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ABSTRACT  
Engineered cementitious composites (ECC) with superior tensile properties have potential to print 
self-reinforced structures. However, the environmental performance of 3D concrete printing with 
ECC (3DP-ECC) lacks further investigation. This study evaluates the environmental impacts of 
structures printed with 3DP-ECC via life cycle assessment. Results show that 3DP-ECC 
incorporating incineration bottom ash (IBA), crumb rubber (CR), and limestone powder (LP) 
reduce carbon emission by 25%, 24%, and 47%, respectively, compared to that of reinforced 
concrete (RC) with a steel ratio of 1.01%. A frame structure printed by LP-ECC reduces carbon 
emission by 42% compared to that of the unit fabricated by mold-cast RC (MC-RC). A circle 
house printed by LP-ECC reduces carbon emission by 28% compared to that of the counterpart 
fabricated by MC-RC. Sensitivity analysis identifies the transportation distance range to achieve 
a sustainable 3DCP. The findings provide a guideline to select appropriate 3DP-ECC and 
construction methods for sustainable construction.
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1. Introduction

Climate change is a global challenge due to the sub
stantial CO2 emission and energy consumption. In 
2022, the global CO2 emissions reached 36.8 gigatons, 
which is a 0.9% increase compared to that of 2021 [1]. 
The global energy consumption in 2022 was 14,585 
Mtoe, which is a 2.1% increase compared to that of 
2021 [2]. The construction sector is one of the main 
contributors to CO2 emission and energy consumption, 
which accounted for 40% and 36% of the total, 
respectively, in 2022 [3]. The CO2 emissions in the con
struction sector are mainly attributed to the construc
tion processes and materials. The challenges to 
achieve sustainable construction are to develop and 
adopt advanced construction technologies and 
materials for the alleviation of the environmental 
impacts [4].

3D concrete printing (3DCP) is a promising solution to 
address the challenge due to a formwork-free and auto
matic construction process. 3DCP can improve pro
ductivity, reduce CO2 emission, and decrease energy 

consumption in the construction sector [5]. For instance, 
a 3D printed prefabricated bathroom unit (PBU) reduces 
85.9% and 87.1% in CO2 emission and energy consump
tion, respectively, compared to that of the unit fabri
cated by conventional mold-cast [6].

Nevertheless, the main limitation of 3DCP is the lack 
of a compatible method for automatic reinforcement 
integration. Existing methods to add steel reinforce
ment in 3DCP require collaborative control in the 
printing process, leading to the increase of difficulty 
on system development and integrity [7]. A potential 
solution to address the limitation is the development 
of self-reinforced materials for 3DCP. Engineered 
cementitious composites (ECC) are typical self- 
reinforced materials, which exhibit excellent tensile 
strength and tensile strain capacity, ranging from 6 
MPa to 16 MPa and 8% to 12% [8], respectively. The 
superior tensile strain capacity of ECC enables the 
possibility to construct self-reinforced structural com
ponents without steel reinforcement in 3DCP [9]. The 
typical cases of ECC components and structures are 
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provided in Section 2.1 to emphasise the potential of 
ECC for the removal of steel reinforcement. Since the 
production of steel contributes more than 50% to 
carbon emissions of the construction materials [4], 
the 3DCP with ECC has the potential to achieve a sus
tainable construction.

As reviewed in Section 2, a comprehensive investi
gation is lacking in the literature to understand the 
environmental performance of large-scale structures 
printed by 3D printable ECC (3DP-ECC). Existing works 
of 3DP-ECC are mainly to explore the mechanical prop
erties of structural component in the laboratory 
[10,11]. Secondly, the existing environmental assess
ment of 3DCP mainly takes into account the conven
tional printable concrete, which has different material 
constituents compared to that of 3DP-ECC, such as 
binder contents and fibre usage that have significant 
impact on environmental performance [12]. Therefore, 
this work aims to evaluate the environmental perform
ance of large-scale structures printed by 3DP-ECC via 
life cycle assessment (LCA).

The remainder of this paper is organised as follows. 
Section 2 reviews the existing studies on 3DP-ECC, 
printed large-scale structures, and environmental assess
ment of 3DCP. The methodology of LCA is described in 
Section 3. Sections 4 and 5 present the results of 
environmental performance. The discussion is presented 
in Section 6. Finally, conclusions and future works are 
drawn in Section 7.

2. Related works

This section provides a comprehensive review of existing 
works on material development of cast and 3D printable 
ECC, 3D printed large-scale structures, and the relevant 
works of life cycle assessment on 3DCP. Finally, the 
research gap is identified, emphasised, and summarised.

2.1. Cast and 3D printable ECC

Many works have been conducted to investigate the fresh 
and hardened properties of 3D printable engineered 
cementitious composites (3DP-ECC) by the optimisation 
of material constituents. The binder materials of ECC typi
cally consist of cement, fly ash, and silica fume, which 
have a total usage of more than 1000 kg/m3 [13]. By 
the adjustment of material proportions [9,14,15], chemi
cal additive contents and types [16–19], the fresh per
formance of ECC is tailored to satisfy the requirement of 
pumpability and buildability [20]. The University of Michi
gan successfully printed a 1.5 m high column with 3DP- 
ECC by the optimisation of fresh properties [17,18]. Ye 
et al. [19,21,22] used crumb rubber (CR) and incineration 

bottom ash (IBA) as the substitution of aggregate in 3DP- 
ECC. The printed CR-ECC and IBA-ECC can achieve a 
tensile strength of 4.57 and 5.75 MPa, respectively, and 
strain capacity of 5.71% and 7.54%, respectively. Zhu 
et al. [16] reported that the 3DP-ECC can exhibit a 
tensile strain capacity of up to 11.4%.

ECC are a type of polyvinyl alcohol (PVA) or polyethy
lene (PE) fibre reinforced concrete [23,24], which exhibits 
a tensile strain capacity of more than 8% [25]. The poten
tial of ECC in the construction without steel reinforcement 
has been proved by ECC components and structures. Zhu 
et al. [26] found that the printed ECC beams exhibited 
ductile failure modes and strain hardening behaviours, 
which are similar to that of conventional reinforced con
crete beams. Ye et al. [27] printed ECC slabs with 
different types of hollow sections and reported that the 
ultimate deflection to span ratios of the slabs satisfied 
the design of serviceability limit state of reinforced con
crete structures. ECC have been adopted to construct a 
3 m high frame structure with two floors by casting [28]. 
The results show that the seismic performance of the 
frame structure fulfils the requirement of standard [29], 
and the load-bearing capacity of the ECC structural com
ponents is comparable to that of the mold-cast counter
parts with a steel reinforcement ratio of 0.5%–1.5%. In 
addition, ECC has been used to fabricated a full-scale 
ECC arch with a height of 3.075 m and a span of 4.13 m 
[30]. The statistic loading and impact tests indicated that 
the load-bearing capacity and impact resistance meet 
the design requirements of reinforced concrete structures.

In summary, the research studies in the existing litera
ture imply that the ECC has the potential to construct 
the structural component without steel reinforcement 
in both cast and 3D printed structures.

2.2. Large-scale structures printed by 3DCP

3DCP can potentially construct structural components 
for modular integrated construction (MiC) [31], such as 
modular bridges and house units. The Eindhoven Uni
versity of Technology constructed a modular bridge by 
printing each component separately, followed by the 
post-tensioned steel reinforcement and on-site assem
bly [32]. The Hebei University of Technology also con
structed a modular bridge with a span of 17.94 m [33]. 
The research team at Nanyang Technological University 
printed a prefabricated bathroom unit (PBU) with a 
height of 2.8 m [6]. The PBU can be completed within 
12 h, indicating higher productivity than that of the 
counterpart constructed by conventional cast approach. 
These engineering practices imply the potential of 3DCP 
in MiC applications.
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2.3. Life cycle assessment of 3DCP

The environmental assessment of 3DCP has been con
ducted by many researchers. Weng et al. [6] revealed 
that the PBU fabricated by 3DCP achieved reductions 
of 85.9% CO2 emission and 87.1% energy consumption 
compared to that of its precast counterpart. Zhang 
et al. [34] reported that 3DCP can enhance sustainability 
due to its low potential for freshwater ecotoxicity, par
ticulate matter formation, human toxicity, ozone 
depletion, and eutrophication. Liu et al. [35] and 
Agustí-Juan et al. [36] presented that the environmental 
benefits of 3DCP were enhanced with the increase of the 
complexity of buildings. Liu et al. [35], Han et al. [37], and 
Ding et al. [38,39] found that incorporating recycled 
aggregate and industrial wastes into 3D printable con
crete materials can bring additional benefits to sustain
ability. For example, the incorporation of geopolymer 
concrete can reduce carbon emissions by 26.7% and 
20.7% compared to that of normal concrete in 3DCP 
and casting scenarios [35], respectively.

The abovementioned LCA investigations mainly focus 
on conventional printable concrete, which employs 
cement as the main binder material with an amount 
ranging from 400 to 700 kg/m3 [40–42]. However, as men
tioned in Section 2.1, the usage of binder materials in 3DP- 
ECC is over 1000 kg/m3. In addition, PVA or PE fibres are 
adopted as reinforcement in 3DP-ECC, and the environ
mental performance of the fibres is different from the 
steel reinforcement in conventional printable concrete.

2.4 Summary

The existing studies of ECC reveal the possibility of con
structing structural components without steel reinforce
ment. The engineering practices and the relevant LCA of 
3DCP highlight the sustainability of 3DCP in the con
struction sector. However, the LCA is mainly performed 
based on conventional printable concrete, which has 
different material constituents compared to that of 
3DP-ECC. A comprehensive understanding is lacking 
on the environmental performance of structures con
structed by 3DP-ECC.

To fill the research gap, this study aims to evaluate 
the environmental performance of printed structures 
with 3DP-ECC by LCA. At the material level, three types 
of ECC were selected, including incineration bottom 
ash (IBA) incorporated IBA-ECC [19], crumb rubber (CR) 
incorporated CR-ECC [21], and limestone powder (LP) 
incorporated LP-ECC [43]. At the structural level, a 
frame unit [28] and a circle house unit [37], were 
adopted in the LCA. The fabrication of the units includes 
on-site printing and assembly [44].

3. Methodology

Figure 1 shows the research framework and main steps 
of this study. Objective 1 is to investigate the environ
mental performance of 3DP-ECC at the material level. 
Objective 2 is to evaluate the environmental perform
ance of structures constructed by 3DP-ECC at the struc
tural level. The analysis and evaluation were performed 
by life cycle assessment (LCA) in accordance with ISO 
14040/2006 [45]. Figure 1 shows the main steps of 
LCA, including goal and scope definition (Section 3.1), 
life cycle inventory analysis (Section 3.2), and life cycle 
impact assessment (Section 3.3).

3.1. Goal and scope definition

As shown in Figure 1, the step 1 defines the scopes of 
the LCA, which includes the functional units and 
system boundaries at the material and structural levels. 
The functional units represent the reference unit for 
the quantification and comparison of the environmental 
performance of products. In this work, the functional 
units are ECC materials per 1 m3 and printed structures 
per unit in objectives 1 and 2, respectively. The system 
boundaries refer to the manufacturing processes of the 
functional units in LCA. Based on the two objectives in 
Figure 1, the functional units and system boundaries 
are defined as follows.

Objective 1: the functional units contain three types 
of 3DP-ECC and conventional steel reinforced concrete 
(RC) as the reference group. The existing study 
reported the benefits of sustainability by incorporating 
industrial wastes into printable materials [35], and 
therefore, this study selected three typical ECC with 
waste materials to achieve a sustainable 3DCP. The 
ECC are incorporated with incineration bottom ash 
(IBA-ECC) [19], crumb rubber (CR-ECC) [21], and lime
stone powder (LP-ECC) [43]. The IBA and CR are used 
to partially substitute the fine aggregate (40% by 
volume fraction), and the LP is used to partially substi
tute the cement (50% by volume fraction). The steel 
volume ratio of the RC is 1.01% since a previous 
study reveals that the load-bearing capacity of ECC 
component is comparable to that of RC component 
with a longitudinal steel ratio of 1.01% and stirrup 
reinforcement of Φ6@100 [28]. The steel consumption 
of the RC is calculated based on the longitudinal steel 
and stirrups information.

Figure 2 shows the system boundaries of the func
tional units in objective 1, mainly including the extrac
tion of raw ingredients. The raw ingredients to 
produce the 3DP-ECC and RC are ordinary Portland 
cement (OPC), limestone powder (LP), fly ash (FA), 
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ground granulated blast-furnace slag (GGBFS), silica 
fume (SF), coarse aggregate, fine aggregate, incineration 
bottom ash (IBA), crumb rubber (CR), additives, water, 
polyethylene (PE) fibre, and steel rebar.

Objective 2: the functional units include a frame unit 
[28] and a circle house unit [37]. An existing study 

demonstrates the feasibility of using ECC to construct 
the frame unit without reinforcement while satisfying 
the loading-bearing capacity and seismic requirements 
of structural design [28]. The frame unit is built with 
structural components, such as beams and columns 
without walls. The circle house unit, mainly made of 

Figure 1. Research framework.

Figure 2. System boundaries of the functional units of objective 1. (a) IBA-ECC and CR-ECC; (b) LP-ECC; (c) RC.
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walls, was selected as another function unit. The frame 
unit and circle house unit both adopted ECC as the 
main structural components (columns and beams in 
the frame unit, walls and roof in the circle house unit) 
for load-bearing. The roof of the circle house unit can 
be printed based on a platform and assembled with 
the printed walls on the construction site. It should be 
noted the existing works lack an experimental investi
gation on the structural feasibility of the circle house 
unit, which needs further exploration in the future 
works. Eight possible scenarios are involved.

Table 1 presents the different scenarios. Scenarios 1–3 
are to investigate the environmental impacts of using 
different types of 3DP-ECC to construct the frame unit 
via 3DCP. Scenario 6 is to evaluate the environmental 
impacts of using LP-ECC to construct the circle house 
unit. Scenarios 4–5 and 7–8 are adopted as references. 
Scenarios 4 and 7 printed a permanent formwork 
with normal concrete (NC), followed by casting reinforced 
concrete (RC). The thickness of the formwork is 20% of the 
cross-section of printed components [35]. Scenarios 5 and 
8 adopted the MiC method with conventional mold-cast 
(MC) to explore its environmental performance.

Figure 3 presents the system boundaries of each 
scenario. The production processes include the extrac
tion of raw materials, transportation of the materials 
and facilities, material mixing, pumping, printing, and 
consolidation. The Em, Ep, Er, and Ec refer to the electricity 
consumption during the mixing, pumping, robot print
ing, and consolidation, respectively. Figure 3 indicates 
that T1, T2, T3, and T4 are the transportation distances 
from factories to the construction site. The calculation 
of the material usage, electricity consumption, and 
transportation is elaborated in Section 4.

3.2. Life cycle inventory analysis

A cradle-to-gate approach was used in the inventory 
analysis, which involved the energy flow in the extrac
tion of raw materials, transportation of the materials, 
and on-site production processes. Since the production 
LP includes an incineration process, the environmental 

impacts of LP are involved in the analysis. According to 
the system boundaries (Figures 2 and 3), the materials 
usage and energy consumption induced by electricity 
and transportation can be obtained. The materials 
usage was calculated based on the material pro
portions of ECC and the volumes of printed com
ponents. Afterward, the transportation was 
determined based on the self-weight of the materials 
and the facilities involved in the production process. 
The electricity was calculated based on the printing 
parameters and the volumes of printed components. 
The inventories of the materials, electricity, and trans
portation were collected from the Ecoinvent 3.9 data
base (primary data) and existing papers (secondary 
data). The data source and assumptions of the calcu
lation are elaborated in Section 4.

3.3. Life cycle impact assessment

Global warming potential (GWP), ozone depletion 
potential (ODP), photochemical ozone creation potential 
(POCP), eutrophication potential (EP), and acidification 
potential (AP) are analysed in the LCA. GWP quantifies 
the potential of greenhouse gas emissions to contribute 
to global warming in a carbon dioxide (CO2) equivalent. 
ODP evaluates the potential of the emissions to deplete 
the ozone layer in a trichlorofluoromethane (CFC-11) 
equivalent. POCP assesses the potential of the emissions 
to the formation of ground-level ozone in an ethene 
(C2H4) equivalent. EP evaluates the potential for the 
emissions to cause excessive nutrient enrichment, 
leading to harmful algal blooms in a sulphur dioxide 
(SO2) equivalent. AP quantifies the potential for the 
emissions to cause acidification that damages the eco
systems in a phosphate (PO4) equivalent.

4. Life inventories

4.1. Material data

Table 2 summarises the consumption by mass of raw 
materials in 1 m3 of the IBA-ECC, CR-ECC, LP-ECC, and 
RC. The data of the raw materials was obtained from 
[19,21,28,35,43], as listed in Table 2. At the material 
level, the inventories of different functional units are 
mainly from the extraction of the raw materials. The 
inventories of the raw materials except fly ash (FA) 
were collected from the Ecoinvent 3.9 database 
(primary data). The inventories of FA were obtained 
from [5] (secondary data).

Table 3 lists the data source of all the life inventories 
of the ECC, frame unit, and circle house unit. At the struc
tural level, timber formwork with a thickness of 18 mm 

Table 1. Different scenarios for the construction of frame unit 
and circle house unit.

Functional unit Scenario ID Material
Construction  

method

Scenario 1 Frame unit 3DP-IBA-ECC IBA-ECC 3D printing (3DP)
Scenario 2 3DP-CR-ECC CR-ECC
Scenario 3 3DP-LP-ECC LP-ECC
Scenario 4 3DP-RC NC, RC
Scenario 5 MC-RC RC Mold-cast (MC)
Scenario 6 Circle house  

unit
3DP-LP-ECC LP-ECC 3D printing (3DP)

Scenario 7 3DP-RC NC, RC
Scenario 8 MC-RC RC Mold-cast (MC)
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was used in the conventional mold-cast of frame unit 
and circle house unit. The energy consumption is indi
cated by the electricity and transportation, as mentioned 
in the system boundaries (Figure 3). The inventories of 
the formwork, electricity, and transportation were 
obtained from the Ecoinvent 3.9 database (primary 
data), as listed in Table 3.

4.2. Electricity data

A concrete mixer (80 L Variooo) with a power of 1.1 kW 
and self-weight of 80 kg was used for the materials 

Figure 3. System boundaries of the functional units of objective 2. (a) Scenarios 1–4 and 6–7; (b) Scenarios 5 and 8.

Table 2. Materials consumption by mass of IBA-ECC, CR-ECC, LP- 
ECC, and RC per 1 m3. (Unit: kg).
Raw materials IBA-ECC CR-ECC LP-ECC RC

OPC 640 655 400 328
FA 214 604 \ \
SF 69 118 150 \
GGBFS 333 \ 150 \
Corse aggregate \ \ \ 1242
Fine aggregate 254 246 500 781
IBA 137 \ \ \
CR \ 57 \ \
LP \ \ 360 \
Additives 3.5 4.5 12 \
Water 386 363 230 190
PE fibre 17 15 20 \
Steel rebar \ \ \ 710

6 J. YE ET AL.



mixing. The electricity of mixing (Em) is determined by:

Em =
VunitWm

ve
(1) 

Vunit (m
3) is the volume of the functional units, Wm (kW) 

is the power of the concrete mixer, ve (m3/h) is the 
material pumping speed. The pumping speed is 1.5 L/ 
min [19]. The electricity of the consolidation of casted 
concrete (Ec) is 0.16 kW [34].

A pumping (MAI2PICTOR) with a power of 1.5 kW and 
a self-weight of 33.5 kg was used for the materials 
pumping. The electricity of pumping (Ep) is calculated 
by substituting the Wm in Equation (1) as the power of 
the pumping machine.

An ABB IRB 2600-20/165 robot (with a maximum 
reach of 1.65 m) and a KUKA 120 R3900 ultr-K robot 
(with a maximum reach of 3.9 m) were used for the con
struction of the frame unit and circle house unit, respect
ively. The power and self-weight of the ABB robot are 3.4 
kW and 272 kg, respectively, and that of the Kuka robot 
is 18.8 kW and 1,221 kg, respectively. The electricity of 
the robot (Er) can be calculated by Equation (1) by sub
stituting Wm as the power of the robots.

4.3. Transportation analysis

The transportation distance involved in the scenarios 
(T1–T4) was assumed to be 50 km. As shown in Figure 
4, the distance was identified from Google Maps [46] 
by measuring the maximum distance along the express
way in Hong Kong. In Scenarios 1–8, the transportation 
includes the raw materials from the factory to the con
struction site (T1), facilities from the factory to the con
struction site (T2), raw materials from the factory to the 

MiC factory (T3), and casted components from MiC 
factory to construction site (T4). However, the carbon 
emission of the transportation was sensitive to the dis
tance variation [47], and therefore, sensitivity analysis 
on the transportation distance was conducted in 
Section 6 to explore its impact on environmental per
formance further. The inventory data of the transpor
tation were obtained from the Ecoinvent 3.9 database 
(primary data), as shown in Table 3.

4.4. Inventories of different functional units

Table 4 summarises the inventories of Scenarios 1–8. The 
materials usage and electricity of mixing were calculated 
with respect to the geometric information of the frame 
unit [28] and circle house unit [37]. Then, the electricity 
of concrete printing and casting can be derived based 
on the material usage and printing parameters. The inven
tory of transportation was calculated based on the weight 
of the materials, self-weight of the facilities, and the trans
portation distance. With these data, the life cycle impact 
assessment was performed by Simapro 9.1. The results of 
the environmental impacts of different functional units 
are interpreted in Sections 5 and 6.

5. Environmental performance

5.1. Materials

Table 5 summarises the impact indicators of different 
ECC and RC per 1 m3. The RC exhibits the highest GWP 
while the LP-ECC has the lowest GWP. The GWP, ODP, 
POCP, AP, and EP of LP-ECC is 466.83 kg CO2-eq, 1.89E- 
05 kg CFC-11-eq, 0.061 kg C2H4-eq, 1.366 kg SO2-eq, 

Table 3. Correspondence between inventories and data source.
Input Proxy dataset

OPC Cement, Portland {RoW}| market for | Cut-off, U
FA Secondary data [5]
GGBS Ground granulated blast furnace slag {GLO}| market for 

| Cut-off, U
SF Silica fume, densified {GLO}| silica fume, densified, 

Recycled Content cut-off | Cut-off, U
Fine Aggregate Sand {GLO}| market for | Cut-off, U
Coarse Aggregate Sand {RoW}| gravel and quarry operation | Cut-off, U
Additive Plasticizer, for concrete, based on sulphonated 

melamine formaldehyde {GLO}| market for | Cut-off, U
Water Tap water {GLO}| market group for | Cut-off, U
Fibre Packing, fibre cement product {GLO}| market for | Cut- 

off, U
Steel rebar Reinforcing steel {GLO}| market for | Cut-off, U
Formwork 

(Timber)
Glued laminated timber, for indoor use {GLO}| market 

for | Cut-off, U
Electricity Electricity, low voltage {GLO}| market group for | Cut- 

off, U
Transportation Transport, freight, lorry >32 metric ton, euro3 {RER}| 

market for transport, freight, lorry >32 metric ton, 
EURO3 | Cut-off, U

Figure 4. Transportation distance in Hong Kong.
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0.360 PO4-eq, respectively, which is 47%, 59%, 84%, 56%, 
and 76% lower than that of RC, respectively. The IBA-ECC 
and CR-ECC have similar levels of the five impact indi
cators, since the IBA and CR are used to substitute the 
fine aggregate with the same volume fraction of 40% 
[19,21]. The GWP of IBA-ECC and CR-ECC is 660.40 kg 
CO2-eq and 669.90 kg CO2-eq, respectively, which is 
25% and 24% lower than that of RC, respectively, while 
41% and 43% higher than that of LP-ECC, respectively.

Figure 5 compares the impact indicators of different 
ECC and RC in a relative value. The contribution of 
steel rebars to the environmental impacts of the RC 
was removed as the reference. The material was 
denoted as RC-0. As shown in Figure 5, the RC-0 exhibits 
the lowest impact indicators due to the removal of steel 
reinforcement. The IBA-ECC, CR-ECC, and LP-ECC exhibit 
lower environmental impacts than that of RC with a steel 
reinforcement ratio of 1.01%. The reduction in GWP, 
ODP, POCP, AP, and EP of the ECC can achieve at least 
24% (CR-ECC), 49% (IBA-ECC), 83% (IBA-ECC), 49% (IBA- 
ECC), and 73% (IBA-ECC), respectively, compared to 
that of the RC. In summary, the results of impact indi
cators reveal that the fibre reinforcement of ECC is 
more sustainable than the steel reinforcement of con
ventional RC.

Figure 6 illustrates the contribution of each raw 
material to the overall environmental impacts of ECC 

and RC (The detailed data can be found in Table S1– 
S4). In IBA-ECC and CR-ECC, OPC has the most significant 
contribution to the overall environmental impacts. 
Specifically, OPC accounts for 89.7% and 90.5% in the 
GWP of IBA-ECC and CR-ECC, respectively. With the LP 
to substitute OPC, the proportion of OPC in the GWP, 
OCP, POCP, AP, and EP of LP-ECC (Figure 6(c)) reduces 
10.4%, 15.6%, 24.0%, 20.2%, and 21.4%, respectively, 
compared to that of IBA-ECC (Figure 6(a)). GGBFS is 
the second highest contributor to the environmental 
impacts of LP-ECC, which are 15.6%–35.8% of the 
overall impact indicators. However, in RC, steel rebar 
has the highest contribution, and OPC is the second sig
nificant contributor to the overall impact indicators 
(Figure 6(d)). The proportion of steel reinforcement 
and OPC in the impact indicators of RC ranges 64.1%– 
92.4% and 6.3%–34.3%, respectively. As listed in Table 
S3–S4, the GWP of steel rebar in RC is 567.01 kg CO2 

eq, which falls in the reasonable range in the majority 
of the time [48] and is 1.3 times higher than that of 
binder materials in LP-ECC. Therefore, the RC has the 
highest while the RC-0 has the lowest environmental 
impact compared to that of the ECC.

In summary, the breakdown of impact indicators 
reveals that the OPC and steel rebar are the two main 
environmental contributors for the ECC and RC. The 
finding is consistent with the existing study that 

Table 4. Inventories of Scenarios 1–8.

Unit
Scenario 1 

3DP-IBA-ECC
Scenario 2 

3DP-CR-ECC
Scenario 3 

3DP-LP-ECC
Scenario 4 

3DP-RC
Scenario 5 

MC-RC
Scenario 6 

3DP-LP-ECC
Scenario 7 

3DP-RC
Scenario 8 

MC-RC

Materials and mixing
IBA-ECC kg 607.70 \ \ \ \ \ \ \
CR-ECC kg \ 607.70 \ \ \ \ \ \
LP-ECC kg \ \ 607.70 \ \ 9,898.00 \ \
NC kg \ \ \ 121.54 \ \ 1,979.60 \
RC kg \ \ \ 583.40 729.24 \ 9,502.08 11,877.60
Electricity (Em) kWh 3.714 3.714 3.714 3.714 3.714 60.488 60.488 60.488
3D concrete printing
Robot (Er) kWh 10.063 10.063 10.063 2.013 \ 1,033.791 206.758 \
Pump (Ep) kWh 4.440 4.440 4.440 0.888 \ 82.483 16.497 \
RC casting
Electricity (Ec) kWh \ \ \ 0.160 0.160 \ 0.160 0.160
Formwork kg \ \ \ \ 16.01 \ \ 6,455.98
Transportation
Raw materials (T1) t·km 30.39 30.39 30.39 35.25 37.26 494.90 574.08 916.68
Mixing facilities (T2) t·km 4.00 4.00 4.00 4.00 \ 4.00 4.00 \
Printing facilities (T3) t·km 15.28 15.28 15.28 15.28 \ 74.65 74.65 \
Casted components (T4) t·km \ \ \ \ 36.46 \ \ 593.88

Table 5. Impact indicators of different ECC and RC (per 1 m3).
Impact indicators Unit IBA-ECC CR-ECC LP-ECC RC RC-0

GWP kg CO2-eq 660.40 669.90 466.83 885.13 318.13
ODP kg CFC-11-eq 2.36E-05 2.45E-05 1.89E-05 4.58E-05 1.03E-05
POCP kg C2H4-eq 0.065 0.064 0.061 0.374 0.028
AP kg SO2-eq 1.595 1.574 1.368 3.107 0.696
EP kg PO4-eq 0.412 0.397 0.362 1.509 0.183

Note: RC-0 represents the RC without steel reinforcement.
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cement and steel rebar production lead to a high carbon 
emission [48–50]. Therefore, when the OPC and steel 
reinforcement are substituted by LP (50% volume frac
tion) and PE fibre, respectively, the LP-ECC exhibits the 
lowest GWP (Table 5 and Figure 5).

The ECC and RC have different mechanical properties, 
and thus, a comparison of the environmental perform
ance of ECC and RC was conducted by the normalisation 
of the environmental impacts with mechanical proper
ties. Compressive strength and tensile elongation of 
steel rebar are the two crucial parameters in the 
design of structural components. According to previous 
studies [19,21,35,43], the compressive strength of IBA- 
ECC, CR-ECC, LP-ECC, and RC is 48.28, 42.27, 131.0, and 
40.00 MPa, respectively. The tensile elongation (i.e. 
tensile strain capacity) of IBA-ECC, CR-ECC, and LP-ECC 
is 5.4%, 7.5%, and 7.6%, respectively. The requirement 
for the minimum tensile elongation of steel rebar (9%) 
is adopted to normalise RC [51].

Figure 7 presents the normalised impact indicators of 
different ECC and RC in relative values. As shown in 
Figure 7(a), since the compressive strength of the ECC 
is higher than that of RC, the normalised impact indi
cators per 1 MPa of IBA-ECC, CR-ECC, and LP-ECC are 
generally lower than that of RC. Specifically, the ECC 
exhibit at least 28% (CR-ECC), 57% (IBA-ECC), 85% (CR- 

Figure 5. Impact indicators (relative value) of different ECC and 
RC (per 1 m3).

Figure 6. Breakdown of impact indicators (per 1 m3). (a) IBA-ECC; (b) CR-ECC; (c) LP-ECC; (d) RC.
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ECC), 57% (CR-ECC), and 77% (CR-ECC) reduced GWP, 
ODP, POCP, AP, and EP, respectively, as compared to 
that of RC at the normalisation of compressive strength.

As shown in Figure 7(b), the ODP, POCP, AP, and EP of 
the ECC reduce at least 14% (IBA-ECC), 71% (IBA-ECC), 
14% (IBA-ECC), and 54% (IBA-ECC), respectively, as com
pared to that of RC at normalisation of tensile 
elongation. The GWP per 1% elongation of IBA-ECC is 
25% higher than that of RC, since the IBA-ECC has the 
lowest tensile elongation of 5.4%. In contrast, the nor
malised impact indicators per 1% elongation of CR-ECC 
and LP-ECC are lower than that of RC.

In summary, the compressive strength normalised 
GWP and tensile elongation normalised GWP of LP-ECC 
are 0.16 and 0.62 times of that of RC with a steel 
reinforcement ratio of 1.01%, respectively. The LP-ECC 
has the most sustainable performance in this work.

5.2. Structures – frame unit

Table 6 presents the impact indicators of Scenarios 1–5 
for the construction of the frame unit. The environ
mental impacts of MC-RC in GWP, ODP, POCP, AP, and 
EP are 278.70 kg CO2-eq, 1.53E-0.5 kg CFC-11-eq, 0.115 
kg C2H4-eq, 0.993 kg SO2-eq, 0.473 kg PO4-eq, respect
ively. When 3DCP is used to construct the frame unit, 
the GWP of 3DP-IBA-ECC, 3DP-CR-ECC, 3DP-LP-ECC, 
and 3DP-RC is 21%, 20%, 42%, and 35%, lower than 
that of MC-RC, respectively. When ECC are used for the 

3DCP of a frame unit, 3DP-IBA-ECC, 3DP-CR-ECC, and 
3DP-LP-ECC exhibit 10%, 9%, and 35% reduction of 
GWP, compared to that of 3DP-RC, respectively. With 
the LP to partially substitute OPC and no steel reinforce
ment, the 3DP-LP-ECC has the lowest GWP, which is 
160.59 kg CO2-eq.

Figure 8(a) presents the relative value of the impact 
indicators of different scenarios. The environmental 
impacts in the scenarios of 3DCP are generally lower 
than that in the scenario of MC-RC. In summary, 3DP- 
LP-ECC has the lowest environmental impacts in the 
five impact indicators. The GWP, ODP, POCP, AP, and 
EP of 3DP-LP-ECC are 0.58, 0.47, 0.19, 0.31, and 0.51 
times lower than that of MC-RC, respectively.

Figure 8(b–f) shows the breakdown of the overall 
impact indicators in different scenarios (The detailed 
data can be found in Table S5–S9). In 3DP-IBA-ECC, 
3DP-CR-ECC, and 3DP-LP-ECC, the ECC material and elec
tricity are the main contributors to the overall impact indi
cators (Figure 8(b–d)). The contribution of ECC material 
and electricity is approximate 91% and 6%, respectively, 
in the GWP of 3DP-IBA-ECC and 3DP-CR-ECC. When LP- 
ECC is used to print the frame unit (Figure 8(d)), the con
tribution of ECC material in the overall GWP reduces to 
88.3%, while that of electricity increases to 8.9%. In 
3DP-RC and MC-RC, the RC material is the highest contri
butor to the overall impact indicators (Figure 8(e and f)), 
ranging 85.7%–96.0% and 90.7%–98.5%, respectively. 
Apart from the materials and electricity, transportation 

Figure 7. Impact indicators (relative value) of different ECC and RC (per 1 m3). (a) 1 MPa of compressive strength; (b) 1% of elongation.

Table 6. Impact indicators of Scenarios 1–5.

Impact indicators Unit
Scenario 1 

3DP-IBA-ECC
Scenario 2 

3DP-CR-ECC
Scenario 3 

3DP-LP-ECC
Scenario 4 

3DP-RC
Scenario 5 

MC-RC

GWP kg CO2-eq 219.42 222.30 160.59 243.63 278.70
ODP kg CFC-11-eq 8.67E-06 7.07E-06 7.26E-06 1.30E-05 1.53E-05
POCP kg C2H4-eq 0.023 0.021 0.022 0.095 0.115
AP kg SO2-eq 0.572 0.514 0.502 0.850 0.993
EP kg PO4-eq 0.161 0.143 0.145 0.396 0.473
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is another main contributor to the environmental 
impacts. As shown in Figure 8(b–f), the contribution of 
transportation to the ODP is 10.0%, 12.3%, 12.0%, 7.4%, 
and 8.4% in Scenarios 1–5, respectively.

In summary, the RC material is the most significant con
tributor in the conventional MC method since the cement 
and steel rebar production process could induce consider
able environmental impacts [48]. With the fibre reinforce
ment, the environmental impacts of ECC material are 

reduced, while the electricity due to the concrete printing 
process increases the environmental impacts.

5.3. Structures – circle house unit

Table 7 lists the impact indicators of Scenarios 6–8 for 
the construction of the circle house unit. Since the 
3DP-LP-ECC outperforms 3DP-IBA-ECC and 3DP-CR-ECC 
in the environmental impacts of the construction of 

Figure 8. Relative value and breakdown of impact indicators of Scenarios 1–5. (a) Relative value; (b) Scenario 1; (c) Scenario 2; (d) 
Scenario 3; (e) Scenario 4; (f) Scenario 5.
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the frame unit. The 3DP-LP-ECC was used in Scenario 
6. As seen in Table 7, the 3DP-LP-ECC exhibits GWP, 
ODP, POCP, AP, and EP of 3281.26 kg CO2-eq, 1.45E-04 
kg CFC-11-eq, 0.471 kg C2H4-eq, 11.157 kg SO2-eq, and 
3.791 kg PO4-eq, respectively, which are 28%, 43%, 
75%, 32%, and 51% lower than that of MC-RC, respect
ively. Additionally, the 3DP-RC shows generally smaller 
impact indicators than that of MC-RC while higher 
impact indicators than that of 3DP-LP-ECC. In 
summary, the variations in environmental performance 
of Scenarios 6–8 (Table 7) are similar to that of Scenarios 
3–5 (Table 6).

Figure 9(a) presents the relative value of the impact 
indicators of Scenarios 6–8. 3DP-LP-ECC has the lowest 
environmental impacts. Figure 9(b–d) shows the break
down of the overall impact indicators in different scen
arios (The detailed data can be found in Table S10– 
S12). RC material is the most significant contributor to 
the environmental impacts of 3DP-RC and MC-RC, 
accounting for 84.9%–94.8% and 88.6%–98.1% (Figure 
9(c and d)), respectively. In contrast, the environmental 
impacts of 3DP-LP-ECC are mainly contributed by the 
electricity and ECC material (Figure 9(b)), ranging 
46.9%–70.4% and 28.0%–51.4%, respectively. The 
decomposition of environmental impacts of Scenarios 
6–8 is similar to that of Scenarios 3–5.

As can be seen from Table 4, the material consump
tion (LP-ECC) of Scenarios 3 and 6 is 607.70 kg and 
9898.00 kg, respectively. According to Equation (1), 
the electricity consumption of mixing and printing is 
linearly related to the volume of the functional units. 
With the increase of over 15 times in the material 

Table 7. Impact indicators of Scenarios 6–8.
Impact  
indicators Unit

Scenario 6 
3DP-LP-ECC

Scenario 7 
3DP-RC

Scenario 8 
MC-RC

GWP kg CO2-eq 3281.26 4081.66 4569.84
ODP kg CFC-11-eq 1.45E-04 2.13E-04 2.56E-04
POCP kg C2H4-eq 0.471 1.561 1.886
AP kg SO2-eq 11.157 14.332 16.333
EP kg PO4-eq 3.791 6.701 7.750

Figure 9. Relative value and breakdown of impact indicators of Scenarios 6–8. (a) Relative value; (b) Scenario 6; (c) Scenario 7; (d) 
Scenario 8.
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usage, the contribution of electricity to the GWP 
increases from 8.9% of the 3DP-LP-ECC (frame unit) 
(Figure 8(d)) to 28.0% of the 3DP-LP-ECC (circle 
house unit) (Figure 9(b)). However, the 3DP-LP-ECC 
still exhibits better sustainable environmental perform
ance than that of MC-RC.

In summary, the results of the frame unit and circle 
house unit highlight the potential of 3DCP with LP-ECC 
to improve the environmental performance in the con
struction sector. However, with the increase of material 
usage, the increased electricity consumption under
scores the need for the optimisation of the printing 
process to conserve energy in future research.

6. Sensitive analysis on transportation 
distance

As investigated in a previous study [47], the transpor
tation of the bulky materials and modular components 
involved in MiC generally leads to significant carbon 
emission, which is linearly correlated to the transpor
tation distance, with a sensitivity factor to the distance. 
The linear relationship can be expressed by RLE = ΣTi ×  
ei, where RLE is the carbon emission produced from 
the transportation of the components, ei refers to the 
carbon emission rate of the truck for the transportation 
[47]. However, in Section 5, the carbon emission of 
printed structures was assessed based on an identical 
transportation distance (50 km). Therefore, sensitivity 
analysis on transportation distance was conducted to 
investigate its influence on the carbon emission of 
printed structures and identify the distance range to 
achieve a sustainable 3DCP.

Figure 10 shows the transportation distance involved 
in different scenarios. Generally, the materials, facilities, 
and MiC factories have fixed locations, and thus, the 
transportation distance mainly changes with the con
struction site. Specifically, the T1 and T2 in the 3DCP 
scenarios 1–4 and 6–7, and T4 in MC scenarios 5 and 8 

would change with the construction site. Therefore, 
the analysis was conducted by varying the T1, T2, and 
T4 from -50% to 50% of the assumed distance of 50 
km to obtain the sensitivity to the transportation dis
tance of different scenarios.

Figure 11 presents the relative value of GWP versus 
transportation distance of different scenarios. The GWP 
was selected as the representative environmental per
formance since climate change is one of the most con
cerning global issues. The GWP of different scenarios 
increases with the increase of transportation distance. 
The sensitivity to transportation distance of each scen
ario can be indicated as the slope of the curves in 
Figure 11 [34]. As shown in Figure 11(a), 3DP-IBA-ECC, 
3DP-CR-ECC, and 3DP-RC for the construction of the 
frame unit show similar sensitivity (1.017, 1.004, and 
1.006, respectively). The MC-RC has the lowest sensitivity 
of 0.588, which is 42%, 41%, 58%, and 42% smaller than 
that of 3DP-IBA-ECC, 3DP-CR-ECC, 3DP-LP-ECC, and 3DP- 
RC, respectively. Similar results are observed in [34], 
which reports that the 3DCP scenarios are more sensitive 
to transportation distance compared to that of conven
tional casting scenarios. As shown in Figure 11(b), the 
sensitivity of 3DP-LP-ECC and 3DP-RC for the construc
tion of the circle house unit is 0.769 and 0.706, respect
ively, which is reduced by 45% and 30% compared to 
that of 3DP-LP-ECC and 3DP-RC, respectively. The 
results reveal that the increase of material usage 
(607.70 kg in the frame unit and 9,898.00 kg in the 
circle house unit) could reduce the sensitivity to trans
portation distance of 3DCP-LP-ECC.

Figure 12 presents the GWP versus transportation dis
tance in different scenarios. A distance range of 0–200 
km was selected since it covers the most transportation 
region in Hong Kong and nearby Guangdong province. 
MC-RC has a smaller sensitivity than that of 3DP-LP- 
ECC (Figure 11), and thus, an intersection point at 150 
km is observed in Figure 12(a). The 3DP-LP-ECC for the 
construction of the frame unit shows lower GWP than 
that of MC-RC when the transportation distance is 
smaller than 150 km. With a reduced sensitivity of 
0.769 (Figure 11(b)), it can be seen from Figure 12(b) 
that 3DP-LP-ECC for the construction of the circle 
house unit exhibits lower GWP than that of MC-RC 
within the whole distance range of 0–200 km.

Figure 13 presents the individual influence of trans
portation distance on the GWP of the frame unit, since 
the T1 and T2 were assumed to vary identically in the 
above sensitivity analysis. As shown in Figure 13(a), the 
GWP of MC-RC increases with the T4 at a rate of 3.28 
kg/km CO2-eq. The increase rate of 3DP-LP-ECC to the 
T1 and T2 is 2.73 kg/km CO2-eq and 1.73 kg/km CO2- 
eq, respectively. An intersection line is observed on the 

Figure 10. Transportation distance involved in different 
scenarios.
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Figure 11. The sensitivity to transportation distance of different scenarios. (a) Scenarios 1–5; (b) Scenarios 6–8.

Figure 12. Influence of transportation distance on GWP. (a) Scenarios 3 and 5; (b) Scenarios 6 and 8.

Figure 13. Individual influence of transportation distance. (a) 3DP-LP-ECC and MC-RC; (b) 3DP-LP-ECC.
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GWP surface of 3DP-LP-ECC and MC-RC. Therefore, the 
distance range to achieve a sustainable 3DCP can be 
identified, as shown in Figure 13(b). The results from 
Figure 13 could provide a guideline for the selection of 
appropriate construction methods based on transpor
tation distance to achieve carbon reduction in the 
local construction sector.

7. Conclusions

This study performed LCA to evaluate the environmental 
performance of 3DCP with ECC. At the material level, the 
environmental impacts of IBA-ECC, CR-ECC, and LP-ECC 
were compared to that of conventional RC. At the struc
tural level, the environmental impacts of structures fab
ricated by 3DCP with the ECC and MC with the RC were 
investigated. The main conclusions are as follows: 

(1) LP-ECC outperforms IBA-ECC, CR-ECC, and RC in 
environmental impact indicators. The GWP, ODP, 
POCP, AP, and EP of LP-ECC are 47%, 59%, 84%, 
56%, and 76% lower than that of RC with a steel 
reinforcement ratio of 1.01%, respectively.

(2) The 3DCP Scenarios 1–4 and 6–7 exhibit reduced 
environmental impacts compared to that of the 
MC Scenarios 5 and 8, respectively. Specifically, the 
GWP of 3DP-LP-ECC to construct the frame unit 
and circle house unit reduces by 35% and 28%, 
respectively, compared to that of MC-RC ones.

(3) Sensitivity analysis reveals that 3DP-LP-ECC has 
lower GWP than that of MC-RC to construct the 
frame unit when the distance T1 and T2 are 
smaller than 150 km. In addition, the distance 
range to achieve a sustainable 3DCP is identified 
with respect to the individual variation of T1 and T2.

The findings of this study could provide a guideline 
for the selection of appropriate ECC materials and con
struction methods to achieve carbon reduction in the 
local construction sector. However, the comparison of 
the environmental performance of ECC and RC materials 
was performed based on a fixed steel ratio, and the end- 
of-life stages of the structures were excluded in the LCA 
analysis of this work. In the future, the compressive 
strength of ECC and different steel ratios of RC should 
be involved in the LCA analysis to make a comprehen
sive comparison. The scope of the LCA should be 
further extended by taking into account the lifecycle of 
construction and building maintenance.
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