO₂/kg for fly ash 
and 0.0000052-2.388 kg CO₂/kg for water-reducing admixture). 
These low emission factors resulted in final CO₂ emission values 
remaining within a narrow band (419-420 kg CO₂/m³) despite 
composition differences between the mixtures. In particular, the 
fact that fly ash has an embodied carbon content approximately 
30-100 times lower than cement played a decisive role in 

stabilizing emission values in these mixtures.

When examining mixtures containing fiber, it was found that 
there was a significant increase in CO2 emissions as the use of 
polypropylene fiber increased. A 3.6% increase was observed 
in mixtures containing 0.2% fiber, a 7% increase in mixtures 
containing 0.4% fiber, and a 10.8% increase in mixtures 
containing 0.6% fiber. The main reason for this significant 
difference is that polypropylene fibers have a much higher 
emissions potential than other components, with an embodied 
carbon value of 3.43-5.03 kg CO₂/kg. This value is calculated to 
be 4-6 times higher than cement and 127-628 times higher than 
fly ash. These findings clearly demonstrate that the amount of 
fibers used should be carefully optimized to improve mechanical 
performance and that fiber selection is a critical parameter in 
sustainable concrete design.

The effects of using RCA on carbon emissions were evaluated by 
comparing it with mixture number 10, which has the same fiber 
length and ratio but contains limestone aggregate. The analyses 
revealed that mixture number 15 containing 100% RCA provided 
a 2% reduction in CO2 emissions compared to mixture number 
10. This limited reduction suggests that the environmental 
advantages of RCA should be carefully evaluated. As noted by 
Bostanci et al. this modest decrease in the carbon footprint of 
RCA is mainly due to the fact that the recycling process itself 
(extraction, processing and transportation stages) produces 
additional emissions [24]. Also, the significantly lower amount 
of water-reducing admixture in mixtures containing RCA can 
be considered as a secondary factor contributing to this slight 
reduction in emissions.

Experimental findings revealed a parallel relationship between 
embodied energy and carbon emissions. As noted by Kaya 
et al. these two parameters are closely related [4]. As can be 
seen in Figure 2, the embodied energy values of mixtures 1-5 
showed a variation of 6%. This is primarily due to the increase 
in fly ash content (300-350 kg/m³). Of particular note is the 
impact of polypropylene fiber use on energy consumption: an 
energy increase of 5% was observed for blends containing 0.2% 
fiber, 10% for those containing 0.4% fiber, and 16% for those 
containing 0.6% fiber. This increase is due to the higher energy 
requirements of fiber production processes. In contrast, the use 
of RCA resulted in a 7% decrease in embodied energy values. 
This can be explained by the more energy-intensive extraction 
and processing of natural aggregates.

Figure 1: Carbon emission values of the mixtures
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Figure 2: Embodied energy values of mixtures

Conclusion
As a result of the materials used and the analyses performed, the 
following results were obtained;
• It was determined that substituting 6-9% silica fume for cement 
reduces CO2 emissions of mixtures by 4-7%.
• Polypropylene fibers have been found to have a significant 
impact on the carbon footprint of mixtures. Increases in CO2 
emissions were observed with increases of 3.6% (0.2% fiber), 7% 
(0.4% fiber), and 10.8% (0.6% fiber) as fiber content increased.
• When the environmental impacts of using recycled concrete 
aggregate were evaluated, it was calculated that mixes containing 
100% RCA provided a 2% reduction in CO₂ emissions compared 
to mixes with traditional limestone aggregate.
• It was determined that the embodied energy and carbon 
emission values of the mixtures show parallel trends.
• Overall, the results obtained in this study demonstrate that the 
sustainability of concrete produced with 3D printing technology 
can be significantly improved through careful selection and 
optimization of the constituent materials. In particular, the use 
of alternative binders instead of cement and the utilization of 
recycled aggregates hold promise for developing green building 
materials.
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