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Abstract: Three-dimensional concrete printing (3DCP) has become recognized as a possible alternative
to conventional concrete construction, mainly due to its potential to increase productivity and reduce
the environmental impact of the construction industry. Despite its up-and-coming popularity within
the field, limited research has quantitively investigated the environmental benefits that 3DCP
brings. This paper investigates the environmental tradeoff of utilizing 3DCP over conventional
construction by conducting a detailed cradle-to-gate life cycle assessment (LCA) study of four
case-scenarios (conventional concrete construction, 3DCP with reinforcement elements, 3DCP without
any reinforcement, and 3DCP without any reinforcement and utilizing a lightweight printable concrete
material.) These case-scenarios were carefully selected to quantify the environmental impact of
3DCP while emphasizing the importance of the material composition. The LCA was conducted
for a 1 m? external load-bearing wall in all four scenarios. The LCA analysis showed that 3DCP
significantly reduced environmental effects in terms of global warming potential (GWP), acidification
potential (AP), eutrophication potential (EP), smog formation potential (SFP), and fossil fuel
depletion (FFD), as compared to conventional construction methods. However, these environmental
improvements diminished when 3DCP was coupled with the use of conventional reinforcement
elements. Moreover, the use of an alternative concrete mixture in 3DCP showed a further decrease in
the GWP, AP, EP, and FFD impact. Ultimately, the findings in this paper support the advantages of
3DCP technology and recommend the investigation of the development of (i) sustainable printable
concrete materials and (ii) novel reinforcement techniques that are suitable for 3DCP rather than
adopting conventional reinforcement techniques.

Keywords: 3D concrete printing; life cycle assessment; environmental impact; sustainable construction

1. Introduction

The environmental impact of the construction and operation of the built environment is immense.
The construction industry accounts for 40% of global energy consumption, 28% of global greenhouse
gas (GHG) emissions, 12% of global potable water usage, and 40% of developed countries’ solid waste
generation [1]. Concrete and cement-based materials are at the core of the construction industry, having
increased 34 times in the last 65 years despite the human population increasing by only three times [2,3].
Although the use of concrete material continues to increase, several adverse environmental effects of its
production and use in the construction sector have become evident in recent years. Concrete production
has a large carbon footprint, accounting for 4-5% of worldwide emission of CO, [4]. In addition, a
significant amount of waste is generated in the construction process, primarily from formwork wastage
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used to create temporary molds for pouring and forming concrete [5]. Apart from the environmental
concerns, the concrete construction sector is a labor- and capital-intensive industry, requiring high
costs for material usage, equipment, and labor [6].

In recent years, there has been a growing interest in the automation of concrete construction using
3D-printing technology. Automation has been growing in popularity in many industries to increase
production efficiency. Three-dimensional concrete printing (3DCP) is a computer-aided process that
builds concrete structures by extruding concrete layer by layer through a digitally controlled nozzle.
The adoption of 3D printing in the construction sector was accelerated through the development
of a process known as contour crafting [7,8]. This novel method facilitated 3D concrete printing of
large building structures by extruding concrete paste by using larger nozzles and higher pressure to
account for the different consistencies of concrete. The appropriate automation of the construction
sector through 3DCP has many benefits, including decreased costs, time, and labor, while increasing
productivity and improving the quality of construction. In addition, 3DCP eliminates the geometric
constraint of structures put forth by conventional concrete building, thus allowing for the highly
precise fabrication of complex, geometric, and hollow structures.

To assess the full environmental impact of a structure, all phases of the building process must
be properly evaluated, beginning prior to construction and continuing through demolition and the
analysis of the materials’ possibilities for reuse. Life cycle assessment (LCA) is a method that assesses
the environmental impact of a product over its service lifetime. LCA tools were initially developed
to support decision makers in distinguishing between products, product systems, and services on
the basis of their environmental performances [9]. In terms of construction, LCA quantifies the
environmental impact of a built structure over its lifetime and has been used intensively in the
literature and in practice [10-14]. Many studies have highlighted the potential for 3DCP to influence the
energy and environmental footprint of concrete buildings [15-18]. In addition, many authors’ [19-23]
LCA comparisons of conventional manufacturing versus additive manufacturing have indicated
that additive manufacturing decreases overall environmental impact and increases the possibility of
recycling. In particular, one study showed that a prefabricated bathroom unit constructed by using
3DCP achieved an overall 25.4% reduction in cost, an 85.9% decrease in CO, emission, and an 87.1%
decrease in energy consumption from the same unit built by using the precast method [6]. Another
study compared the environmental impact of constructing a section of a 1 m? load-bearing wall by
using two methods: the conventional concrete method and 3DCP [24]. The study found that 3DCP
outperformed the conventional construction method in almost all environmental impact categories.
One reason for this is that 3DCP does not require formwork or reinforced steel, thus significantly
increaseing its environmental friendliness. However, 3DCP does require more cement and fly ash in
the printable concrete mixture so that the printed structure can hold its shape. This increase, in turn,
adds to 3DCP’s contribution to global warming and is indeed collectively responsible for 70.8% of
the environmental impact of the method [24]. Because cement-based material has been shown to
dominate the environmental impact categories of 3DCP LCA studies, research in the development of a
high-quality and environmentally friendly cement-based material has gained popularity. Once such
material incorporates microcrystalline cellulose (MCC), which has been suggested as a potential
reinforcement for cement-based composites [25], the study found that the partial replacement of
the binder with MCC decreased the overall GHG emissions. This shows that, with the appropriate
cement-based material, 3DCP can further reduce the environmental impact at the construction stage.

Another attractive feature of 3DCP is its contribution to effectiveness and productivity. Compared
to conventional concrete construction, 3DCP allows for the construction of complex structures with little
to no formwork. In addition, 3DCP facilitates the construction of structures with complex geometries
with little to no additional expenses [26-29].
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Moreover, 3DCP brings significant benefits in terms of environmental impact, cost, waste, and labor
reduction, and that it substantially increases the geometric freedom of built structures. Most of the
full-scale 3DCP projects incorporate reinforced concrete columns and beams within the printed structure
to satisfy building codes and standards; however, these structural elements have been designed for
use with conventional concrete construction. The literature lacks the investigation of whether the
addition of conventional reinforcement within the context of 3DCP may contradict the environmental
friendliness of the technology. Likewise, the literature lacks the investigation of whether or not there is
a structural need for reinforcement in 3D-printed structures or whether 3DCP may adopt alternative
forms of reinforcement. Additionally, the environmental impact when more sustainable printable
concrete is integrated with 3DCP (as means to further decrease environmental impact of construction)
is yet to be assessed. To this end, the objectives of this paper are as follows:

a Investigate the environmental tradeoff gained when utilizing 3DCP over conventional construction;

b  Investigate the environmental impact of incorporating reinforced columns and beams within a
3D-printed structure versus their omission;

¢ Investigate the environmental impact of 3DCP when an alternative concrete mixture is adopted.

To address the aforementioned objects, a detailed LCA is conducted on four scenarios:

e  Scenario 1 (S-1): Conventional construction method using concrete masonry block with reinforce
concrete columns and beam.

e  Scenario 2 (S-2): 3DCP construction method with reinforced concrete columns and beams.

e  Scenario 3 (S-3): 3DCP construction method without reinforced concrete columns and beams.

e  Scenario 4 (S-4): 3DCP construction method using an alternative concrete mixture and without
reinforced concrete columns and beams.

Scenario 1 quantifies the environmental impact of conventional wall construction. Scenarios 2
and 3 evaluate the environmental impact of 3DCP when reinforced concrete columns and beams are
included within the printed structure and when they are omitted, respectively. Scenario 4 aims to
evaluate the impact of coupling more sustainable concrete material with 3DCP. The results of the LCA
are evaluated and compared, to assess the environmental impact of each construction method, as well as
how the construction material impacts the environment. The environmental impact categories studied
in this work include global warming potential (GWP), acidification potential (AP), eutrophication
potential (EP), smog formation potential (SFP), and fossil fuel depletion (FFD). The results of this paper
provide significant contribution in a relatively new and understudied field and provide compelling
evidence on the importance of the adoption of 3DCP technology with more sustainable printable
concrete. In addition, the findings of this paper motivates research direction in assessing whether
3DCP needs reinforcement and developing reinforcement strategies specific for 3DCP.

2. Materials and Methods

The selected method for evaluation in this case study is the standardized process LCA framework
presented in the International Organization for Standards (ISO 14040) [9]. This LCA method is selected
because it is specifically designed to assess the environmental impact of products and processes
throughout their all life cycle stages (material extraction, manufacturing, distribution, use, and final
disposal). Other methods, such as the environmental impact assessment (EIA), are more suitable for
the evaluation of the environmental and economic impact of policies, plans, or projects and look at the
environmental impact of the overall project, which is not ideal for the objectives of this work [30,31].
This section discusses the methodology adopted to implement the LCA, including the goal and scope,
system boundaries, the function unit selected to evaluate the four scenarios, environmental impact
categories studied, and the construction material and energy consumption of all four scenarios.
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2.1. Goal and Scope

The goal of this study is twofold. The first goal is to determine whether and to what extent
environmental benefits can be achieved through 3DCP versus the conventional construction method.
The second goal is to assess and compare the environmental impact of 3DCP under three scenarios,
namely 3DCP with reinforcement, 3DCP without reinforcement, and 3DCP without reinforcement and
using a lightweight concrete alternative. To study the environmental impact of all four construction
methods, a functional unit was chosen to represent a 1 m? section of an external load-bearing wall with
a 20 cm thickness. The functional units were carefully chosen to be representative of the main function
of the system being studied and to allow for a fair and meaningful comparison between the different
material and construction processes. The functional units of the 3DCP method and the conventional
construction method differ to reflect the differences in the physical and structural properties unique
to each; however, the constructed units satisfy and serve the same structural function and purpose.
In particular, the analysis of S-1 and S-2 utilizes a 4 x 3 m? wall in order to incorporate the structural
elements (reinforced concrete columns and beam) for a structural-size wall; consequently, the calculated
quantities in the 4 x 3 m? wall are downscaled by dividing by 12 to represent the quantities in a 1 m?
unit and for meaningful comparison with S-3 and S-4. Table 1 outlines the four studied scenarios and
their respective details.

Table 1. Description of the four studied construction scenarios.

S-1 S-2 S-3 S-4
. 3DCP method with 3DC}P method without SDCP method without
s Conventional . reinforced concrete reinforced concrete
Description - reinforced concrete . .
construction method structural system using structural system using

tructural syst . . .
structural system high-performance concrete  lightweight concrete

2 columns 60 X 20 cm 2 columns 60 X 20 cm
Columns and beam and beam 40 X 20cm  and beam 40 X 20 cm N/A N/A

Concrete
Concrete .
Steel reinforcement Steel reinforcement
. Formwork 3DCP high-performance 3DCP lightweight
Material Formwork
3DCP concrete concrete
CMU high-performan
Mortar gh-perto ce
concrete

S-1, Scenario 1; S-2, Scenario 2; S-3, Scenario 3; S-4, Scenario 4; 3DCP, three-dimensional concrete printing;
CMU, concrete masonry unit.

A cradle-to-gate LCA was performed that includes raw material extraction, material production,
and product construction for the four constructed walls. This paper studies the environmental impact
of four forms of construction materials and processes independent of the place of building and thus,
the environmental effects of material transportation are beyond the system boundaries and scope of the
work [25]. Figure 1 illustrates the general system boundaries of the proposed study, which include the
production (extraction of raw material and its production into construction material) and construction
phases only. The LCA modeling was conducted in GaBi 9.2.1.68, by Thinkstep, using the GaBi 2020
database in accordance with GaBi databases and modeling principles. The entire embodied impact of
the processed raw material was obtained from the GaBi database (see Supplementary Materials).
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Figure 1. System boundaries of the proposed study.

2.2. Material and Data Inventory

2.2.1. Scenario 1

The functional unit for S-1 combines three components: columns, beam, and blocks, as shown
in Figure 2. The wall is made of a hollow concrete masonry unit (CMU) with the dimensions
200 x 200 x 400 mm?, two reinforced concrete columns of 600 x 200 mm?, and a reinforced concrete
beam of 400 x 200 mm?.

Figure 2. Conventional construction method (S-1).

The concrete used in the columns and beam is composed of 21% Portland cement, 7% water,
39% coarse aggregate, and 33% fine aggregate. A standard, unfinished tempered-steel rod suitable
for structural reinforcement (rebar) was used for the columns and beam reinforcement. Hollow core
concrete masonry units (CMUs) with a unit dimension of 20 x 20 x 40 cm?® were used to construct
the wall. The masonries were joined by using mortar that consisted of 83% sand, 11% cement,
and 6% limestone.
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Plywood with a 17 mm thickness was the only formwork material included in this study, as the
other accessories commonly used to set it up (e.g., supporting jacks, clamps, etc.) have a negligible
impact and can be reused several times. That plywood would be used twice was assumed, since it
can be used at least once on each side. Figure 3 illustrates the flowchart of Scenario 1, and Table 2

summarizes the material quantity of this scenario.

112.48 kg CMU

Concrete

rebar

Mortar mc:::::en" Concrete Steel rebars Plywood
production (CMU) production production production production
12.08 kg Mortar 184.42 kg 21.92 kg Steel 0.27 kg Plywood

Stage 1: Raw material production
Stage 2: S-1 manufacturing

Process from GaBi Database
Modeled process

Economic flow

Reference flow

2.2.2. Scenario 2

Figure 4 shows the wall element for the 3DCP wall with the reinforcement concrete structural
system. This wall is initially printed by using 3DCP technology, and the reinforced columns were
casted within the walls by first fixing the steel rebar and then pouring concrete within the vicinity of
the hollow printed wall. The reinforced beam was casted in a similar manner to that of S-1 with the

use of formwork.

Figure 4. Graphic of 3DCP construction method with reinforced concrete structural system (S-2).

1 m? of conventional wall with structural

Figure 3. Flowchart of S-1.

element (S-1)
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The 3DCP concrete material used in this scenario is M-1, which is composed of ordinary Portland
cement, fly ash, microsilica, river sand (2 mm maximum particle size), and polypropylene microfibers.
The concrete and steel rebars used for the structural columns and beam are identical to that of the
material composition of S-1. The formwork in 5-2 was only used to cast the beam, meaning it is similar
to that of S-1. Figure 5 illustrates the flowchart of this scenario, and Table 2 summarizes the material
composition of the function unit.

: Cement Fly ash Aggregate Water Microfibers Additive Concrete Steel rebars Plywood
& p z 2
i
&
0.07 k 184.42 kg 21.92 kg Steel
34.7 kg Cement |9.9 kg Fly ash 74.5 kg Sand |13v92 kgWater [y 8 |g-2 :2 Z‘z‘s::i‘:"m l:ome[e e 0.27 kg Plywood

Electricity 3DCP Printing | | Columns and beam construction |
~
: l l
]
©
P
o

| 3DCP Wall with structural element assembly |

: [ [ [ ! I

Stage 1: Raw material production
Stage 2: -2 manufacturing 1 m? of 3DCP wall with structural element

(s-2)
|:’ Modeled process

—p Economic flow

=) Reference flow

Figure 5. Flowchart of S-2.

Table 2. Material inventory for S-1 and S-2.

Material Quantity
Representative of 12 m? Wall Representative of 1 m? Wall
S-1 S-2 S-1 S-2
Structural Concrete (kg) 2213.00 2213.00 184.42 184.42
Steel Rebar (kg) 263.00 263.00 21.92 21.92
Concrete Masonry Unit (kg) 1349.70 - 112.48 -
Mortar (kg) 145.00 - 12.08 -
Plywood (kg) 126.00 3.20 10.50 0.27
3DCP Concrete (m3) - 0.70 - 0.06

2.2.3. Scenario 3 and 4

Figure 6 shows the wall section for S-3 and S-4; two concrete mixtures were evaluated for 3D
printing. The mixture used in S-3 is a high-performance concrete (M-1) composed of ordinary Portland
cement, fly ash, microsilica, river sand (2 mm maximum particle size), and polypropylene microfibers.
In addition, the mixture incorporates polypropylene microfibers (used to reduce the shrinkage and
deformation in the plastic state), Alkali-free accelerators to control the setting time, and polycarboxylic
ether superplasticizers (to maintain concrete workability with a low water/cement ratio for proper 3D
printing). The environmental impact of microsilica is not considered, as microsilica is a waste product
from the silicon and ferrosilicon alloys; therefore, the environmental is considered negligible.
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Figure 6. Graphic of 3DCP wall section for (S-3) and (S-4).

8 of 20

The second concrete mixture (Mix-2) for S-4 uses the same material as S-3, except for the river
sand. To reduce the weight of the concrete material and to improve its thermal insulation properties,
river sand was replaced with expanded perlite (EXP) with a maximum particle size of 4 mm [32].
Perlite is a hydrated amorphous-volcanic silicate glass with a volume that rapidly expands to between
5 and 20 times its original volume when heated to 900-1200 °C, forming EXP [33]. The pore structure
imbued upon EXP during this expansion process provides it with excellent thermal insulating properties
and weighs less than common concrete aggregate lithologies (i.e., limestone, sandstone, or granitic
rocks), gaining the material great attention as a potential aggregate for concrete [34-37]. The mixture for
S-4 results in a lightweight and high-strength concrete that has favorable thermal insulation properties.
Detailed information on the material characterization can be found in [32]. Figure 7 illustrates the

flowchart of S-3 and S-4.

- <
o Cement Fly ash Aggregate Additi Microfibers
o production production production production
a
93.1 kg Sand for 5-3 0.62 kg Plasticizer 0.09 kg
. | 17.4 kg Wat
124kg Fiyasn 4.8 kg Perlite for S-4 0.62 kg Accelerator gt Microfibers

3DCP Wall Printing

I
I
I
I
1 44 kg Cement
I
I
1
I
1

Stage 1: Raw material production
Stage 2: S-3 & S-4 manufacturing

D Process from GaBi Database
:’ Modeled process

ety ECONOMIiC flow

=——=Jp Reference flow

1 m? of 3DCP wall (5-3)
1 m? of 3DCP wall (5-4)

Figure 7. Flowchart of S-3 and S-4.

Table 3 summarizes the material proportion of each concrete mixture. In total, volumetric 3DCP
material used in S-3 and S-4 are 0.075 m°.
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Table 3. Material proportions of 3DCP concrete mixtures.

Material Mix-1 Mix-2

Cement (kg/m?) 579 579

Fly ash (kg/m?) 165 165
Microsilica (kg/m3) 83 83

Sand (kg/m?) 1241 0

Perlite (kg/m3) 0 63.9
Water (kg/m3) 232 232
Microfiber (kg/m3) 1.2 1.2
Super-Plasticizer (kg/m3) 8.27 8.27
Accelerator (kg/m3) 8.27 8.27

2.2.4. Electricity Consumption for 3DCP Process

The electricity sources used to model the electricity flow is based 100% on natural gas energy
sources for electricity generation. The total energy consumption required to construct the wall by using
the conventional method is not accounted for because it is undertaken manually. For the 3DCP wall,
the Putzmeister MP25 machine was considered to mix and pump the concrete, and the ABB robot
(IRB6700) was used to control and automate the nozzle movement to print the wall. The total energy
consumed (EC) in the printing of one wall is given in the following equation:

EC = (Pg)(t) )

where EC is measured in kilowatt-hour (kWh), P; represents the power demand measured in kilowatts
(kW), and t represents the total printing time measured in hours (h). The power demand value of each
machine was taken from the equipment datasheet. The time required to print one square meter was
calculated by running multiple trials to define the optimal robot speed that satisfies the 3D-printing
parameters (pumpability, extrudability, and buildability), and it was found to be 200 mm/s (12 m/min).
The pumping rate to match the printing setup was 6 L/min, and it was found that the total amount of
concrete needed to print one square meter wall is 0.075 m3 = 75 L (L). Thus, the total printing time is
found by the following equation:

‘o total amount of concrete  75L
B pumping rate ~ 6 L/min

=125min = 021h. @)

The robot manufacturing and construction process’s impact is neglected because it has only
negligibly contributed to the overall energy consumption involved in the 3D-printing process [1,38].
Table 4 summarizes the overall electric consumption of kWh required for printing a wall of one
square meter.

Table 4. Summary of the energy requirement during the construction phase in the 3DCP wall.

Equipment Power Requirement (kW) Electricity Consumption (kWh)
Mixer and pump 7.38 1.55
Robotic arm 3.40 0.71
Total 2.26

2.3. Life Cycle Impact Assessment (LCIA)

The life cycle impact assessment (LCIA) is a method used to correlate the intensity of the LCA
results with their environmental effects. The LCIA is conducted by using environmental impact factors
that align with the goal and scope of the study. Potential impacts are reported in kilograms units of an
equivalent relative contribution (eq) to the emission being measured (i.e., kg CO,eq for CO; emission).
This study used TRACI (a tool for reduction and assessment of chemicals and other environmental
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impacts) to categorize and characterize the inventory emissions [39]. This impact assessment method
was developed by the United States Environmental Protection Agency (EPA), to assess the midpoint
level environmental impact by a decision-making framework. This impact assessment method has
been used in many similar studies [40-43].

The environmental impact categories studied in this work are listed in Table 5.

Table 5. Environmental-impact categories evaluated.

. . .. Unit of
Environmental Impact Categories Description Measurement
. . A measure of GHG emissions leading to the
Global Warming Potential (GWP) Earth’s greenhouse effects kg CO,eq
Cepe s . A measure of emissions that creates an acidic
Acidification Potential (AP) effect in the environment. Unit of measurement kg SO,eq

Measures the impacts of high levels of
Eutrophication Potential (EP) macronutrients (mainly nitrogen (N) and kg Neq
phosphorus (P)) in the environment

A measure of ground-level ozone produced by
Smog Formation Potential (SFP) chemical reactions between volatile organic kg Ozeq
compounds and nitrogen oxides in sunlight

A measure of the total amount of primary energy
Fossil Fuel Depletion (FFD) extracted from the earth (energy demand from M]
both non-renewable and renewable resources)

3. Results and Discussion

This section discusses the results of the LCA of the four studied scenarios. The discussion is
divided into four sections. The first section presents the LCA results of S-1 and discusses each material’s
contribution to the environmental impact categories. The subsequent two sections discuss the results
of the LCA of 5-2, 5-3, and S-4. The last section analyzes the overall environmental impact of all four
scenarios in terms of the potential impact categories and discusses the benefits that 3DCP affords over
conventional construction methods. In addition, this last section includes comparisons with other LCA
studies. As discussed earlier, the values determined from S-1 and S-2 are scaled down to a 1 m? wall in
order to offer a fair and meaningful comparison with the other scenarios.

3.1. Environmental Impact of S-1

This section dissects the LCA of conventional concrete construction by assessing the contribution
of materials to the environmental impact. Figure 8 illustrates the contributions of reinforcement steel,
structural concrete, concrete masonry units, mortar, and formwork to the environmental impact
categories of GWP, AP, EP, SFP, and FFD. Structural concrete appears to contribute significantly in
all five impact categories due to its use of cement and its large volumetric quantity in building the
wall. Reinforcing steel was found to contribute significantly in terms of GWP, AP and FFD. Similarly,
the formwork contributes to approximately 20% of the total EP, and, in 3DCP, its contribution is
eliminated. Mortar is seen to contribute minimally across all environmental impact categories because
the quantity used is smaller than the other materials. An interesting feature is seen in the GWP effect
of formwork, where a negative 2.82 kg CO,eq is observed. The negative value is due to the plywood’s
(used as formwork) absorption of CO; from trees (timber) as it grows to outweigh the emissions of
CO; from the machinery and equipment used for harvesting and processing the timber [44,45].
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58.89 (kg CO,eq) 1.73E-01 (kg SO,eq)1.38E-02 (kg Neq)2.96 (kg Oseq)  36.51 (MJ)

100%

80%

[]
60%
40%
20%
0% —

-20%

(kgi\g/;q) AP (kg SO,eq) EP (kg Neq) SFP (kg Oseq) FFD (MJ)
W Formwork -2.82 3.45E-02 6.42E-03 6.88E-01 10.42
Mortar 1.21 2.18E-03 4.04E-04 4.04E-02 0.40
1 Concrete masonry unit (CMU) 12.67 2.63E-02 1.74E-03 5.70E-01 4.18
W Structural concrete 20.58 3.27E-02 1.65E-03 6.94E-01 4.27
W Reinforcing steel 27.25 7.74E-02 3.58E-03 9.67E-01 17.25

Figure 8. Detailed contribution of the different materials in S-1.
3.2. Environmental Impact of S-2

The materials’ contributions to the environmental impact of S-2 are shown in Figure 9. It is clear
that a significant portion of the environmental impact in all the categories stems from the use of
structural concrete and steel reinforcement. The same negative impact from the plywood used in the
formworks can be seen in the GWP; however, this amount is less than that from S-1. This is attributed
to the fact that the S-2 formwork is only used to cast the reinforcement beam and not the columns,
because the 3DCP walls act as column molds.

- 75.08 (kg COzeq) 1.64E-01 (kg SO,eq) 1.02E-02 (kg Neq)  2.76 (kg Oseq) 37.17 (M)
(1]
80%
60%
40%
20%
0% —_—
-20%
GWP (kg CO,eq) AP (kg SO.eq) EP (kg Neq) SFP (kg Oseq) FFD (MJ)
Printing process 27.98 4.51E-02 3.25E-03 8.27E-01 12.94
W Formwork -0.73 9.00E-03 1.67E-03 1.79E-01 2.71
M Structural concrete 20.58 3.27E-02 1.65E-03 6.94E-01 4.27
M Reinforcing steel 27.:25 7.74E-02 3.58E-03 9.67E-01 17.25

Figure 9. Detailed contribution of the different materials in S-2.
3.3. Environmental Impact of S-3 and S-4

Figure 10 explores the environmental impacts of the material and printing process in purely 3DCP
scenarios (S-3 and S-4). Cement gives the greatest contribution to GWP, AP, and SFP. This is not surprising,
as it is a well-established fact that the production of cement carries a large carbon footprint [46]. Large
aggregates cannot be incorporated into 3D printable concrete mixtures, due to issues with the printing
nozzle becoming embedded. To adjust for this, the amount of cement in 3DCP is greater than that
of conventional concrete to ensure the printed structure maintains its integrity of strength and form.
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The comparison between the two concrete mixtures (high-performance concrete versus lightweight
concrete) shows that the use of EXP in lightweight concrete decreases the GWP, AP, EP, and FFD
contribution of sand from high-performance concrete by nearly 50%. This reduction translates into a 4%,
5%, 0.5%, 11%, and 21% reduction in the total GWP, AP, EP, SFP, and FFD emissions of the lightweight
3D-printed wall (S-4) versus the wall built by 3D printing of high-performance concrete (S-3).

GWP (kg CO5eq) AP (kg SO,eq) EP (kg Neq)
100% 46.12 44.42 100% 7.43E-02  7.08E-02 100%  S5:36E-03  5.34E03

90% o0% - o0%
o o =
70% 70% 70% .
60% 60% 60%
50% 50% 50%
40% 40% 40%
30% 30% 30%
10% 10% 10%

0% 0% 0%

Scenario3 Scenario 4 Scenario3  Scenario 4 Scenario3 Scenario4
SFP (kg Oseq) FFD(MJ)
100% 1.36 1.22 100% 212 0.2 m Cement

90% 90% Hardening accelerator
80% 80% m Plasticizer

70% — u Fly ash

60% 60%

SOk 0% . u Polypropylene fibers (PP)
40% 40% m Water
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Figure 10. Breakdown of environmental impact per material for S-3 and S-4.

Tables 6 and 7 show the values of the five emission categories produced by each material in S-3 and
S-4, respectively. The volumetric replacement of sand with EXP did decrease the overall environmental
impact in all five categories; however, the most significant difference is observed in SFP and FFD,
with a total decrease of 0.14 kg Ozeq and 4.55 M]J, respectively.

Table 6. Breakdown of material environmental impact contribution of S-3.

Material GWP AP EP SFP FFD

(kg COzeq) (kg SOzeq) (kg Neq) (kg Oszeq) )

Cement 36.00 5.01E-02 2.39E-03 9.01E-01 3.77
Hardening Accelerator 1.26 5.21E-03 7.36E-04 6.71E-02 1.99
Plasticizer 1.14 4.01E-03 1.12E-03 2.22E-02 2.32

Fly Ash 2.49 4.60E-03 4.39E-04 8.02E-02 0.68
Polypropylene Fibers 0.20 3.15E-04 2.68E-05 4.96E-03 0.89
Water 0.08 1.86E-04 4.58E-05 3.30E-03 2.80
Electricity 1.08 2.06E-03 1.23E-04 6.93E-02 0.08

Sand 3.87 7.79E-03 4.84E-04 2.15E-01 8.80

Total 46.12 7.43E-02 5.36E-03 1.36E+00 21.33
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Table 7. Breakdown of material environmental impact contribution of S-4.

Material GWP AP EP SFP FFD

(kg COzeq) (kg SOzeq) (kg Neq) (kg Oszeq) )

Cement 36.00 5.01E-02 2.39E-03 9.01E-01 3.77
Hardening Accelerator 1.26 5.21E-03 7.36E-04 3.71E-02 1.99
Plasticizer 1.14 4.01E-03 1.12E-03 2.22E-02 2.32

Fly Ash 2.48 4.59E-03 4.38E-04 8.00E-02 0.68
Polypropylene Fibers 0.20 3.15E-04 2.68E-04 4.96E-03 0.89
Water 0.08 1.86E-04 4.58E-05 3.30E-03 2.80
Electricity 1.08 2.06E-03 1.23E-04 6.93E-02 0.08
Expanded Perlite 2.18 4.35E-03 2.17E-04 1.01E-01 4.25
Total 44.42 7.08E-02 5.34E-03 1.22E+00 16.78

3.4. Overall Environmental Impact Comparison

Figure 11 shows the overall environmental impact of all four scenarios in terms of the GWP,
AP, EP, SFP, and FFD. It is immediately evident that, without any reinforcement, and regardless of the
concrete material used, 3DCP outperforms conventional concrete construction in all impact categories.
The bar graph is designed to visually represent the percentage difference in the environmental impact
categories of all scenarios. Thus, each bar graph indicates the percentage of the total equivalent relative
contribution of emissions. In particular, Scenario 1 generates 58.89 kg CO,eq (approximately 78%
of the 75.08 kg CO,eq GWP) of greenhouse gas emissions, whereas pure 3DCP in Scenarios 3 and
4 generates 46.12 kg CO,eq (approximately 61% of the 75.09 kg CO,eq GWP) and 44.42 kg CO,eq
(approx. 59% of the 75.09 kg CO,eq GWP) of greenhouse gas emissions, respectively. Absent any
reinforcement, 3DCP decreases GHG emissions by approximately 20% from conventional concrete
construction. However, when 3DCP is combined with reinforced columns and beams, the GWP spikes
to 75.08 kg CO,eq, higher than 5-1, S-3, and S-4. This GWP emission is understandable because 5-2 uses
the concrete mixture of S-3 with higher cement content that allows for proper printing and ultimately
contributes to a larger carbon footprint. It is then also burdened with the reinforced column and beams
that contribute further to GHG emissions.

Figure 11 also shows that 3DCP can significantly reduce AP, EP, and SFP emissions by approximately
50-55% from conventional concrete construction (S-1). Additionally, there is roughly a 28% decrease in
EP emissions in S-2, as compared to S-1, and a slight reduction in AP and SFP emissions in S-2 compared
to S-1, further highlighting the benefits of 3DCP over conventional construction methods—despite the
use of reinforcement material.

75.08 (kg CO,eq) 1.73E-01 (kg SO,eq) 1.38E-02 (kg Neq) 2.96 (kg Oseq)  37.17 (

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
GWP (kg CO,eq) AP (kg SOzeq) EP (kg Neq) SFP (kg Oseq) FFD (
B Scenariol M Scenario 2 Scenario 3 Scenario 4

Figure 11. Overall life cycle assessment (LCA) results of the four studied scenarios.
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In terms of fossil fuel depletion, 3DCP in S-3 and S-4 achieves approximately half of the value
from both S-1 and S5-2. In addition, S-2 has a slightly higher FFD value than S-1, because it incorporated
the high energy contributions of conventional methodology and 3DCP. The quantitative values of
the five environmental impact categories for all three scenarios are given in Table 8. Looking at the
high-level analysis of all four studied scenarios” environmental effects, it is evident that 3DCP holds
great potential in reducing the negative effects associated with concrete construction.

Table 8. Comparison of the GWP, AP, EP, SFP, and FFD all three studied scenarios’ categories.

Scenario GWP (kg COzeq) AP (kg SOreq) EP(kgNeq)  SFP (kg Oseq) FFD (M])

Scenario 1 58.89 1.73E-01 1.38E-02 2.96 36.51
Scenario 2 75.08 1.64E-01 1.02E-02 2.67 37.17
Scenario 3 46.12 7.43E-02 5.36E-03 1.36 21.33
Scenario 4 44.42 7.08E-02 5.34E-03 1.22 16.78

Most of the current 3DCP projects incorporate the use of standard reinforcements (columns
and beams) within the printed structure [16,47,48]. The LCA results in S-1, S-2, and S-3 show the
additional negative environmental contribution that reinforcement carries in 3DCP structure. These
results indicate that the selection of 3DCP to decrease the environmental effect of construction is
challenged when the use of conventional reinforcement is implemented. Thus, this raises the important
question of whether reinforcement is needed when using 3DCP technology; and if so, should alternate
reinforcement strategies suitable for 3DCP be examined? The findings of the LCA analysis in this
paper provide motivation to further investigate and develop alternative reinforcement methods.

Moreover, the results given from the LCA of all four scenarios indicate that 3DCP holds great
potential in the reduction of a negative environmental impact, as compared to conventional concrete
construction methods. The development of a more sustainable concrete material suitable for 3DCP can
further optimize the environmental impact of construction. In this paper, the alternate concrete material
analyzed in S-3 did not hold significant environmental improvements when evaluated from cradle
to gate. However, because EXP holds good thermal properties, the lightweight printable concrete’s
environmental benefits are expected to be significant later down the life cycle, particularly in the
operational phase. Thus, 3DCP can be coupled with more sustainable concrete, to further enhance
the total environmental impact, from cradle to grave. Ultimately, the outcomes and findings in this
paper support the advancement of 3DCP technology and push for investment in (1) the development
of more sustainable printable concrete material, (2) in thoroughly testing the integrity of printed
structures and buildings, and (3) in driving policy in the adoption of 3DCP as a viable technology for
building construction.

The study of 3DCP technology and its environmental impact is very limited thus far, only
recently gaining global attention. Despite the limited contributions in this field, several works have
been published investigating the environmental impact of 3DCP versus conventional construction
methods. In particular, the work of Reference [6] indicates that the use of 3DCP lowers the GWP by
approximately 85.9%, as compared to the pre-cast method, which is associated with high volumes of
concrete and steel reinforcement. Some of the literature has claimed that 3DCP has achieved higher
emission rates than conventional methods; however, these methods consider wider system boundaries,
such as transportation and variable thickness in the functional units, that were not addressed in
this work [24]. Additionally, it has been highlighted that enhanced printable concrete material can
further improve the environmental performance of 3DCP. This work has shown that incorporating
EXP in place of the sand aggregate reduces the negative emission in several environmental categories.
Similarly, Long, et al. (2019) investigated claims that 1 wt% microcrystalline cellulose (MMC) can act
as a replacement for the binder in 3DCP’s concrete mixture, which enables the reduction of CO,
emissions by 6.82%, as compared to mortars without MCC.
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4. Sensitivity Analysis

There exists a certain degree of uncertainty in LCA studies that arise from various factors,
including system boundaries, data inventory accuracy, and model assumption. This study considered
all of the major factors that could or do affect the environmental impact of a construction method;
thus, the uncertainty introduced has a minimal impact on the results. However, to fully assess the
impact of the uncertainties on the outcome, this paper conducts a sensitivity analysis to assess the
effect the energy source, printing speed, and cement type. For each analysis scenario, one of the three
parameters were varied, and the other two were kept constant.

4.1. Energy Source

To analyze the effect of the energy source on the outcome of the study, different on-site electricity
sources were considered for the printing process. This variation allows for the analysis of how various
electricity generation to power the 3DCP effect the result of the LCA study. Each electricity grid mix has
a different percentage of different energy sources such as hard coal, nuclear, hydropower, biomass, wind
power, photovoltaic, geothermal, crude oil, lignite, coal gases, heavy fuel gas, biogas, waste, and solar
thermal. The electricity source is dependent on the geographical location of the printing process.
Figure 12 shows the effect of using a different electricity grid mix on the five environmental impacts.

GWP (kg COzeq)
120%

100%

FFD (MJ) AP (kg SO2eq)
SFP (kg Oseq) EP (kg Neq)
= 100% Natural gas electricity source (Reference) US: Electricity, at grid, Eastern
US: Electricity, at grid, Western e |JS: Electricity, at grid, Texas

Figure 12. Sensitivity analysis results of using different electricity gird mix.

Table 9 outlines the effects that the various electricity grid mixes shown in Figure 12 have on
the five environmental-impact categories. It can be seen that the various electricity grid mixtures
had little effect on GWP, EP, and SFP. However, there is some noticeable impact in AP when using
the electricity grid in the Eastern US and Texas, when compared to the reference, which is based on
electricity generation based on natural gas.

Table 9. Effect of electricity grid mix on the environmental-impact categories.

Impact 100% Natural US: Electricity, US: Electricity, US: Electricity,
Assessment Gas (Reference) at Grid, Eastern at Grid, Western  at Grid, Texas, US
GWP (kg COeq.) 46.1 46.4 46.0 46.6
AP (kg SOseq.) 7.43E-02 8.45E-02 8.08E-02 8.67E-02
EP (kg Neq.) 5.37E-03 5.42E-03 5.36E-03 5.42E-03
SFP (kg Ozeq.) 1.36 1.40 1.36 1.37

FFD (M]) 21.3 19.2 19.4 20.5
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4.2. Printing Speed

This section studies the effect of different printing speeds on the LCA result sensitivity. In the
reference model, the printing speed was 200 mm/s. Figure 13 illustrates the effect of various printing
speeds (100, 300, and 400 mm/s) on the impact categories. In addition, Table 10 quantifies the effect of
printing speed on the environmental impact category. In general, there is a negligible effect of printing
speed on most of the impact categories, except for FFD. Decreasing printing speed negatively affects
FFD. In particular, reducing the printing speed from 200 mm/s (reference speed) to 100 mm/s increases
the FFD by 16%.

GWP (kg CO,eq)
120%

FFD (MJ) AP (kg SO,eq)
SFP (kg Oseq) EP (kg Neq)
)00 mm/sec (Reference) 100 mm/sec 300 mm/sec 400 mm/sec

Figure 13. Sensitivity analysis results of using different printing speed.

Table 10. Effect of the printing speed on the different environmental impact categories.

Impact 200 mm/s
Asseszment 100 mm/s (Reference) 300 mm/s 400 mm/s
GWP (kg COzeq.) 47.8 46.4 459 45.7
AP (kg SOzeq.) 7.75E-02 7.49E-02 7.4E-02 7.36E-02
EP (kg Neq.) 5.56E-03 5.40E-03 5.35E-03 5.32E-03
SFP (kg Ozeq.) 1.47 1.38 1.35 1.34
FFD (M]) 25.7 22.1 20.9 20.3

4.3. Cement Grade

In order to assess the effect of various cement grade on the outcome of the LCA study, two grades
of ordinary cement type I (CEM I 32.5 and CEM I 52.5) were compared to the reference cement
(CEM 142.5). Figure 14, below, illustrates the effect of cement grade on the environmental impact
categories. It is important to note that the scale is magnified in order to show the percentage of variation
between the cement grade more clearly. Cement is known to have a significant environmental impact,
as seen from its contribution to the LCA study results (in all four studied scenarios). As expected,
varying the cement grade generated variations in the impact categories (see Table 11). However, these
variations are not significant (+2%) when compared to the reference cement grade.
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GWP (kg COzeq)
104%

102%

FFD (MJ) AP (kg SO.eq)
SFP (kg Oseq) EP (kg Neq)
e CEM | 42.5 (reference) CEM 132.5 CEM152.5

Figure 14. Sensitivity analysis results of using different cement grades.

Table 11. Effect of the cement grade on the different environmental-impact categories.

Impact Assessment CEM I 42.5 (Reference) CEM 32,5 CEM I 52.5
GWP (kg CO»eq.) 46.1 45.6 46.9
AP (kg SOseq.) 7.43E-02 7.35E-02 7.57E-02
EP (kg Neq.) 5.37E-03 5.25E-03 5.57E-03
SFP (kg Oseq.) 1.36 1.35 1.39
FFD (M) 21.3 212 21.6

5. Conclusions

Three-dimensional concrete printing is an up-and-coming technology that is being adopted globally
due to its diverse set of advantages: reduced costs, saved time, and decreased labor requirements.
Additionally, 3DCP enhances safety on-site, increases design flexibility, and reduces environmental
impact. Although 3DCP has been receiving great interest and attention in both the industrial and
academic worlds, there have been limited research efforts dedicated to studying the environmental
benefits associated with it over conventional methods. This work investigated the environmental
impact tradeoff between building an external load-bearing wall via 3DCP and using the conventional
construction methodology. Four case scenarios were studied by using a cradle-to-gate LCA to investigate
the environmental impact of conventional concrete construction: 3DCP with reinforcement elements,
3DCP without any reinforcement, and 3DCP without any reinforcement and utilizing a lightweight
printable concrete material. It was found that 3DCP was able to significantly reduce environmental
effects in terms of GWP, AP, EP, SFP, and FFD from conventional construction methods.

Moreover, the use of lightweight concrete where sand was replaced with EXP in 3DCP showed to
further decrease the GWP, AP, EP, and FFD impact from those of normal printable concrete materials.
These findings support the construction industry, deciding to direct itself not only to investigate
3D-printed infrastructure but also to explore novel printable materials that uphold the integrity of the
built structure and reduce negative environmental impacts.

Although 3DCP is a relatively new technology in the construction sector, several noteworthy
projects have been built with it. However, until recently, most of the demonstration buildings and
structures incorporated the use of reinforced structures (beams and columns) within the 3DCP structure
to ensure all building codes and guidelines were met, as well as to maximize safety. This study
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has shown that, when 3DCP is used along with reinforced elements, there are no environmental
benefits over conventional methods. In fact, 3DCP with reinforcements is associated with higher
GWP and FFD emissions than the studied conventional method. The end results signify that future
research must focus on testing 3DCP structures for strength and safety. Research efforts should
concentrate on developing novel reinforcement techniques that are suitable for 3DCP rather than
adopting reinforcement techniques specifically meant for conventional concrete construction methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-5309/10/12/245/s1.
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