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A B S T R A C T

Limestone calcined clay cement is being promoted throughout the construction industry as a way to considerably 
reduce the cement proportion in concrete mixtures. At the same time, concrete 3D printing could save resources 
by placing concrete material only where its functionalities are maximized. This study addresses the need for a 
quantification of the environmental impacts related to the material acquisition phase regarding a low-clinker 3D 
printing material.

Compared to a 30 MPa 3D printing material from the literature, a 3D printable LC3-based concrete with low 
clinker content in the Quebec context displays a 36 % climate change score reduction with the same compressive 
strength (46 % reduction in the French context). A small impact shift is noticed in 6 out of 16 midpoint indicators 
(5 in the French case), mainly due to the calcined clay production. However, it is offset by the significant 
reduction in other indicators when considering an endpoint assessment. When considering different sourcing 
scenarios, a global warming potential variability of up to 15 % is observed.

LC3 remains a viable solution for the mitigation of greenhouse gas emissions in the context of concrete 3D 
printing as it provides mechanical strength and enhanced structuration rate for low-clinker materials. However, a 
specific attention should be accorded to the calcined clay plant locations, especially when the calcined clay 
content is higher than the value used in this study. As a perspective, a mix design tool could allow the opti-
mization of environmental impacts depending on expected fresh and hardened properties.

1. Introduction

Additive manufacturing in the construction industry is already 
allowing to manufacture structures from prototypes to production units 
[1]. The added value of this technology relies on multiple benefits 
ranging from the architectural freedom it provides to the industrializa-
tion potential for a rise in productivity along with the reduction in 
physical labour [2,3]. Crucially, it also proposes a reduction of envi-
ronmental impacts justified by the material use reduction originating 
from structural optimization and the absence of formwork [4]. In that 
regard, the adoption of digital fabrication could justify a reduction in 
greenhouse gas emissions between 37 % [5] and 50 % [6], depending on 
the structure complexity.

In the construction industry, in which the global production of 
cement represents 8 % of global greenhouse gas emissions [7], solutions 
for an increase in productivity along with a decrease in environmental 

impacts are essential to meeting the demand while complying with 
planetary boundaries [8]. In this regard, the quantification of the 
environmental impacts for the whole value chain - material acquisition, 
structure design, shaping process, use phase, end of life - of both con-
ventional and innovative construction methods are necessary in order to 
evaluate the best scenario for each application. With this perspective, a 
life cycle assessment (LCA) of a 3D printing process has been carried out 
[9]. Several studies have pointed out the potential impact mitigation 
emerging from the expanded design opportunities [10,11]. Eventually, 
the material production is one of the most determining levers for 
reducing environmental impacts [12,13]. As such, the quantification of 
these impacts through contextualized life cycle assessment is essential.

The collected values of global warming potential (GWP) for con-
ventional and 3D printable (3DP) concretes show different trends. For 
conventional construction, the variability is relatively low and the 
climate change score of 30 to 60 MPa concretes (C30, C60) span around 
the 300 kg CO2-eq/m3 mark [5,6,12,14]. This is confirmed in the 
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Quebec context by the Environmental Product Declaration of Association 
Béton Quebec for industry-wide ready-mix concrete which estimates the 
climate change score of 30 MPa interior concrete without air-entraining 
admixture at 311 kg CO2-eq/m3 [15].

In the specific context of 3D printing, conflicting rheological re-
quirements must be fulfilled in the same time frame [16] in the case of 2 
K 3D printing materials (3DPM), which rely on the secondary mixing of 
a chemical accelerator before extrusion, and especially for 1 K 3DPM, 
which include no acceleration. Higher cement content reduces internal 
friction, providing better shearing ability [17], but also enhances both 
the attractive colloidal forces for the initial yield stress and the nucle-
ation of hydrates for the continuous increase of elastic modulus [18]. 
Thus, the majority of 3D printing materials are mortars with high 
cement content in the binder (> 60 % [19]) and high paste proportion in 
the mortar (400 to 700 kg/m3 [20]). As clinker is the main contributor to 
climate change score in concrete [21], this score is typically 30 % higher 
for 3DPM compared to conventional concretes [4,5,12]. In this context, 
the material savings enabled by 3D printing must be concurrent with a 
mitigation of material unit volume impact, meaning a decrease of 
cement content.

Supplementary cementitious materials (SCM) have been widely used 
in the construction industry [22,23], replacing up to 45 % of the cement 
in conventional concretes but this substitution rate is unusual in the 3D 
printing industry. Pozzolanic and hydraulic co-products from coal, steel 
or silicon alloy industries (fly ash, ground granulated blast furnace slag, 
silica fume) are available in limited proportions when compared to the 
production of clinker and are compelled to decrease in the coming years 
[24]. In this context, the ternary limestone calcined clay cement (LC3) 
utilizes the synergy between calcined clay, calcium carbonate and 
cement in order to yield concretes with up to 50 % cement substitution 
and comparable mechanical properties [25]. The additional hydrates in 
LC3 help maintain these properties by filling the porosity and contrib-
uting to the hardened microstructural network [26]. Additionally, these 
hydrates benefit durability properties such as resistivity or chloride 
penetration resistance [27]. The structuration rate of LC3 is higher than 
Portland cement (OPC) considering the calcined clay higher water de-
mand and its finer granulometry [28]. Besides, its higher static yield 
stress, plastic viscosity and cohesiveness [29] justify the application of 
LC3 to 3D printing with a potential reduction of environmental impacts. 
Indeed, studies indicate a suitable rheological behavior at fresh state 
considering the higher reactivity of alumina in the metakaolin, coupled 
with its higher specific surface and layered structure [30–32]. Several 
studies [33,34] suggest that a substitution of 75 % is possible while 
maintaining a compressive strength of 30 MPa and the printability po-
tential of LC3 has been confirmed [33,35,65]. Additionally, accelerated 

carbonation and carbon sequestration for LC3 materials could comple-
ment this path to low-carbon concretes [36,37]. Consequently, there 
stands a potential for an optimized 3DPM with high cement substitution 
and adjustable strength for specific applications. In order to achieve this, 
a thorough definition of printability needs to be established for 1 K 3D 
printing.

Concerning the global warming potential of LC3, studies report a 
reduction in greenhouse gas (GHG) emissions of 30 to 50 % compared to 
conventional Portland concrete [38,39]. To the author’s knowledge, 
only one study for 3D printable LC3 [32] states a 50 % reduction in GHG 
emissions compared to a Portland cement 3DPM, but considers only 
uncontextualized raw material impacts. When considering other impact 
categories, the number of studies on 3DPM is very limited. When 
comparing conventional construction and concrete 3D printing, Han 
et al. [12] state that, in the material acquisition phase for acidification 
and eutrophication, the scores are generally higher (respectively 21.6 % 
and 11.3 %) for the second construction technique. On the contrary, the 
3DPM performs 7.3 % better in the photochemical pollution category. 
These mean values are considered for several Portland cement-based 
mixtures including more or less recycled aggregates. Alhumayani et al. 
[20] present a contribution analysis for a 3D printed 1 m2 wall. A 
sensitivity analysis carried out on several 3DP materials from the liter-
ature indicates a contribution of cement and fly ash of around 90 % of 
overall impacts, including ozone depletion, fine particulate matter for-
mation, marine eutrophication, land use or mineral resource scarcity. In 
regards to LC3 for conventional construction, Huang et al. [40] observe 
an increased score in the ozone depletion potential, the freshwater 
ecotoxicity potential, freshwater eutrophication potential and marine 
eutrophication potential, mainly due to calcined clay production. In the 
other categories, the LC3 performs similarly or better compared to a 
standard concrete. Overall, studies have compared conventional and 
3DP methods with OPC-based materials or tackled conventional LC3 
materials. However, no study addresses a complete range of life cycle 
assessment methods for a low-clinker 3D printing LC3.

In the end, the construction industry must decrease its environ-
mental impacts by reducing the volume of material consumed, but also 
by minimizing the impact of the materials that are effectively used. The 
synergy of calcined clay, limestone and cement enables a partial 
decoupling between cement content and mechanical properties or 
structuration rate, making LC3 promising for low-carbon 3D printing. 
However, to support this claim, a contextualized assessment of a 
comprehensive set of environmental indicators in the material acquisi-
tion phase is required for an 3D printable LC3-based concrete.

To address this research gap, this study proposes an original frame-
work for the definition of printability applied to continuous mixing 1 K 

Nomenclature

3DPM 3D printing material
1 K 1 component system
2 K 2 component system
OPC Ordinary Portland cement
LC3 Limestone calcined clay cement
SCM Supplementary cementitious materials
LCA Life cycle assessment
LCIA Life cycle impact assessment
EI Ecoinvent 3.7 Cutoff
GHG Greenhouse gas
GWP Global warming potential
ClCh Climate change
CA Canada
QC Quebec
SK Saskatchewan

GLO Global
RER Rest of Europe
RoW Rest of world
GUbSF General use (Portland cement) blended with silica fume
CC Calcined clay
LF Limestone filler
W Water
Sa Sand
PCE SP Polycarboxylate ether superplasticiser
LC3 QC LCA model of LC3 reference blend (30 MPa) in the Quebec 

context
LC3 FR LCA model of LC3 (30 MPa) contextualized to France
OPC QC LCA model of literature 3D printing mortar (30 MPa) 

contextualized to Quebec
OPC FR LCA model of literature 3D printing mortar (30 MPa) 

contextualized to France
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materials. Then, by developing a generic open-source LCA model and 
applying it to two novel use cases with distinct supply chain settings and 
grounded hypotheses, this study displays the main considerations of 
environmental impacts and process contributions of LC3 components. 
Furthermore, an evaluation of impacts over an exhaustive set of in-
dicators highlights the effects of calcined clay addition and the potential 
impact shifting is assessed via endpoint indicators evaluation. The op-
portunity that LC3 represents in the 3D printing industry is substantiated 
by a perspective on the influence of calcined clay production. Eventu-
ally, this study addresses all those aspects while setting the groundwork 
for a subsequent optimization methodology based on [41]. This mix 
design process could fully integrate the GWP in order to yield a printable 
LC3 mortar with minimized climate change score.

In the section 2 of this paper, the materials, characterization methods 
and analysis methodology are detailed. The functional unit is defined 
through lab-scale physical measurements and large-scale experiments 
with a 3D printing setup. The results are presented in the section 3 for 
the reference material. The interrogations, sensitivity analysis and lim-
itations are discussed in the section 4.

2. Materials and methods

The objectives and general framework are detailed in the section 2.1
and the materials used are introduced in the section 2.2. The section 2.3
describes the experimental setup related to printability, namely flow-
ability, shape retention and buildability at fresh state, along with the 
mechanical test performed on hardened samples. Additionally, the LCA 
main hypotheses are detailed. More information about the character-
ization methods can be found in the supporting information.

2.1. Definition of objectives and framework

The purpose of this study is to assess the potential of an LC3-based 
3DPM towards mitigating the environmental impact of the concrete 
3D printing industry. This investigation is divided in six steps detailed in 
the Table 1. The first three steps consist in setting up an LCA model, the 
next ones cover the research gaps identified in the introduction, namely 
the relevance of LC3 for low-carbon 3D printing in Quebec and France, 
especially considering various impact categories. The contextualization 
of our LCA model to two contrasting production and distribution sce-
narios (CA-QC and FR) constitutes a necessary analysis when progress-
ing towards the use of more locally sourced raw materials on a global 
scale.

A comprehensive description of the printability requirements (step 
1) as well as the trial and error process resulting in the reference mortar 
(step 2) is available in the supporting information. This includes the 
definition of rheological criteria at fresh state and correlation with large 
scale 3D printing. The scope of the study, the components of the life 
cycle inventory and the considerations of the functional unit are rep-
resented on Fig. 1.

The LCA model (step 3) follows the ISO 14040 standard [42], we 
conduct a cradle-to-gate analysis, corresponding to the EN 15804 A1-A3 
product stage [43] (raw materials supply, transportation and 
manufacturing) as the structure transportation, use phase and end of life 
after printing depend on each application. The inputs related to the 
research infrastructure are excluded. The LCA is conducted in the 
Quebec and French contexts. Furthermore, the influence of rheological 
properties (viscosity, yield stress) on the shaping process contribution 
(energy consumption) is neglected in this study as the material impact is 
considerably larger than the printing process contribution [13] and data 
is not readily available. The effect of material properties on the pumping 
electricity demand could be included in a further work.

The life cyle inventory (LCI) is obtained thanks to processes directly 
available in Ecoinvent 3.7 Cutoff (EI), of proxy EI processes manually 
contextualized and of mixed processes entirely constructed (Fig. 1). 
More information about the LCI, including sourcing, contextualization 
and physical properties is specified in the next section.

The definition of the functional unit involves the printability 
framework (step 1), meaning test procedures for the three phases of 3D 
printing (pumping, deposition, buildability) along with a compressive 
strength criteria. These methods are described in the section 2.3. The 
reference flow is one cubic meter of 3D printing material with a 28-day 
compressive strength of 30 MPa.

2.2. Materials: hypotheses and modeling

The binder is composed of general use cement blended with 8 % 
silica fume (GUb-8SF) 42.5 MPa conforming to the Canadian standard 
CSA A3001, of calcined clay containing 80 % metakaolin (chemical 
formula Al2O32SiO2), and of limestone filler. The aggregates are kiln 
dried sand with a diameter inferior to 2.5 mm and the superplasticizer is 
polycarboxylate ether based. The composition of one cubic meter of the 
reference mortar resulting from a trial and error process is presented in 
Table 2. This material, suited for 3D printing, has a compressive strength 
of 30 MPa at 28 days and is not built for chlorides, sulfates or freeze- 
thaw exposition.

The processes and flows included in the modeling, along with their 
hypotheses are presented below, the life cycle inventory is depicted on 
the Fig. 1. An analysis of different scenarios of raw material sourcing is 
carried out in the section 4.

2.3. Cement type GUb-8SF

The GUb-8SF 42.5 MPa binary cement is supplied by Ciment Quebec 
and is composed of 92 % of Portland cement and 8 % of silica fume (SF), 
by-product of silicon and ferrosilicon alloy production. This 
commercially-available blend is commonly used for infrastructures in 
Quebec, as the use of silica fume improves the strength and durability 
[44]. The latter is included in the LCA model with an economic allo-
cation based on [10]. The production unit is located in Saint-Lambert- 
de-Lauzon (QC, CA), at a distance of 223 km. In the French context, 
the product is composed of the same silica fume process and the Euro-
pean Portland cement market activity from EI. In any case, the mixing 
process of this binary blend is considered to be integrated in the con-
ventional cement manufacturing workflow, meaning no additional 
mixing energy is required.

2.4. Calcined clay

The calcined clay (CC) is provided by Whitemud Resources Inc. and is 
composed of around 80 % metakaolin, the rest being crystalline quartz. 
It is calcined from natural kaolin clay at 750 ◦C in a rotary kiln into a 
supplementary cementitious material considered as a class N natural 
pozzolan in accordance with the CSA A3000 and ASTM C618 standards. 
The QC scenario includes a transportation distance of 2900 km from 
Wood mountain (SK, CA) to Montréal (QC, CA). The calcination energy 

Table 1 
General study outline.

Step Description

Step 
1

Definition of a printable material relative to available printing setup: 
Selection of characterization protocol and specification of printability 
thresholds

Step 
2

Material Mix Design: Low-clinker driven trial-and-error process resulting in 
reference LC3 mortar

Step 
3

Constitution of Generic LC3 LCA Model: Identification of contextualizable 
processes

Step 
4

Evaluation of GWP: Comparisons between literature OPC-based model and 
contextualized LC3 models in CA-QC and FR

Step 
5

Analysis of Impact Shift: Assessment of comprehensive LCIA methods and 
breakdown at endpoint level

Step 
6

Sensitivity Analysis: Influential parameters for LC3 modeling
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is set at 2.6 MJ/kg [45] and subject to an analysis considering other 
values from the literature in the supplementary information. In the 
French context, a transportation distance of 535 km is selected, corre-
sponding to a delivery from one of the main producers of CC in France 
which is Imerys, located in Clérac (17,270, France), and destined to ́Ecole 
des Ponts ParisTech where a concrete 3D printing setup is available 
(535 km). For this material, a sensitivity analysis on the electricity mix, 
related to the location of the production plant is carried out in the QC 
context.

2.5. Limestone filler

The limestone filler (LF) comes from the company Graymont located 
in Portneuf (QC, CA), which constitutes a 209 km drive. The grinding 
data is derived from the EI quicklime production process. In the French 
scenario, the transportation data is derived from the transport of Port-
land cement in Europe, without Switzerland in EI.

2.6. Superplasticiser

The superplasticiser (SP) provided by Master Builders Solutions in 
Montreal (QC, CA) is polycarboxylate ether based and its modeling is 
based on [10]. In the French context, the modeling is similar.

2.7. Other materials

The other constituents are directly selected from the database EI with 
the Quebec version when possible, or the Rest of World (RoW) version 
when no Canadian version was available. Similarly, they are selected 
with their French version, or European if not available in the case of the 
French contextualization.

2.8. Modeling considerations

For the French contextualization, the amounts of exchanges in the 
foreground processes were identical to the Quebec setting, but the ac-
tivities were contextualized to France when possible, and to Europe 
when no French data was found in EI. In regards to the French trans-
portation distances of raw materials, the data from market activities 
were used for all foreground processes since the study is hypothetical, 
except for CC. For the latter, an emphasis is put since it constitutes a 
determining factor.

2.9. Methods

This section details the characterization tests used to assess print-
ability and mechanical properties. It also describes the LCA tools and 
LCIA methods. Finally, the global analysis methodology is presented.

2.9.1. Printability, mechanical properties and life cycle assessment

2.9.1.1. Test procedures. The rheological tests are carried out at fresh 
state in order to cover the different stages of 3D printing. An illustration 
of all the test methods used as well as their function is introduced on the 
Fig. 2. More details on the test procedures are available in the supporting 
information.

Fig. 1. Scope, life cycle inventory and requirements of the functional unit. Processes from EI, contextualization and manual integration respectively in green, yellow 
and pink.

Table 2 
Reference mortar composition 31 MPa (LC3).

Parameter Value

Cement GUbSF (kg) 165
Calcined clay (kg) 132
Limestone (kg) 362
Water/binder ratio 0.35
Sand/binder ratio 2
SP/binder ratio 0.01
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• The flow table test (standard ASTM C1437 [46]) is conducted at 2 
min after mixing in order to evaluate the flowability in the pumping 
timeframe. A truncated cone is filled with two layers, both tampered 
20 times with a rubber rod. The cone is then lifted and the table is 
dropped 25 times in 15 s, with a steady pace. The sum of the four 
measurements along the diameter lines constitutes our flow value, 
which is the increase in diameter as a proportion of the initial base 
diameter.

• The slump test (standard ASTM C143/C143M [47]) is then carried 
out with a miniature Abrams cone with a base diameter of 100 mm, a 
top diameter of 50 mm and a height of 150 mm. The mold is filled 
with three layers of mortar, each tampered 25 times with a steel rod. 
It is then lifted vertically in 5 s, letting the mortar slump under its 
own weight at the 6 min mark, representing the time of deposition. 
The yield stress for a pure elongational flow is estimated by Eq. (1)
[48].

τ =
ρg(H0 − s)

̅̅̅
3

√ (1) 

With τ the yield stress, ρ the density, g the gravitational constant, H0 

the initial height of the sample and s the slump.

• The rate of structuration, which is defined as the evolution of static 
yield stress in the dormant period (Athix for thixotropy) is measured 
with discrete direct shear measurements. The apparatus follows the 
ASTM D3080 standard [49] and the methodology is similar to [50], 
adapted from [51]. The mortar sample is placed in a circular shear 
box that restricts the horizontal strain but allows shearing on a 
horizontal plane where the plates of the box touch. The test is carried 
out at 30 and 60 min on 3 samples and the resulting static yield stress 
is calculated, taking into account the maximum force and the varying 
section of the shear box. A linear regression between these yield 
stress values and the slump test yield stress value gives a structura-
tion rate in Pa/s.

• Finally, the compressive strength is determined with a hydraulic 
piston at a steady rate of 1 kN/S following the standard ASTM C109 
[52] after a 28 day cure at 22 ◦C and 97.5 % relative humidity.

2.9.2. Definition of printability thresholds
The printability of a material is defined through multiple compo-

nents and dependent on the available printing setup. In our case, the 
3DPM was designed via trial-and-error for a continuous mixing unit 
feeding a 1 K extrusion system. The rheological and mechanical re-
quirements are based either on the literature (mechanical properties, 
buildability) or on large-scale experiments (pumpability, shape reten-
tion), as referred to in the supporting information. These tests set the 
printability thresholds at 120 % flow 2 min after mixing, around 65 mm 
slump 4 min later, and 3.5 Pa/s structuration rate. For the mechanical 

properties, we consider that the mortar should remain structural. In that 
regard, the objective of 30 MPa constitutes a potential for high cement 
substitution yet structural applications, and is provided with referenced 
studies in the literature in terms of GWP [6,12,15].

2.9.3. Life cycle assessment: tools and impact categories
The LCA is conducted with the open-source software Brightway2 

[53], along with its graphic interface Activity browser [54] and relies on 
the database Ecoinvent 3.7 Cutoff [55]. For the constitution of the 
characterized inventory and impact assessment, the selected methods 
are Environmental Footprint 3.0 recommended by the International 
Reference Life Cycle Data System [56]. Although the emphasis is placed 
on the GWP, the other midpoint indicators (Table 3) are evaluated in 
order to analyze the potential impact shifting from Portland cement 
based mortars to LC3-based mortars.

In order to quantify the influence of impact shifting at the endpoint 
level, we consider the endpoint LCIA methods from ReCiPe (H,A) 2016 
[57] for an estimation of the damages to human health, ecosystems and 
resource availability. The constant midpoint to endpoint conversion 
factors used to calculate the scores according to Eq. (2) are listed in the 
supplementary information and allow an evaluation of the contribution 
of midpoint results to endpoint scores. The different midpoint indicators 
from ReCiPe 2016 over EF 3.0 are the distinction between damages to 
human health (PCOFhh) and ecosystems (PCOFeco) for ozone forma-
tion, the absence of terrestrial eutrophication and the presence of 
terrestrial ecotoxicity (TEx) and marine ecotoxicity (MEx). 

CFex,a = CFmx × FM→,E,a (2) 

Where CFe and CFm respectively stand for endpoint and midpoint 
characterization factors, c for the cultural perspective, a for the area of 

Fig. 2. Test methods and their relations to printability.

Table 3 
List of Environmental Footprint 3.0 midpoint impact categories.

Impact Category Abbreviation Unit

Climate change ClCh kg CO2-eq
Ozone depletion potential ODP kg CFC-11-eq
Human toxicity, cancer effects CE CTUh
Human toxicity, non-cancer effects nCE CTUh
Particulate matter/Respiratory inorganics RE Disease Incidences
Ionizing radiation, human health IR kBq U-235
Photochemical ozone formation PCOF kg NMVOC eq
Acidification Ac mol H+-eq
Eutrophication, terrestrial TEu mol N-eq
Eutrophication, aquatic freshwater FEu kg P-eq
Eutrophication, aquatic marine MEu kg N-eq
Ecotoxicity freshwater FEx CTUe
Land use LU Soil Quality Index
Water use WU kg world eq. deprived
Resource use, minerals and metals RMM kg Sb-eq
Resource use, energy carriers RF MJ
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protection, x for the stressor of concern and FM→,E,a for the conversion 
factor.

2.10. Sensitivity analysis

In the sensitivity analysis, the focus is put on the transportation of the 
binder components as well as the electricity mix for clay production as 
these parameters represent sensitive inputs according to production 
location. Since the production of cement and limestone filler is exten-
sively developed throughout Canada, the US and France, the focus is put 
on the locations of CC production. In the case of kaolin clay, although 
the resources are abundant throughout the world, and sufficient to meet 
global cement demand [24], the process of calcination is relatively un-
common in Canada. Several production locations are investigated and 
the GWP results are represented with appropriate transportation and 
electricity mix in order to give an estimation of calcined clay impact 
variability around QC. To this purpose, several commercially available 
calcined kaolin clays were collected, along with their freight distance 
and the electricity mix of their regions (Table 4). With this information, 
the variability of LC3 modeling, mainly affected by the variability of 
calcined clay modeling, is discussed.

3. Results

The objective of this study is to evaluate the GWP of an LC3 com-
posite with high cement replacement in order to assess its potential for 
industry-wide use. The LC3 mixture (Table 2) constitutes the material 
analyzed in the following parts. This product was modeled with a set of 
generic processes, then contextualized in CA-QC and FR contexts ac-
cording to the location-dependent variables detailed in the section 2.2.

Throughout the study, the introduced models are compared to an 
OPC-based (without SCM) concrete reported in the literature [12]. The 
latter was selected from a literature review (see supporting information) 
as demonstrating printability and a 30 MPa compressive strength. It was 
then modeled in the Quebec and France contexts to provide reference 
points in terms of environmental impacts.

The results breakdown is depicted on the Fig. 3. First, the GWP re-
sults are detailed, including a contribution analysis. The contextualiza-
tions in Quebec and France illustrate the environmental impacts 
variability in 3D printing LC3 application. The results from other 
midpoint indicators are detailed for both contexts and the processes 
responsible for the impact shifting are specified.

3.1. Global warming potential and contribution analysis

The process contributions of the OPC 3DPM as well as our LC3 
mixture contextualized in Quebec and France (respectively OPC QC, 
OPC FR, LC3 QC and LC3 FR) are represented on the Fig. 4. OPC-based 
models display comparable CO2 emissions. For a similar compressive 
strength of 30 MPa at 28 days, LC3 demonstrates a decrease of 36 % in 
GWP in the QC context and 46 % in the FR context. As expected, the 
majority of the estimated LC3 GWP stems from the OPC in the mixture 
(53.6 %) although accounting for only 6.8 wt% of the mixture. Con-
cerning the impact of the calcined clay, which is the specificity of LC3, 
the Fig. 4 shows a contribution of 34 % to the total LC3 QC ClCh score. 
When considering LC3 FR, while the GWP of GUbSF remains similar, the 
main differences reside in the ClCh scores of CC and LF. An 81.2 % drop 
is observed for the LF foreground process, mainly due to the reduced 
impact related to the transportation. Concerning the CC, both the pro-
duction of kaolin and the production of natural gas generate far more 
GHG emissions in the Canadian context, or more precisely the SK setting 
(respectively 2.4 and 2.3 times the GWP of the French version). On the 
contrary, the GWP related to the transportation of CC is halved in 
Canada since it is modeled with a train as opposed to a lorry in the 
French context. In the end, the 130 kg of CC induce respectively 86 and 
69 kg CO2-eq in the Quebec and the French context according to the 

models LC3 QC and LC3 FR used in this study.
It is observed that as the cement substitution increases, which is the 

final objective of this study, the GWP associated to CC is more decisive. 
When considering only the production without the transportation in the 
QC scenario, the impact factor of GUbSF and CC are respectively 0.79 kg 
CO2-eq and 0.51 kg CO2-eq. The production of kaolin with an electricity 
mix from SK, CA, and the natural gas needed to dehydroxylate the kaolin 
account for respectively 45 % and 32 % of the total CC impact. The 
significant impact of CC in our model, although lower than OPC, is also 
amplified by the distance of 2900 km considered in this study which 
represents 23 % of the CC impact whereas the transportation-related 
GWP in the GUbSF is only 3.7 % of its total impact.

Table 4 
List of commercially available kaolin clays in the vicinity of Quebec, Canada and 
a French case.

Location Electricity mix 
[58,60]

Freight 
modes: 
distances 
(km) [59]

Comments

Wood 
Mountains, 
SK, CA

Coal and coke: 
41 % 
Natural gas: 
40 % 
Hydro: 15 % 
Other 
renewable: 4 
%

Lorry: 68 
Train: 2800

2017 SK electricity mix 
Freight to ETS Montreal

Sandersville, 
GA, USA

Coal and coke: 
32 % 
Natural gas: 
34 % 
Nuclear: 12 % 
Hydro: 8 % 
Other non- 
renewable: 10 
% 
Other 
renewable: 4 
%

Lorry: 207 
Cargo: 2088

2014 SERC region electricity 
mix Sea freight distance 
based on, Distances National 
Oceanic and Atmospheric 
Administration 2019 Freight 
to ETS Montreal

Aiken County, 
SC, USA

Coal and coke: 
32 % 
Natural gas: 
34 % 
Nuclear: 12 % 
Hydro: 8 % 
Other non- 
renewable: 10 
% 
Other 
renewable: 4 
%

Lorry: 203 
Cargo: 2014

2014 SERC region electricity 
mix 
Sea freight distance based on 
National Oceanic and 
Atmospheric Administration, 
Distances 2019 Freight to 
ETS Montreal

High Hill, MO, 
USA

Coal and coke: 
32 % 
Natural gas: 
34 % 
Nuclear: 12 % 
Hydro: 8 % 
Other non- 
renewable: 10 
% 
Other 
renewable: 4 
%

Lorry: 20 
Train: 1660

2014 SERC region electricity 
mix 
Freight to ETS Montreal

Clerac, 17,270, 
France

Coal and coke: 
3 % 
Natural gas: 7 
% 
Nuclear: 72 % 
Hydro: 10 % 
Other 
renewable: 9 
%

Lorry: 535 2017 FR electricity mix  
Freight to École des Ponts 
Paris Tech
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3.2. Assessment of impact shifting

This section provides results over a comprehensive set of impact 
categories for the three models in order to evaluate the validity of a GWP 
focus in case of a subsequent material optimization. The scores for each 
midpoint indicator listed in the Table 1 are represented on the Fig. 5 for 
models OPC QC (grey), OPC FR (blue), LC3 QC (green) and LC3 FR (red). 
In total, the LC3 QC scenario shows an increase of score in 6 out of 16 
indicators compared to the OPC QC from the literature, namely ozone 
depletion potential, carcinogenic effects, ionizing radiation, freshwater 
eutrophication, land use and energy carrier use. The other categories 
display a similar or decreased score with a substantial reduction for 
climate change, photochemical ozone formation, acidification, terres-
trial eutrophication, marine eutrophication, freshwater ecotoxicity as 
well as minerals and metals use.

In the French case, the LC3 displays an increase in 5 out of 16 in-
dicators compared to OPC. Three of these are identical to the QC case 
(ODP, IR, RF) and two are different (RE, FEu). When comparing LC3 in 
both contexts, the LC3 FR model presents a reduced impact in 13 out of 
16 indicators compared to LC3 QC. Moreover, out of these 13 indicators, 
11 show a substantially decreased score (> 10 %).

For each indicator affected negatively in either contexts, the pre-
dominant processes resulting in a superior score for LC3 compared to 
OPC can be identified:

• ODP: the contribution of the long distance transport of natural gas 
via pipeline is the main contributor (34 %), followed by the pro-
duction of natural gas, high pressure, explain the higher score of LC3 
in QC;

Fig. 3. Result analysis methodology.

Fig. 4. Process contribution of all models from left to right: Literature model [12] reproduced in the Quebec (OPC QC) and French (OPC FR) contexts; LC3 model 
contextualized in Quebec (LC3 QC) and France (LC3 FR).
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• CE: the treatment of electric arc furnace slag and the production of 
coke involved in the construction of railway tracks in low-alloyed 
steel (CC transportation) contribute to the higher score of the 
model LC3 QC;

• RE: the contribution of the silica fume production explains the in-
crease in disease incidences for LC3 over OPC in the FR context;

• IR: the contribution of the tailing from uranium milling is respon-
sible for the slightly higher score of LC3 QC over OPC QC. When 
comparing LC3 in FR over QC, the 300 % increase is due to the 
largely predominant nuclear energy in the French electricity mix;

• FEu: the contribution of the spoil from lignite mining (56 %) is 
largely responsible for the slight increase in FEu score in QC;

• LU: contrary to the OPC QC mixture which contains gravel and sand, 
the LC3 mixture contains only sand in higher quantity. The sand 
quarry operation, extraction from river bed explains the increase in 
LU score for our LC3 mixture;

• WU: the kaolin production process accounts for 16 % of the WU score 
for LC3 FR and is therefore responsible for the greater impact over 
the OPC based model;

• RF: a collection of processes pertaining to the CC contributes to the 
higher score of LC3, however, the main contribution remains the 
natural gas production, high pressure (17.6 % of the total score in the 
QC context).

When displaying the process contributions for the model LC3 QC 
across all impact categories on the Fig. 6, we can observe that apart from 
the LU indicator for which a majority of the score is attributed to the 
sand, the other impact categories are mainly affected by the GUbSF and 
the CC. The significant influence of the CC represented in blue explains 
the impact shift for certain categories.

3.3. Endpoint assessment

The study of potential impact shifting reveals the key role played by 
the amount of natural gas involved in the calcination of clay, especially 
for the indicators ODP and RF. A complementary review of the different 
values of energy demand in the literature is available in the supporting 
information [45,61,62]. In order to determine if the superior score 

Fig. 5. Results of Environmental Footprint 3.0 impact categories (Table 1) for models of printable OPC and LC3 based mixtures in QC and FR contexts.
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observed in 6 out of 16 categories constitutes a barrier in the use of 3DP 
LC3, these results are analyzed at the endpoint level. The aggregated 
endpoint results for human health, ecosystems and resources are 
detailed in the Table 5.

This table shows the decrease of impacts on human health (QC: -31 
%; FR: − 39 %) and ecosystems (QC: -30 %; FR: − 43 %) for LC3 over OPC 
based 3DPM. On the contrary, the impact on resources is higher (QC: 
+54 %; FR: +24 %). When taking the single score assessment of ReCiPe 
2016, LC3 still improves the environmental scores in both QC and FR 
contexts (QC: -22 %; FR: − 33 %), which highlights the prevailing of LC3 
environmental improvements over the impact shift attributed to the 
production of calcined clay. In order to substantiate this statement, a 
breakdown of the contributions of midpoint impact categories to 
aggregated endpoint indicators is represented for human health, eco-
systems and resources respectively on Figs. 7, 8 and 9, displaying the 
following trends:

• Human health: 49 % of the impact is attributed to the ClCh in QC 
(60–70 % in FR), which experiences a reduction of 36 % (46 % in FR) 
for LC3 compared to OPC. The majority of the remaining impact is 
attributed to the particulate matter formation (RE) category, for 
which there is also a decrease for LC3. Thus, the increases observed 
for LC3 constitute less than 0.7 % of the damage to human health.

• Ecosystems: the terrestrial and freshwater impacts are lower for LC3 
whereas the marine influence is greater. However, the Fig. 8 shows a 
minor contribution of marine indicators to total ecosystems foot-
print, which explains the decreased overall ecosystems score of LC3 
over OPC in both geographical contexts.

• Resource availability: the LC3 score is higher than OPC in both 
contexts. When considering a higher level of aggregation, the impact 
increase for LC3-based 3DPM is overall balanced by the decrease in 
other impact categories, especially in the range of human health.

4. Discussions

4.1. Comparison with LC3 studies

Four studies containing mixture proportions for printable LC3 ma-
terials are assessed using our CA-QC LCA model in the Table 6. The 251 
kg CO2-eq/m3 mark for a 31 MPa concrete studied in this paper stands 
well below the existing 3D printable 1 K materials in the literature, even 
when considering kg CO2-eq/m3/MPa. Naturally, durability must be 
considered to assess the whole life cycle and location-dependent pa-
rameters will significantly influence the results. A way to enhance the 
resistance of our material would be to partially calcine the limestone, 
providing additional portlandite to support the pozzolanic reaction of 
calcined clay [63,64] in a low-clinker system.

4.2. LC3 sensitive parameters

The results of process contribution for CC highlight the need for a 
minimization of cement content, but also an optimization of CC content 
for a desired shaping process and compressive strength. The trial and 
error process carried out in order to define a functional unit reflected 
this result as the GUbSF and CC content were adjusted from the existing 
literature which recommends a binder composition of 50 % cement, 30 
% calcined clay, 15 % limestone and 5 % gypsum [24,25]. However, 
further studies concerning the durability of such mixtures are necessary 
in order to account for the whole life cycle.

The parameters presenting a significant variability according to the 
study location are the transportation modes and distances as well as the 
electricity mix for CC production. The GWP differences between the 
scenarios in Table 4 are represented on the Fig. 10 for the supply of 1 ton 
of CC. This figure highlights the significant impact of CC sourcing as a 
decrease of 42 % in ClCh score is observed in the case of Georgia (US) or 
South Carolina (US) based suppliers. For these two locations, the GWP 
linked to transportation and medium voltage electricity for kaolin pro-
duction decrease by respectively 68 % and 22 %. Overall, the actual case 
of this study (CA-SK) generates the most GHG emissions. A drop in the 
GWP of medium voltage electricity is observed in the French case, owing 
to the minor amount of lignite-based high voltage electricity production 
in France. Conversely, the GWP related to transportation is much higher 
than the other locations since it is modeled with a lorry on the entire 
distance.

These differences in CC CO2 emissions translate into a variability of 
up to 15 % in the total score of LC3 mixtures. Considering the CC ac-
counts for less than 6 % of the total mortar mass, these parameters are 

Fig. 6. Process contributions for all impact categories in Table 1 for the LC3 QC model.

Table 5 
ReCiPe 2016 aggregated endpoint assessment for all models.

Model Human health 
(DALY)

Ecosystems (species. 
yr)

Resources (USD 
2013)

OPC QC 7.4× 10− 4 1.7× 10− 6 1.3× 101

LC3 QC 5.1× 10− 4 1.2× 10− 6 1.9× 101

OPC FR 5.3× 10− 4 1.4× 10− 6 1.2× 101

LC3 FR 3.3× 10− 4 8.2× 10− 7 1.5× 101
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Fig. 7. Midpoint contributions to aggregated human health for models OPC QC, LC3 QC, OPC FR and LC3 FR: striped sections represent categories for which LC3 
> (OPC)

Fig. 8. Midpoint contributions to aggregated ecosystems for models OPC QC, LC3 QC, OPC FR and LC3 FR: striped sections represent categories for which LC3 
> (OPC)

Fig. 9. Midpoint contributions to aggregated resources for models OPC QC, LC3 QC, OPC FR and LC3 FR: striped sections represent categories for which LC3 > (OPC)
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indeed determining factors for the total GWP. Thus, a emphasis on the 
use of local materials can allow a significant saving in GWP. This in-
dicates that in the case of a sharp increase in LC3 use, the locations of the 
CC production plants should be determined in order to minimize the 
averaged transportation distances while avoiding as much as possible 
the territories relying mainly on fossil fuels for electricity production. In 
the future, and depending on the availability of kaolin resources, a 
parameterized analysis on the transportation distance and the location 
of the production plant could allow a reduction of total impacts for each 
location of LC3 use.

As a way to enhance the validity of this study, an additional French 
source of LCA data is considered. The project DIOGEN, initiated by the 
Association Française de Génie Civil gathers academic and industrial ac-
tors with the objective of establishing a database identifying the envi-
ronmental impacts of the materials used in the construction industry. 
Originating directly from industrial partners operating real processes, 
values of environmental impacts are estimated according to the French 
norm NF EN 15804/CN. If we consider only the production of CC, the 
model included in DIOGEN, which involves the production of meta-
kaolin calcined in a rotary kiln by Imerys, the total ClCh score is evalu-
ated at 239 kg CO2-eq/ton whereas the present study estimates the CC 
GWP to be respectively 508 kg CO2-eq/ton and 210 kg CO2-eq/ton in the 
Quebec and French contexts. In France, the model of CC in our study and 
the dataset originating directly from a CC producer generate similar 
results which validates the hypotheses related to the production and 
calcination of kaolin clay in this study. As the process is designed 
identically in Quebec and considering similar values from the literature 
mean values found in the literature [45,66,67], the consistency of this 

model is confirmed.

4.3. Industrial implementation, upscale scenario and kaolin clay 
availability

In terms of practical implications for LC3 in the concrete 3D printing 
industry, limestone and clay are globally available and LC3 is cost- 
effective [68]. However, the mix design is more complex and the use 
of OPC is so widely spread that economical incentives are essential for 
the adoption of high SCM concretes. Nevertheless, as the 3D printing 
industry is in development, this type of material is well-suited, as vol-
umes are reduced and tailor-made materials are very common.

In the case of a sharp increase in LC3 use, the availability of materials 
(kaolin clay) and energy (electricity for kaolin clay extraction, natural 
gas for calcination) allocated to calcined clay production, which con-
stitutes the most critical component, needs to be assessed. The present 
study could be complemented by the modeling of the conjectural addi-
tional demand in energy and materials according to exchanges in the 
adequate markets (North American, European). Finally, the rebound 
effect needs to be reflected upon as the additional LC3 3DPM produced 
may add to the existing 3DP OPC-based material use instead of replacing 
it.

The distribution of clay-size minerals on land for topsoil and subsoil 
is represented in [69]. It indicates an abundance of kaolin clay in the 
Chinese, African and South American regions as well as considerable 
amounts in the United States of America (east and central) and East 
Europe. In Canada, the interior system Cordilleran, the Artic and the 
Appalachian regions have reported kaolinitic deposits [70]. However, 
the reported mining operations are generally located in SK. In the vi-
cinity of Quebec, the most active kaolinitic clay production is located in 
Georgia (USA) but kaolin deposits have been reported in the states of 
Pennsylvania (USA) around the Piedmont physiographic province, of 
West Virginia (USA) associated with the Appalachian region, or in Vir-
ginia (USA).

The use of lower grade kaolinitic clay is adequate for the production 
of LC3 [71], making the suitable clay reserve larger, although the higher 
grade kaolinitic clays provide enhanced structuration rate highlighting a 
need for the determination of an minimal grade in the context of 1 K 3D 
printing.

4.4. Data quality

In this study, the technologies considered in the production of the 

Table 6 
Comparison with other 3D printable LC3 reported in the literature: Calculated 
GWP exclude admixtures other than superplasticizers.

Authors Composition Compressive 
strength 28 
days (MPa)

Reported 
GWP (kg 
CO2-eq/ 
m3)

Calculated 
GWP in CA- 
QC context 
(kg CO2-eq/ 
m3)

Ibrahim et al. 
[35]

LC3 30 534

Bhattacherjee 
et al. [62]

LC3 35 314 364

Long et al. [32] LC3 + SF 37 283 366
Chen et al. 

[33]
LC3 40 554

Fig. 10. Process contribution for the supply of 1 ton of CC from the production locations in 
Table 4.
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different raw materials are the only ones available in EI. The modeling of 
the production of OPC in QC is based on data corresponding to 2007 
inventory, output and capacity utilization rate. Furthermore, the pro-
duction of kaolin is also modeled with 2007 data from one single com-
pany in Europe and its calcination method is the rotary kiln. Considering 
these information, uncertainties regarding the relevance of the data 
could arise. Indeed, processes have evolved since 2007 and more effi-
cient technologies of production have been implemented. Particularly, 
Ciment Quebec integrates an extended preheater and a short rotary kiln 
that generate fewer GHG compared to the Quebec average cement 
production. Also, according to the database DIOGEN and the CC pro-
ducer Imerys, the flash calcination of kaolin clay allows a significant 
reduction of energy consumption, which results in a ClCh score of 139 
kgCO2-eq/ton compared to the 239 kg CO2-eq/ton estimated for rotary 
kiln metakaolin. Naturally, the calcination process also affects other 
properties of the material such as reactivity or water absorption. In the 
same way, the heat used for clay calcination is modeled with shares of 
production methods for industrial sectors in Quebec (or Europe in the 
French context), but if we consider that the heat comes from a co- 
generation in a conventional power plant in SK, the ClCh contribution 
of the industrial heat from natural gas could be three times lower. We 
can imagine even more favorable scenarios with the use of biogas from 
agricultural waste for instance. These examples show the substantial 
influence of the technological state and could be the subject of a deeper 
analysis considering the best and worst cases to date.

4.5. Cradle-to-gate limitations

In order to be able to assess the comprehensive environmental im-
pacts of the low-clinker 3DPM developed in this study, the printing 
process, distribution phase, use phase, and end of life need to be 
considered. Specifically, durability tests such as resistance to chloride 
penetration, sulfate attack or freeze-thaw have to be performed and 
compared to OPC-based 3DPM. Besides, the modularity potential of 3D 
printing also needs to be considered at the end of life stage for reuse or 
repurposing. Overall, the application to several use cases such as 
structurally optimized beams, façades or lost formwork [72] over their 
entire life cycle is required in order to consider a holistic approach for 
comparison between conventional and digital concrete, but also be-
tween OPC and LC3 materials.

Following this study, the objective is to integrate an LCA calculation 
in the multi-objective optimization of a sustainable 3DP mortar. In that 
regard, a consideration of mechanical and durability performance will 
be included in the optimization, thus allowing us to propose a complete 
tool for designing low-impact 3DP mortars.

5. Conclusion

In order to evaluate the relevance of LC3 for low-carbon 3D printing, 
the 3D printable LC3-based material developed in this study has been 
compared to a reference Portland cement-based 3D printing mortar with 
the same compressive strength. Two novel use-cases (Montreal, CA-QC; 
Champs-sur-Marne, FR) have been explored and a sensitivity analysis on 
calcined clay suppliers has been carried out.

• A climate change score reduction of respectively 36 % and 46 % are 
observed for the Quebec and French model.

• Score increases are experienced in 6 out of 16 indicators (ODP, CE, 
IR, FEu, LU and RF), mainly attributed to the natural gas for clay 
calcination as well as calcined clay transportation over long dis-
tances. However, when considering the damages to human health, 
ecosystems and resource availability, the decrease in most indicators 
prevails over the increase in the aforementioned impact categories. 
In the French context, the reduction in environmental impacts for 
LC3 is more apparent with substantial improvements in 11 out of 16 
impact categories compared to the Quebec scenario.

• An additional 15 % of ClCh score decrease could be expected solely 
from the sourcing of more local calcined clay. As the calcined clay 
industry is less developed than the globally uniform cement industry, 
the availability of kaolinitic clay, meaning the transportation dis-
tance is to be evaluated before assuming a replacement is environ-
mentally worth it, although the macroscopic properties related to 3D 
printing can justify it.

• In addition to that, the electricity mix plays a more predominant role 
in the production of clay compared to cement, making the global 
warming potential reduction all the more dependent on LC3 use 
location.

In the context of 3D printing, the use of LC3 is a viable solution for 
the reduction of environmental impacts compared to OPC-based mate-
rials when the mix design is adequate. However, a quantification of 
mechanical and durability properties are required in order to consider 
the whole life cycle of a 3D printed structure, including use phase and 
end of life. For the material acquisition phase, a future study modeling 
the conjectural additional demand in energy and materials for the 
generalization of calcined clay use considering the distribution of clay 
minerals and specific energy mixes could accelerate the adoption of LC3.

With the parametric LCA model constructed in this study, the mini-
mization of the climate change score will be used as an objective func-
tion for the optimization of low-carbon 3D printing materials. This 
further study will propose an automated, reproducible tool for the 
tuning of material properties from fresh to hardened using local raw 
materials.
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