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Abstract: It was widely reported in the early 2000s that geopolymer technology exhibits superior
mechanical properties and lower global warming potential (GWP) over the use of ordinary Portland
cement (OPC). However, a major limitation observed in the sustainability evaluation is a lack of
consideration of environmental impacts from the use of industrial waste. This observation led to the
purpose of this study, which is to identify the key factors throughout geopolymer production that
contribute to its sustainability performance. In this paper, two geopolymers made of fly ash (G-FA)
and cenospheres (G-C) were examined by mechanical testing while their sustainability impacts
on a cradle-to-grave approach were investigated. The industrial waste and transport modelling
impacts were given special attention in the performed life-cycle assessment. After 28 days of
curing, G-FA exhibited 64.56 MPa and 6.03 MPa of compressive strength and flexural strength,
respectively. G-C, with 3

4 of G-FA bulk density, achieved 19.09 MPa and 3.13 MPa, respectively,
with no significant changes observed after 14 days of curing. By upscaling the inventories to 1 m3

of industrial production scale, geopolymers showed a GWP reduction up to 49.7% compared to
OPC with natural aggregates and presented benefits on human health damage category by 23.7%
(G-FA) to 41.6% (G-C). In conclusion, geopolymer mortars establish compressive strength and
flexural strength that are adequate for construction applications and present sustainability benefits
in GWP, which suggests them to be potential substitutions for OPC. However, the industrial waste
treatment (i.e., preparation of fly ash) will deplete water bodies, and the sodium silicate induces
significant environmental burdens during its manufacture, becoming the key factor to enhance the
geopolymer’s sustainability.

Keywords: sustainable construction materials; alkali-activated geopolymers; ordinary Portland
cement (OPC); mechanical properties; LCA analysis; cradle-to-grave approach; endpoint/midpoint
assessment; industrial waste; environmental performance; SimaPro software

1. Introduction

For decades, concrete has been used in the construction industry due to its cost
efficiency and availability. Ordinary Portland cement (OPC), as the most common cement
used in concrete, possesses several advantageous properties such as high performance in
thermal conductivity and mechanical strength. On the downside, it exhibits a huge burden
on the environment due to large CO2 emissions during its production [1]. The production
process involves calcination, where limestone is heated at 1500 ◦C, breaking down into
calcium oxide and CO2 [2]. As reported, 50% of the total CO2 emission from cement
production is generated from the calcination, while the indirect emissions are caused by
the fuel combustion used to heat the kiln. As such, OPC production was claimed to be a
major source of greenhouse gas (GHG) emissions worldwide as cement production was
found to account for 5–7% of global CO2 emissions [1,2]. This has raised global awareness
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of the need to invent different sustainable cementitious material options to mitigate the
huge environmental burdens from the construction industry [3].

In recent years, an alkali-activated binder, known as geopolymer cement, appears
to be a solution to replace conventional concrete. The term ‘geopolymer’ was firstly
introduced by Davidovits in the late 1970s [4] to describe a type of mineral binders that
are produced by a process namely, geopolymerisation. It is a synthesis reaction between
the aluminosilicate mineral (precursors) and alkali polysilicates (activator) to form an
Al-O-Si bond [5]. Amongst the reported approaches to induce geopolymerisation, alkaline
activation is widely known as an effective approach to form Si- and Al- precursors [6]. In
geopolymer concrete (GPC) production, the cement is partially or entirely substituted with
materials with high SiO2 and Al2O3 contents (e.g., pozzolanic material) and is activated by
an alkali solution [4]. In fact, industrial waste such as fly ash (FA) and ground granulated
blast furnace slag (GGBFS), as well as other naturally occurring materials such as thermally
activated clay or pozzolan, can serve this purpose [5], while sodium or potassium hydroxide
and silicate are the most commonly used alkali activators in current technology [6].

The technical advantages of geopolymers over traditional cement materials have been
widely reported—such as their mechanical performance [7,8] and chemical resistance [9].
Most of the geopolymer studies revealed their advantageous properties such as high
initial strength [7], superior fire resistance [10,11], acid resistance [5,12], and shorter setting
time [7,12]. GPC showed 1.5 times the compressive strength of OPC, and it exhibited high
early strength that can prevent breakage during transportation [7]. As revealed in previous
studies, the presence of calcium in fly ash-based geopolymer is the reason for its flash
setting properties [7,8]. These results suggest a functional use of geopolymers in precast
industries [7] and prevent aluminosilicate waste materials from being disposed of in a
landfill [10].

The underlying concept of geopolymer technology [13] applied to the construction
industry is the improvement of sustainability. Considering the fact that geopolymer produc-
tion does not involve the clinker calcination process and kiln heating process, its production
is rendered to be green. Moreover, geopolymer technology has allowed the valorisation
and beneficiation of industrial waste such as fly ash and granulated blast furnace slag [14].
For this reason, the environmental evaluation of geopolymers has taken off in the past
several decades [15–17]. Amongst sustainability evaluations, life-cycle assessment (LCA) is
commonly adopted to systematically evaluate the environmental burdens associated with
the feedstock extraction for the production and the disposal of geopolymer product during
its lifetime [10,12,15,18–20]. Due to its high mechanical strength [21,22], geopolymer had
been widely investigated in order to curb the consumption of Portland cement [23]. It
was identified that the GPC production entails an environmental advantage over OPC
and that a reduction of GHG emissions from 42% to 64% can be achieved in the absence
of clinker production [10,15,17]. Knowing that the LCA results are not straightforwardly
comparable [15], the environmental viability of geopolymer was highlighted with regard
to the global warming burdens.

On the other hand, the sustainability of geopolymer was challenged by several re-
cent studies claiming that geopolymer materials has presented worse impacts in certain
environmental damage categories due to the Chlor-alkali process, which is not required in
OPC production. For instance, Dontriros et al. [19] had recognised that a brick made of
geopolymer induces higher burdens to ozone depletion, human toxicity, terrestrial ecotoxi-
city, and fossil depletion. This finding is consistent with the study by Salas et al. [15] and
Bajpai et al. [24], suggesting that GPC production is undesirable to human health. The use
of alkali activators [15,16,25–27] and the electricity used during its production [26] turned
out to be the main environmental burdens within the geopolymer life cycle. As suggested
by Gomes et al. [28], the electrolysis of alkali activators is an energy-intensive process
responsible for 36% to 58% of the impacts of GPC production. In the light of enhancing the
sustainability performance of geopolymer, several authors had recommended reducing the
demand for alkali activators during production [12,24,29,30]. Other studies demonstrated
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the possibility of fabricating the geopolymer using ambient temperature curing with the
use of alkaline activators of lower alkalinity [31,32]. It was observed that changing the
curing energy and alkali activator type can reduce the GHG emissions of geopolymer by
30% [33].

A review by Salas et al. [34] revealed that most of the LCA studies concerning cement
and concrete did not intentionally include any impact allocations of the use of byproducts.
The latest revision of the EU regulation also defined industrial waste to be a source of
pollution if it is economically profitable [35]. This new definition suggested a different
perspective by which to consider the environmental impacts of byproducts [18] and the ne-
cessity for a reasonable allocation method to present the long-term sustainability damages
of a material.

Besides this, the logistics of geopolymers were found to be debatable because it is
not an established product and its transport is not ready to be scaled-up for a comparable
assessment of its sustainability [36]. Due to the inclusion of various life-cycle phases,
the results of LCA may vary extensively due to a more accurate analysis concerning the
transport of the raw materials and their disposal. It has been claimed that the change of
transportation modes can attain a 25% reduction of GHG emissions for the GPC [33]. These
findings argued that the geopolymer materials may have an unfavourable performance
in sustainability, depending on the type of transportation mode—which is contrary to the
intrinsic assumption that geopolymer materials always deals less environmental damage
than OPC [33].

These findings raised the question that the results of the previous assessment may not
substantially reveal the environmental burdens of geopolymer products, as they had limited
consideration of the extraction and transportation of the byproducts. Whilst it is recognised
that choices in methodological LCA may influence geopolymer’s sustainability perfor-
mance significantly [27,31], an environmental evaluation of the latest geopolymer concrete
production with special attention given to the treatment of byproducts and transportation
is needed to present the key factors that contribute to the sustainability of geopolymers in
the building sector.

Hence, the aim of this study was to evaluate the mechanical properties of two geopoly-
mers made of fly ash, cenospheres, GGBFS, and activated by sodium silicate (Na2SiO3),
and examine their environmental performance by scaling up the life-cycle inventory (LCI)
developed at laboratory scale to industrial scale. The significance is to reveal the most
critical factors needed to develop a sustainable solution for geopolymers in the future. In
summary, this study suggests that geopolymer entails advantages over OPC on GWP, but it
exhibits significant damages to the environment, especially regarding water consumption
and contamination. From the findings, the alkali activator and the fly ash as byproducts
were observed to be major parameters that should be given special attention to further
enhance the sustainability of the geopolymer mix.

2. Materials and Methods
2.1. Materials

Similar to the recent study of Wong et al. [37], the raw materials fly ash (Class F)
and GGBFS were sourced from the Australian Eraring Power Station (NSW) and Ecocem
(Warrawong, NSW) [38], respectively. Cenospheres were sourced from Envirospheres
(Australia)—ES series and ESG grade (130 µm average diameter of hollow spheres) [39].
Sodium metasilicate pentahydrate (SiO2/Na2O) pellets with a silica modulus of 1 were
provided by Jasol’s distributor, COS (Lidcombe, NSW) and the sand was supplied by
Brickworks Pty. Ltd. (Wetherill Park, NSW). Table 1 reports the chemical composition of fly
ash, cenospheres, and GGBFS, respectively, measured by X-ray fluorescence (XRF) in terms
of oxides. It can be observed that there is a significant variation in chemical composition
between the two byproducts of coal combustion thermal power plants (i.e. fly ash and
cenospheres). Class F fly ash presents a low content of calcium oxide (<15% CaO) and high
content of silica (SiO2), followed by alumina (Al2O3), and hematite (Fe2O3). Cenospheres
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consist predominantly of silica and alumina, followed by hematite and potassium oxide
(K2O), which have comparable weight percent. This chemical composition is consistent
with the results of previous studies on cenospheres [40]. GGBFS, as a byproduct of iron
production, presents a high content of CaO and SiO2, followed by Al2O3 and MgO. The
volume density against particle size distribution of the industrial byproduct materials
has been reported in Figure S1 of the Supplementary Materials. The scanning electron
microscopy (SEM) images of the pure hollow cenospheres used in this study are shown in
Figure S2.

Table 1. Chemical composition of fly ash [37], cenospheres, and GGBFS [37].

Elemental Oxide in wt%

SiO2 Al2O3 Fe2O3 K2O CaO TiO2 Na2O MgO P2O5 SO3 BaO Mn3O4 L.O.I

Fly ash 69.80 19.78 2.68 1.54 1.44 0.79 0.55 0.47 0.20 - - - 2.32
Ceno 61.80 30.30 2.16 2.15 0.48 1.00 0.35 0.87 0.07 0.04 0.03 - 0.32

Wt. gain

GGBFS 35.28 14.69 0.50 0.28 41.49 1.25 0.24 5.76 - 1.01 0.10 0.42 0.12

2.1.1. Mixture Proportion

Table 2 presents the base composition of the two geopolymers (G-FA and G-C) in-
vestigated in this study. The mix design procedure followed the established methods for
low-calcium alkali-activated FA-based concretes [41]. The blast furnace slag was either
mixed with fly ash (FA) or cenospheres (C) to form the binder. For each mixture component,
the weight percentage is provided as compared to one portion of the binder.

Table 2. Mix design—component-to-binder ratio by weight %.

Fly Ash Cenospheres GGBFS Na2SiO3 Sand Water

G-FA 0.4 - 0.6 0.24 2 0.505
G-C - 0.4 0.6 0.24 2 0.505

2.1.2. Specimen Preparation

In the preparation stage, the raw materials (e.g., binders and activator) were measured
and mixed as prescribed in Table 2. The right proportion of deionised water was then
added, and the resulting mixture was stirred for 2 min to dissolve the powder activator.
After that, fine sand was also added and mixed until an even consistency was observed.

The wet mortar was filled into moulds with cavities of specific dimensions (e.g.,
25 × 25 × 120 mm for mechanical tests). Lubricant (kerosene) was applied to the mould
and a Dynapac BP48 vibrating table was used for 2 min to remove potential trapped
air bubbles. After that, each mould with the wet mortar was kept in a sealable plastic
container for one day at the ambient temperature of 23 ◦C. Lastly, the formed samples were
removed and left to cure at controlled ambient laboratory temperature (i.e., 23 ◦C with
45% ± 5% of relative humidity) within a sealed container. Before each test, the samples
were polished with up to 800 nos. grit sandpaper to create an even load distribution during
mechanical tests.

Figure 1 illustrates the main phases of the sample fabrication process.
The samples were cast in bars of dimension 25 × 25 × 120 mm (4 bars for each mould)

to be tested for flexural and compressive strength. After flexural testing, 25 mm were
cut off from both ends of the tested samples to make them ready for the compression
test, ensuring that lateral cracks at the sample end did not interfere with the following
compression test results.
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Figure 1. Sample fabrication procedure: (a) weigh raw materials, (b) mix binder and solid activator
until homogenous, (c) add water, (d) dislodge unmixed clumps from bottom edges of the container,
(e) add sand and mix until homogenous, (f) vibrate, (g) pour mortar into moulds and level with a
spatula, (h) seal for 24 h, (i) extraction of the formed samples from the moulds, then (j) store them in
a sealed container.

2.1.3. Flexural and Compression Testing

An Instron 5982 high-capacity universal testing machine was used to test the flexural
and compressive strength of the samples countering a 100 kN load cell. The testing intervals
were at 7, 14, 28, 56, and 91 days and the average compressive and flexural results were
recorded for each curing time.

The dimensions of the specimens were measured with a Vernier calliper before pro-
ceeding with the flexural and compression testing at 773 N/s and 1200 N/s loading
rates, respectively, in accordance with ASTM C348 [42] and ASTM C109 [43]. A devi-
ation from ASTM C348 and ASTM C109 occurred on the type and dimension of the
samples used for the flexural and compression tests, respectively. In accordance with
Wong et al. [37], the standard dimensions of the samples for the flexural test were modified
to 25 × 25 × 120 mm to cut the ends of the bars and make cubes (25 × 25 × 25 mm) that
did not exceed the loading capacity of the machine for the compression tests (maximal load
of 100 kN). The standard flexural strength loading rate P, corresponding to 2640 N/mm,
was adjusted to suit the smaller sized sample according to the following Equation (1):

σb =
3
2
∗ P ∗ L

b ∗ d2 (1)

where σb is the maximum flexural stress, L is the distance between the loading bearing
points, and b equal to d is the width of the sample.

The results of the mechanical tests obtained for the two geopolymers remain compara-
ble even if the sample dimension is scaled [44].
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2.2. Life-Cycle Assessment (LCA) Methodology

LCA in accordance with ISO 14040 [45] and ISO 14044 [46] was conducted to examine
the environmental impacts throughout the geopolymer life cycle from raw material acquisi-
tion to end-of-life (EoL) treatment. The four main phases in the LCA are (1) goal and scope,
(2) inventory analysis, (3) impact assessment, and (4) interpretation [47]. Calculations were
performed using the SimaPro 9.1.1 software [48].

2.2.1. Goal and Scope

The goal of this assessment was to determine the environmental performance of two
types of geopolymers (e.g., G-FA and G-C) and benchmark their environmental burdens
with OPC made of natural (NAC) or recycled aggregates (RAC). In this comparison, equal
volume is a practical parameter that can be controlled across all material types with the
mix design of all the ingredients strictly remaining within the volume. Given that the
geopolymers are emerging materials that can be considered a greener replacement for
OPC, compressive strength was considered as a comparable factor with OPC due to their
potential applications in constructions. As the compressive strength developing times
for all material types are different [49], geopolymers and concretes that achieve the range
between standard compressive strength (20 MPa) and high compressive strength (65 MPa)
after 28 days of curing were selected. Therefore, a functional unit (FU) of one cubic meter
of material with compressive strength ranging from 20 MPa to 65 MPa after curing for
28 days was assessed in this study.

As demonstrated in previous studies, the geopolymer mortars have the potential to
be used for different construction applications and exhibit distinctly higher or comparable
mechanical strength than conventional OPC mortars. In this study, OPC concretes from
literature (i.e. NAC and RAC) were selected to compare their LCA results with the relevant
one of the two presented geopolymer mortars (i.e. G-FA and G-C) as they share the same
construction applications based on their compressive strength. This has been done in order
not to restrain the LCA comparison to similar materials.

In this paper, a comparative ‘cradle to grave’ (end-of-life scenario) approach in accor-
dance with EN 15804 [50] was adopted. Given that there was no single agreed LCA frame-
work established in Australia, the European Union’s EN 15804 standard was favoured, not
only as it applies the ISO principles throughout its standards, but it inclusively addresses
the issues of operational energy and disposal [51], in which the energy-intensive materials
would be specified through the assessment.

The system boundaries in this LCA for geopolymers and OPC are illustrated in
Figures 2 and 3, respectively. The studied system comprises four phases from raw materials
production (cradle), construction process, and the use-phase-to-disposal-phase (grave) of
materials. Four material types were studied: (i) geopolymer with fly ash as the binder
(G-FA), (ii) geopolymer with cenospheres as the binder (G-C); (iii) concrete made of natural
aggregates (NAC), and (iv) concrete made of recycled aggregates (RAC).

In the product stage, the extraction of raw materials, including the crystallisation of
sodium silicate, treatment of FA and GGBFS, cement production, and extraction of sand,
natural aggregate, and recycled aggregate, were calculated.

In the construction process stage, transportation of all materials to the mixing plant
was firstly considered, and the construction of all concretes followed the typical processes
of OPC concrete construction, including the production of mortar, transportation to the
construction site, and setting of concrete with concrete pump and vibrator. All concretes
were assumed to be cured at ambient temperature, hence no energy was involved in the
curing process.

In general, the durability performance of geopolymer is superior to that of OPC
concrete within the range of the considered exposure [52]. In this study, it was assumed
that there is no need for any maintenance or operational energy once the material is
constructed and the durability of all materials was assumed the same. Therefore, no impact
was considered in the use stage.
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Eventually, all concrete types were demolished at the end-of-life stage and sent to the
recycling plant, while those non-recyclable parts would be sent to disposal in a landfill.

2.2.2. Inventory Analysis (LCI)

The mix design of the four material types at 1 cubic meter is summarised in
Table 3. The proportions of the geopolymer mortars were developed at laboratory scale
from previous tests as detailed in Table 2 and a scale-up to industrial-scale was conducted
based on the developed density. The amounts of the component materials of two OPC
concretes were developed by Etxeberria et al. [49] using Type I Portland cement to achieve
compressive strength at a minimum of 30 MPa at 28 days of curing.

Table 3. Amounts of materials per FU (i.e., 1 m3), compressive strength, and density of geopolymers
and OPC concretes.

G-FA G-C NAC RAC

Fly ash (kg) 224 - - -
Cenospheres (kg) - 167 - -

GGBFS (kg) 336 250 - -
Natural aggregate (kg) - - 1207 -

Recycled aggregate (kg) - - - 1123
Sodium silicate (kg) 134 100 - -

Cement (kg) - - 300 325
Sand (kg) 1.12E3 834 765 683
Water (kg) 283 211 165 162

Compressive strength (MPa) 64.6 MPa 20.0 MPa 35.5 MPa 38.3 MPa
Density (kg/m3) 2095.75 1562.01 2442.00 2301.00

In the product stage, the inventories of FA and GGBFS were allocated from the
impacts of their primary processes (such as coal power plants and iron production) using
the reported economic allocation coefficients [35], Ce, followed by the impacts for the
secondary processes (such as slag and fly ash treatment). The allocation percentages for
impacts from coal power plants and iron production were 1.27% and 0.21%, respectively,
based on the Australian market suggested by Shobeiri et al. [33].

The treatment plant to produce the cenospheres had not been considered because the
conventional production of cenospheres that involves the separation from coal fly ash had
been reported as an inefficient method [53] due to the very limited volume of cenospheres
in fly ash [54]. An allocation of 1.5% of the impacts to the cenospheres from the production
of fly ash was assumed in this analysis.

Inventory values for the cement, natural aggregate, and recycled aggregate used in
this study were developed by Marinković et al. [55]. The inventories of other materials
were collected from the Ecoinvent 3.7.1 database [56] as listed in Table 4.

Table 4. Inventories from Ecoinvent 3.7.1.

Ecoinvent 3.7.1 Database

Na2SiO3 Sodium silicate, without water, in 37% solution state (RoW) market for sodium silicate
Sand Sand (RoW) market for sand
Water Water, deionised (RoW) market for water

In the construction process stage, the inventories for the mixing plant, concrete pump,
and vibrator were obtained from Kawai et al. [57]. The concrete plant was chosen for
concrete mixing in this system. A concrete pump at a rate of 95–110 m3/h and flexible shaft
vibrator were used for concrete placing and compaction, respectively.

At the end-of-life stage, the impacts associated with the demolition were obtained from
the study of Kawai et al. [57]. As suggested by Zhu et al. [58], the new geopolymer concrete
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made of less than 80% of recycled geopolymer fine aggregates achieved a decline rate of
less than 20% for their compressive strength. Thus, the recycling rate of geopolymers in this
study was set to 80%, which means that 80% of the crushed geopolymer obtained after the
demolition process would be transported to the recycling plant while 20% of non-recyclable
components would be disposed of at a landfill. In the recycling plant, the geopolymer is
crushed to the required particle size for reuse [58]. However, the impacts of waste treatment
were not included in this study as they are beyond the defined system boundary.

Regarding the transportation, the main case scenario illustrated the minimum distance
of batching plants and material sources located in Sydney, Australia [33]. The transportation
of cenospheres was assumed to be of equal distance as the FA since the cenospheres were
extracted from the same flow of coal power plants as the FA [40]. Backhaul (or the return
trip) was considered for each process to address the energy consumption used to return the
vehicles to their departure site. A backhaul factor of 60% of the energy use and emissions
of the fronthaul was assumed in this study [59].

To investigate the impacts caused by transportation throughout the life cycle, two
additional transport scenarios (S1 and S2) for the geopolymers were created for sensitivity
analysis. G-FA was selected as the research subject due to its comprehensive compositions.
S1 was to test the impacts of the raw material transportation; the transportation of raw
materials to the mixing plant was doubled; while the transportation to the construction and
disposal sites remained unchanged. In S2, merely the distances to the construction site and
disposal sites were upscaled to two times their initial distances, while the rest remained
unchanged to test the efficiency of recycling the geopolymers. The scenarios are listed in
Table 5. Inventories for energy/fuel and transport are reported in Tables S1 and S2 of the
Supplementary Materials.

Table 5. Transport scenarios.

Transport Distance (km)

Main Case S1 S2

FA 124 248 124
GGBFS 95 190 95

Cenospheres 124 - -
Na2SiO3 28 56 28

Sand 7 14 7
Aggregates

(Natural/recycled) 50 - -

Cement 95 - -

To construction site 50 50 100
To landfill 150 150 300

To recycling plant 150 150 300

2.2.3. Impact Assessment (LCIA)

The life-cycle impact assessment was carried out using IPCC 2013 GWP 100a v1.03 and
ReCiPe 2016 v1.1 midpoint/endpoint methods, Hierarchist version. The ReCiPe endpoint
indicators, which are separated into three categories, show the ecological effect on three
higher aggregation levels corresponding to the impacts on human health, ecosystem, and
resource scarcity [60]. Midpoint results are separated into several ecological category
indicators with specific relevance, which is a more complex approach and usually focused
on presenting the results for specific impacts.

An overview of the different impact categories for each method and their abbreviations
are listed in Table 6.
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Table 6. Methods and impact categories.

Method Impact Category Abbreviation Unit

IPCC GWP 100a Global warming potential GWP kg CO2-eq

ReCiPe endpoint
Human health HH Year

Ecosystem quality ED Species × year
Resource availability RA Dollar

ReCiPe midpoint

Ozone depletion ODP kg CFC-11
Ionising radiation IRP kBq CO-60

Fine particulate matter formation PMFP kg PM2.5
Oxidant formation, ecosystem EOFP kg NOx

Oxidant formation, human health HOFP kg NOx
Terrestrial acidification TAP kg SO2

Freshwater eutrophication FEP kg P
Marine eutrophication MEP kg P
Human toxicity, cancer HTPc kg 1,4-DCB

Human toxicity, non-cancer HTPnc kg 1,4-DCB
Terrestrial ecotoxicity TETP kg 1,4-DCB
Freshwater ecotoxicity FETP kg 1,4-DCB

Marine ecotoxicity METP kg 1,4-DCB
Land use LOP M2 × yr
Water use WCP M3

Mineral resource scarcity SOP kg Cu
Fossil resource scarcity FFP kg oil

2.3. LCA Limitations

The preliminary assumptions applied to the boundary conditions of the study, the
stages, and selected impact categories may affect the LCA results, as well as the discussions
and conclusions drawn from the analysis. However, all the assumptions were made in a
consistent way between geopolymers and OPC to allow a comparison analysis.

The LCA analysis was limited to the impact categories associated with the selected
methods (i.e., IPCC 2013 GWP 100a v1.03 and ReCiPe 2016 v1.1 midpoint/endpoint) and
to the Australian context.

Furthermore, the effect of the different material durability on the environmental
performance was not considered in this study, as it was assumed that there was a similar
durability for the four materials.

A sensitivity analysis was performed to mitigate the uncertainty associated with the
lack of real data on transport distances and to estimate their potential contribution to the
overall environmental impact.

3. Results

This section presents the results deriving from both the geopolymer mechanical in-lab
characterisation and the LCA comparison between geopolymers and OPCs.

3.1. Mechanical Performance

The flexural and compressive strength development of the geopolymer samples are
reported in Tables 7 and 8.

Table 7. Flexural strength of geopolymer mortar compositions.

Flexural Strength [MPa]

7 Days 14 Days 28 Days 56 Days 91 Days

G-FA 4.80 4.90 6.03 8.10 8.70
G-C 2.63 3.13 - - 3.68
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Table 8. Compressive strength of geopolymer mortar compositions.

Compressive Strength [MPa]

7 Days 14 Days 28 Days 56 Days 91 Days

G-FA 39.23 56.63 64.56 65.39 77.62
G-C 13.95 19.09 20.00 - 22.14

The flexural strength and compressive strength of geopolymer mortar made of binder
ratio 2/3 (FA/GGBFS) were recorded at 6.03 MPa and 64.56 MPa, respectively, after 28 days
of curing. A growing trend was observed during the flexural and compressive strength
testing in which G-FA achieved on day 91 its maximum flexural and compressive strength
at 8.70 MPa and 77.62 MPa, respectively. These results are consistent with the mechanical
performance reported in previous studies for geopolymers mortar having the same binder
ratio [37].

As described in Table 2, a second sample batch was fabricated by entirely replacing
the FA with cenospheres. The ceno-based geopolymer mortar, G-C, was measured at
3.13 MPa and 19.09 MPa, with no significant change observed after 14 days of curing.
The replacement of cenospheres reduced the overall weight of the sample to 3

4 of the
base sample weight, and the mechanical strength of samples was directly proportional
to the reduction of weight. This observation is in agreement with a recent study by
Adesina, A. [61]. As shown in Tables 7 and 8, G-C presented limited growth after 14 days
and a growing trend was observed during the flexural and compressive strength testing in
which G-C achieved on day 91 its maximum flexural and compressive strength at 3.68 MPa
and 22.14 MPa, respectively.

3.2. Global Warming Potential (GWP)

Figure 4 compares the CO2 equivalent (CO2-eq) emissions, calculated using the IPCC
2013 GWP 100a impact assessment approach, that were released from the production
of 1 m3 of each material. It can be seen from Figure 4 that the CO2-eq arising from the
functional life of geopolymers is lower than those arising from OPC concretes in all cases.
Considering the GHG emissions associated with the RAC production as the baseline (100%),
the production of geopolymers emits 34.6% (G-FA) to 49.7% (G-C) less GHGs as compared
to that of NAC. The production of OPC concrete using recycled aggregates demonstrates a
slight increase when compared to NAC; the observed difference corresponds to 5.8%.
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The emissions arising from each process are shown in Table 9. The use of sodium
silicates is shown to have the greatest GWP burden, ranging from 33.1% (G-C) to 33.4%
(G-FA), while the production of FA or cenospheres present noticeable impacts ranging from
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17.9% (G-C) to 18.16% (G-FA). Other items, such as GGBFS (less than 6.45% of CO2-eq),
sand and water (less than 2.71% of CO2-eq), and batching (less than 4.21% of CO2-eq) of
geopolymers have a lesser relevant impact on GWP.

Table 9. Total CO2-eq emissions for each material.

(kg CO2-eq)
G-FA G-C NAC RAC

FL 1 EoL 2 FL EoL FL EoL FL EoL

Total emissions 473 357 699 727

Emissions 357 116 266 91.3 563 136 598 129
Sodium silicate 158 - 118 - - - - -

FA 85.9 - - - - - - -
Cenospheres - - 64.0 - - - - -

GGBFS 30.5 - 22.7 - - - - -
Cement - - - - 468 - 507 -

Sand 12.80 - 9.51 - 8.72 - 7.79 -
Natural aggregate - - - - 3.33 - - -

Recycled aggregate - - - - - - 3.82 -
Water 0.1080 - 0.0806 - 0.0632 - 0.0620 -

Transportation 48.71 86.90 36.28 64.80 59.86 101.00 57.16 95.10
Concrete plant 19.9 - 14.8 - 23.2 - 21.8 -
Concrete pump 0.704 - 0.704 - 0.704 - 0.704 -

Vibrator 0.0017 - 0.0017 - 0.0017 - 0.0017 -
Demolition - 17.9 - 17.9 - 17.9 - 17.9

Waste - 11.55 - 8.61 - 16.76 - 15.81
1 FL refers to the functional life including raw materials production and construction process. 2 EoL refers to the
end-of-life phase of the product.

Regarding the OPC concretes, the cement manufacture is responsible for more than
67.0% (NAC) of the life-cycle impacts. It also explains the higher GWP of RAC (at 727 kg
CO2-eq) than NAC (at 699 kg CO2-eq), as the use of recycled aggregate imposes higher
demand on the amount of cement as listed in Table 3. Besides this, it is worth noting that
transportation has a significant contribution to the life-cycle impacts of all material types
(between 20.94% and 28.67%).

3.3. Endpoint Assessment

Figure 5 illustrates the endpoint impact of functional life (FL) and end-of-life (EoL) of
the four materials in percentage. It can be seen from Figure 5 that the life-cycle processes of
OPC concretes have high adverse impacts on the human health damage category (HH).
The impact of RAC is the highest, followed by NAC, G-FA, and G-C. As observed, the
production of RAC utilises 8.3% more cement than NAC to bind the aggregates, generating
higher impacts on the HH than NAC. The production of geopolymers demonstrates an
observable percentage reduction on HH by 23.7% to 41.6% for G-FA and G-C, respectively,
as compared to NAC.
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Table 10 summarises the endpoint assessment results. Considering the HH impacts
by the EoL phase, the impacts are likely determined by the density of the materials due to
the proportional relationships between the weight and required energy to demolish and
transport the waste. As seen in Table 10, the highest impact is shown by EoL-NAC (3.01E-4
DALY) having the highest density, followed by EoL-RAC (94.7% as NAC), EoL-G-FA (85.4%
as NAC), then EoL-G-C (67.1% as NAC).

Table 10. Impact scores for endpoint damage categories for each material.

Damage
Category Unit

G-FA G-C NAC RAC

FL 1 EoL 2 FL EoL FL EoL FL EoL

Human health DALY 9.13E-4 2.57E-4 6.81E-4 2.02E-4 1.22E-3 3.01E-4 1.3E-3 2.85E-4
Ecosystems Species.yr 2.37E-6 6.17E-7 1.77E-6 4.87E-7 2.72E-6 7.23E-7 2.88-6 6.87E-7
Resources USD2013 28.0 17.1 20.9 13.4 16.5 19.8 16.2 18.8

1 FL refers to the functional life, including raw materials production and construction process. 2 EoL refers to the
end-of-life phase of the product.

Considering the ecosystem quality damage category (EQ), OPC concretes exhibit
higher negative impacts than geopolymers in both the functional life or the end-of-life
phases. It can be seen in Figure 5 that the environmental impacts of FL_RAC on EQ
is the highest among the four materials, which is 5.4%, 12.3%, and 33.2% higher than
FL_NAC, FL_G-FA, and FL_G-C, respectively. In contrast, geopolymers do not require
cement, and have caused a lesser environmental impact in the EQ, with FL_G-C exhibiting
the least impact (1.77E-6 Species.yr). Observing the EoL phase, the four materials exhibit
similar impacts in the EQ, while the negative impacts are potentially affected by the waste
transportation. It can be seen in Table 10 that EoL_NAC imposes the largest impact (7.23E-7
Species.yr), followed by EoL_RAC, EoL_G-FA, and EoL_G-C.

The damage to the resources damage category (RD) during the functional life of G-FA
(28 USD2013) is higher than that of the two OPC concretes and G-C, which increases by
69.7% compared to NAC as presented in Table 10. The OPC concrete production presents
similar damage in RD when comparing the production of NAC with that of RAC (1.2%
higher impact for NAC), and causes less damage than the geopolymers. In particular, RAC
causes 22.5% less damage than G-C and 42.1% less damage than G-FA, as seen in Figure 5.
Observing the EoL phase in Table 10, the effects of disposal of the G-FA and OPC concretes
are found to be approximately the same. The difference of G-C suggests that concretes with
higher density consume more fuel in transportation and waste treatment. As a result, the
EoL_NAC presents the highest impact on RD, followed by EoL_RAC (94.9%), EoL_G-FA
(89.4%), and EoL_G-C (67.7%) as compared to the production of EoL_NAC.

Figure 6 illustrates the endpoint impact scores of the FL and EoL of the materials.
The figure shows that the two geopolymers exhibit a lower total negative effect on the
environment than OPC concretes. The functional life of RAC has the highest total impact
score (18.2 pt), followed by NAC (17.1 pt), G-FA (13.2 pt), and G-C (9.8 pt). The result
suggests that the EoL of the geopolymers does not own significant advantage over the
OPC concretes on the environmental issues as the impact score of geopolymers’ end-of-life
is between 2.96 pt (EoL_G-C) to 3.77 pt (EoL_G-FA), while the OPC concretes score about
4.19 pt (EoL_RAC) to 4.41 pt (EoL_NAC). Observing Figure 6, it can be seen that the human
health damage category is the most-affected category by the life cycle of all material types.

In order to identify the contributing factors in the functional life of the different
materials, the processes from the production stage to the construction stage of four materials
were evaluated. Figures 7–10 present the endpoint scores for G-FA, G-C, NAC, and RAC,
respectively, including raw materials, transportation, and the batching process.

Figure 7 suggests that the majority of the negative impacts from G-FA are caused
by the alkaline activator (sodium silicate) and mostly on HH. The total endpoint score
for Na2SiO3 is 6.0 pt, which contributes 45.6% of the impacts on the functional life of the
G-FA mix.
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A similar result is observed for G-C as demonstrated in Figure 8, and the sodium
silicate contributes 20.6% more impacts to the G-C mix (5.78 pt) than to the cenospheres
(3.18 pt)—the second highest contributor. Besides this, high environmental loads (25.2%)
were observed from both the FA and cenospheres extractions in the functional lives of G-FA
and G-C.
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Considering the OPC concretes, cement production presents the highest negative
impact on the environment. HH is mostly impacted, and cement is responsible for 83.4%
and 85.1% of the environmental impacts of NAC (14.28 pt) and RAC (15.47 pt), respectively.

3.4. Midpoint Assessment

Assessment at the midpoint level is able to reveal the impact of materials and processes
on different damage categories with more certainty [60]. Figure 11 presents the comparison
of the midpoint level life-cycle impacts of the four investigated materials. It can be seen in
Figure 11 that OPC concretes deal with significant impacts to PMFP and HOFP categories
than geopolymer mortars. A similar trend can be seen in GWP, EOFP, and TAP, where
geopolymers are observed to have sustainability advantages over OPC.

While assessing the GWP from the midpoint level, it can be observed that the results
are congruent with the outcomes of the IPCC approach, where RAC has the highest impact
on GWP, followed by NAC, G-FA, and G-C. However, G-FA shows the highest impacts
among the four materials in several other categories. For instance, NAC and RAC present
advantages in IRP and ODP. In particular, NAC presents 21.64% and 3.60% less impacts
than G-FA, respectively under IRP and ODP. Similar trends are observed in TETP and FFP;
G-C, with the smallest density, has the least impact among all materials in these categories.
In both HTPc and HTPnc categories, geopolymers are found to have higher impacts than
OPC concretes. Similar results are obtained from FETP, FEP, METP, and MEP—where G-FA
has the highest impact, followed by G-C, RAC, and NAC.
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Table 11 lists the midpoint assessment scores of the four investigated materials. An
important result is observed in relation to WCP where geopolymers have remarkably high
impacts on water consumption than OPC concretes. Consequently, high water requirement
is observed for G-FA (8.56 m3) and G-C (6.38 m3), while NAC (1.69 m3) and RAC (1.60 m3)
require from 54.8% (the smallest gap between G-C and NAC) to 81.3% (the largest gap
between G-FA and RAC) less water consumption as seen in Figure 11. A similar result
can be seen in LOP and SOP where in terms of LOP, G-FA (71.8 m2a crop eq), and G-C
(53.6 m2a crop eq) occupied 20.3% to 46.1% more of land use over NAC (39.0 m2a crop eq),
followed by RAC (38.7 m2a crop eq) as seen in Figure 11. While in SOP category, G-FA
(2.30 kg Cu eq) and G-C (1.71 kg Cu eq) have 42.7% to 62.5% more impacts than NAC
(0.733 kg Cu eq) and RAC (0.70 kg Cu eq).

Table 11. Midpoint impacts scores for each material.

Damage Category Unit G-FA G-C NAC RAC

PMFP kg PM2.5 eq 0.830 0.628 1.200 1.250
HOFP kg NOx eq 2.03 1.58 2.40 2.45

IRP kBq Co-60 eq 8.32 6.24 6.52 6.31
ODP kg CFC11 eq 0.000217 0.000163 0.000209 0.000207
HTPc kg 1,4-DCB 18.40 13.80 11.70 12.00

HTPnc kg 1,4-DCB 551 411 325 333
GWP kg CO2 eq 477 360 704 732
WCP m3 8.56 6.38 1.69 1.60
FETP kg 1,4-DCB 25.70 19.20 8.79 8.89
FEP kg P eq 0.196 0.147 0.131 0.139

EOFP kg NOx eq 2.06 1.60 2.45 2.51
TETP kg 1,4-DCB 3.75E3 2.8E3 3.08E3 2.93E3
TAP kg SO2 eq 2.10 1.60 3.14 3.31
LOP m2a crop eq 71.8 53.6 39 38.7

METP kg 1,4-DCB 34.9 26 13.4 13.4
MEP kg N eq 0.0127 0.00945 0.00874 0.00922
SOP kg Cu eq 2.30 1.71 0.733 0.70
FFP kg oil eq 135 102 110 109

3.5. Sensitivity Analysis

Based on the transport scenario discussed in Table 5, a sensitivity analysis was con-
ducted by using the IPCC 2013 GWP 100a and ReCiPe endpoint [60] assessment methods
where the results are presented in Figures 12 and 13.

Figure 12 shows that the energy consumption associated with the transport of raw
materials has negligible effects on the overall GWP. The difference observed is within
3.4% by which the S1 releases approximately 16.1 kg more CO2 as compared to the main
case analysis. In terms of S2, the G-FA has higher impacts than the main case by 19.7%.
Looking at the distances listed in Table 5, the difference between the main case and S1 is
254 km, while the S2 is 350 km more than the main case. It appears that the transportation
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of raw materials increases GWP by 0.013% for each kilometer while transporting to the
construction site and disposal site; each kilometer will result in a 0.056% difference.
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From the endpoint assessment results in Figure 13, the S1 entails higher environmental
impacts in three categories as compared to the main scenario. The impacts change ranges
from 2.7% to 4.6% in the three damage categories. However, the S2 (where the distances
of transporting the material and waste concrete were doubled) exhibits remarkably high
impacts that 15.8% to 27.0% of increment over main case impacts is observed.

4. Discussion
4.1. Mechanical Performance

Changing any variable affects the geopolymerisation process and its resultant mi-
crostructure. From previous studies [37,41] the following general trends were observed for
increased strength development:

• Higher GGBFS/FA ratio and reduced water content are known to affect the strength
positively, while other variables like activator type and content, and binder type, can
have variable effects.

• The strength of the material will increase accordingly, if it has a higher bulk density.
Higher bulk density is reflected by the absence of pores/voids in the sample and by
the material used.

• GGBFS has a smaller average particle size and a lower distribution of particle sizes
(finer) compared to FA, and thus higher amounts of GGBFS should help in increasing
the density of the material and its mechanical strength.



Sustainability 2021, 13, 11167 18 of 23

Among the analysed geopolymers, the FA-based geopolymer establishes a remarkable
mechanical performance when compared to ceno-based geopolymer, due to the hollow mi-
crostructure of cenospheres. As observed, cenospheres are hollow particles that reduce the
overall weight of the material, and by introducing more inherent pores to the mortars have
unavoidably decreased its mechanical strength. As a result, the G-FA’s flexural strength
and compressive strength are higher than those of the G-C. These findings suggest that a
potential mix of geopolymer made of fly ash can be developed and optimised to obtain a
structural material, while the geopolymer made of cenospheres can potentially be used for
other applications as a lightweight material due to its low bulk density. Therefore, while it
makes sense to compare the mechanical and environmental performance of G-FA, NAC,
and RAC, being materials suitable for structural applications, a different approach should
be investigated to compare the performance of G-C with other lightweight construction
materials sharing similar applications.

4.2. Global Warming Potential (GWP)

The result indicates that the production of G-FA exhibits a lower GWP burden than
OPC concretes by emitting 32.3% less GHGs (473 kg CO2-eq) as compared to the production
of OPC made with natural aggregates (699 kg CO2-eq). While assessing their whole
functional life, the observation is consistent with the results of previous studies regarding
the geopolymer materials [10,17,27]. Throughout its functional life, the use of sodium
silicates in geopolymers contributes 33.4% to the GWP, while the extraction of FA or
cenospheres presents noticeable impacts up to 18.16%. The reason for this finding is likely
to be because the manufacture of the alkali activators (Na2SiO3) is energy-intensive in
nature, and the chemical reactions during their production involve huge carbon dioxide
emissions. Based on the impact-allocation approach as detailed in the product stage
subsection, the results also suggest that the extraction of FA and cenospheres is a crucial
process that contributes to the environmental impacts of geopolymers. These may also
indicate why G-C, which is lower in density, requires a lesser amount of sodium silicate and
cenospheres than G-FA to produce the same functional unit of material and has contributed
the least (357 kg CO2-eq) to the GWP.

Comparing the OPC concretes, the cement is responsible for more than 66.9% of their
total life-cycle impacts. The high contribution of cement has suggested that RAC, which
requires a higher amount of cement to bind the recycled aggregates, has a higher burden
(727 kg CO2-eq) on GWP than NAC.

4.3. Endpoint Assessment

As observed, the life cycle of OPC concretes has the highest adverse impacts on
the human health damage category (HH). GHGs emissions and energy consumption of
1.8 GJ/tones during the manufacturing of cement is the main reason for the high negative
impacts of OPC concretes [24]. This has explained that the production of geopolymers that
does not involve the manufacture of cement has a reduction of 23.7% (G-FA) to 41.6% (G-C)
over NAC. However, the fusion of soda ash and silica sand during the production of sodium
silicate adversely affected several indicators such as carcinogens, ionising radiation, and
ozone layer depletion [62], resulting in non-negligible negative impacts of geopolymer on
the HH. Human toxicity is found to be one of the key environmental impacts of geopolymer
other than global warming [27].

Concerning the ecosystem quality damage category (EQ), the functional life of OPC
concretes presented 12.3% to 33.2% more damage than those of geopolymers. This can
be explained by the cement production that utilises high energy-consuming machinery
leading to a large number of harmful emissions to terrestrial, freshwater, etc., that disturb
the ecosystem [24]. Geopolymer does not require cement, causing lesser damage to the
EQ, with G-C exhibiting the least impact. This finding is credibly due to the lesser amount
of the ingredients used to produce G-C and hence, lesser impacts are associated with the
production of 1 m3 of G-C than of G-FA.
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The damage to the resources damage category (RD) during the functional life of G-FA
is higher than that of the two OPC concretes and G-C. It can be explained by the great
negative impacts of alkali activator to the RD [62] due to the utilisation of sodium chloride,
water, sodium carbonate, silica sand, furnace oil, and electricity during the preparation of
Na2SiO3 [15]. Eventually, the functional life of OPC concrete that does not involve sodium
silicate production causes 15.6% to 42.3% less damage to RD than the geopolymer.

Identification of Contributing Factors

As shown in Figure 6, the majority of the negative impacts from G-FA are caused by
the alkaline activator, sodium silicate and mostly on HH. As observed, Na2SiO3 contributes
45.6% of impacts to the functional life of G-FA. This observation agrees with the reported
results by Salas et al. [15] whereby sodium silicate production emits a considerable quantity
of GHGs and pollutes the surrounding water system due to the disposal of wastewater [24].
Other important observations are the effects of FA and cenospheres on the environmental
impacts. In this analysis, the economic allocation procedure was used in a way that a
partial load from the primary production impacts was allocated to their waste, such as FA
and cenospheres, that were used to produce G-FA and G-C. As a result, high environmental
loads (25.2%) from the FA and cenospheres are observed and this can be explained by the
production system from coal power plants that emit large quantities of airborne pollutants
such as CO2, NO2, and SO2, etc. The finding suggests that after impact allocation, the
byproducts can result in a significant contribution to the overall negative impacts of the
geopolymer life cycle.

Considering the OPC concretes, cement is responsible for 83.4% to 85.1% of environ-
mental impacts and HH is the most affected category. This is due to the high pollutant
emission mining activity of the calcareous and argillaceous materials and the manufactur-
ing of cement in the plant [24]. This finding supports that the reduction of the use of cement
can be the most efficient solution to mitigate the environmental impacts by OPC concretes.

4.4. Midpoint Assessment

In the midpoint level assessment, G-FA presents higher impacts in IRP over OPC
concretes. It suggests that the involvement of the electrolysis process in the manufacturing
of sodium silicate will increase the adsorption of ionised radiation and decrease the strato-
spheric ozone [24], which are causally linked to the incidents of various cancer diseases [60].
However, OPC concretes present similar impacts as G-FA in ODP because the calcination
of limestone in a kiln at high temperatures will release carbon dioxide waste [28].

In human toxicity and ecotoxicity categories, geopolymers show higher impacts than
OPC concretes. This is mainly attributed to the chemical reaction during sodium silicate
production, which releases 1,4-DCB to the air and produces contaminated water that will
pollute the water bodies [24], including fresh waters and marine water. OPC concretes
have smaller impacts on ecotoxicity due to the absence of an alkaline activator during its
life cycle. However, it is observed that the production of cement will also cause substantial
pollution to the natural soils due to the heat production in the coke furnace.

It is known that the concrete-making process involves a considerable quantity of water
use; however, the treatment of byproducts such as blast furnace slag and fly ash require
a more significant amount of water. Consequently, high water demand is observed for
geopolymers by consuming 54.8% to 81.3% more water during their life cycle. A similar
trend is observed in eutrophication categories as the production of alkaline activator will
dissolve inorganic nitrogen and phosphorous in waterbodies as well as the coal thermal
power plant operation.

Concerning the soil quality, the result suggests that the use of cement has a large
contribution to the acidification of soils and noticeable effects in fossil depletion due to the
extraction of limestone and large fuel consumption in the production plant. However, the
chemical reaction of sodium silicate and the production of GGBFS in the geopolymer life
cycle will also substantially affect the ore grade.
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4.5. Sensitivity Analysis

In the sensitivity analysis presented in Section 3.5 appears that geopolymer will be
affected to a greater extent due to the transportation of material and waste concrete than
the transportation of raw materials in its life cycle. Observing Figure 11, an increment of
raw materials transport distance by 254 km was found to impact geopolymers by 3.4%
more, while increasing the transport distance of the mortar and disposing of the concrete
by 350 km causes 19.7% more impact. A similar trend was observed in Figure 12 that S1
entails 2.7% to 4.6% more impact than the main case while S2 entails 15.8% to 27.0% more
impact than the main case in three categories.

Collectively, it presents a finding that the environmental impacts are critically affected
not only by the transport distance of the materials, but also the density of the materials
due to the proportional relationships between the weight, distance, and transport energy
consumption. In this study, the transport distance of mortar or concrete was found to
deal with higher impacts than the transport distance of raw materials, by which token the
raw materials that are lightweight do not exhibit the same impact on the environmental
burdens of G-FA. This is contrary to the findings that the transportation of raw materials is
the greater cause of the environmental burdens by the geopolymers.

In the present research, 60% of fronthaul distances were estimated for backhaul
transportation. This approach and its findings support the transport of raw materials, such
as fly ash, that can be extended to greater distances, and the geopolymer still exhibits high
sustainability in its life cycle [63]. The density of materials is the key factor to reduce the
transportation impacts from geopolymers, and it is very much a key component in future
attempts to improve the transportation schemes of geopolymer life cycle in order to resolve
the environmental burdens of geopolymers.

5. Conclusions

In this work, the mechanical properties of two geopolymers, FA-based and ceno-based
geopolymers, and their sustainability performance based on a cradle-to-grave assessment
were presented. In summary, two geopolymer mortar mixes were developed and the
key factors that contribute to the environmental burdens by the entire geopolymer life
cycle were studied. The contribution of this work is the development of two geopolymers
that can be potential substitutions of conventional concretes with moderate compressive
strength (i.e., 20 to 65 MPa after 28 days of curing) and the identification of factors that can
contribute to the future development of a sustainable geopolymer mix.

Flexural and compressive strength testing were used to examine the mechanical prop-
erties of the geopolymers. It was observed that the FA-based geopolymer demonstrated
high compressive and flexural strength over ceno-based geopolymer due to the hollow
microstructure of cenospheres that introduce more inherent pores to the material—hence re-
ducing its mechanical strength. The flexural strength and compressive strength of FA-based
geopolymer were 6.03 MPa and 64.56 MPa, respectively, while the same properties for ceno-
based geopolymer were 3.13 MPa and 19.09 MPa. This result showed that cenospheres, as
hollow particles, induce a high reduction to the overall material weight and the mechanical
strength of the geopolymer. This result encourages us to investigate this material for
different lightweight applications. To facilitate the transition toward a more sustainable,
energy-efficient, and comfortable built environment and contribute to an effective circular
economy in the building sector, the materials could be further investigated and optimised
for building envelope applications. Additionally, its environmental impact should be
compared with commonly used lightweight construction materials having, among other,
similar thermal and acoustic performance.

Concerning the sustainability performance, the geopolymer entailed advantages over
OPC concretes on global warming potential, but it exhibited significant environmental
damages such as high-water consumption and causes to ecotoxicity. Amongst the factors
that contributed to the environmental damages, alkali activator and fly ash were found to
be the major components that entailed the impacts. Na2SiO3 contributes 45.6% of impacts
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to the functional life of FA-based geopolymer, while 25.2% of impacts result from the
industrial byproducts (i.e. fly ash and cenospheres). From the perspective of long-term
development for geopolymer, these components should be given special attention to ensure
the sustainability advantages of geopolymer in the building sector. Future studies should
focus on exploring the greener alternatives for sodium silicate as an alkali activator (e.g.,
using renewable energy in its energy-intensive production process) and a more productive
way to abstract the byproducts such as fly ash, cenospheres, and GGBFS from their main
production. Besides the density of the materials, researchers should also consider the
transportation mode, such as sea freight, in order to improve the sustainability of the
geopolymer life cycle.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su132011167/s1, Figure S1: Volume density against particle size distribution of the in-
dustrial byproduct materials, Figure S2: Scanning electron microscopy (SEM) images of the pure
hollow cenospheres used in this study, Table S1: Inventories for energy/fuel, Table S2: Inventories
for transport.
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