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Abstract: Biomaterials and raw earth have demonstrated a promising potential for improving various
thermal properties of plastering mortars used in buildings. The objective of this research was the
evaluation of the thermal-energy performances and life cycle greenhouse gas (GHG) emissions of
different mixtures of engineered, bio-based earth mortars composed of bamboo particles, earth, and
different cementitious materials. Four mixtures were assessed: mortars without bamboo particles
(matrix), and mortars containing 3%, 6%, or 9% of bamboo particles by volume. The bulk density
and thermal conductivity values obtained for the matrix and mortars with the highest percentage
of bamboo particles (9%) were 1704.13 and 1471.80 kg/m3, and 0.62 and 0.43 W/M·K, respectively.
Based on experimental results, thermal-energy simulations were carried out using a social housing
project as a case study. The simulations evaluated different climate conditions and applied life
cycle GHG emissions assessment methodology. Compared with typical cement and lime plastering
mortars, the proposed bio-based earth mortars presented a superior thermal-energy performance
and lower GHG emissions, particularly the 9% bamboo particles mixture. GHG emissions reached a
maximum decrease of 28%. The main scientific contribution of this research is the presentation of an
engineered, bio-based earth mortar that can be manufactured using local raw materials available
in most developing countries with significant housing demands. The method used, based on
experimental research, thermal-energy analysis, and life cycle GHG emissions, may be used for
evaluating other innovative materials. It was verified that even with thin plastering in buildings, it is
possible to achieve energy efficiency gains and to reduce GHG emissions.

Keywords: plasters; raw earth; plant-based materials; thermal-energy performance; carbon foot-
print; LCA

1. Introduction

Buildings and the construction sector are together responsible for 35% of global
energy consumption and 38% of total emissions [1]. In the European Union, the built
environment accounts for 40% of total energy demand and 36% of carbon emissions [2].
The Intergovernmental Panel on Climate Change [3] has predicted that, by the middle of
this century, the energy use of the building sector will almost double, and carbon dioxide
(CO2) emissions will increase by 50% to 150%. In this context, more efficient building
design will play a crucial role in reducing the negative impacts associated with energy
consumption and the emission of pollutants. In general, the best strategy for the design
of zero or near-zero energy buildings and the retrofitting of existing buildings is: firstly,

Sustainability 2021, 13, 10429. https://doi.org/10.3390/su131810429 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9392-9238
https://orcid.org/0000-0002-3108-2833
https://orcid.org/0000-0001-6448-2641
https://orcid.org/0000-0001-5867-4452
https://doi.org/10.3390/su131810429
https://doi.org/10.3390/su131810429
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su131810429
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su131810429?type=check_update&version=1


Sustainability 2021, 13, 10429 2 of 24

reducing energy demands by considering efficiency measures, especially those acting on
the envelope and equipment; and secondly, introducing renewable energy systems [4,5].
Regarding the envelope, the incorporation of insulating materials has shown to be an
efficient practice for reducing operational energy use, principally in temperate and cold
climates [6–9].

Raw earth-based materials can be used in envelopes to improve thermal and energy
performance [10–12]. The use of these materials as building components has many sustain-
ability credentials: it is natural, commonly locally available, abundant, non-toxic, low in
embodied energy and carbon, has good thermal properties, and is recyclable [5,6].

Earth mortars have received increasing attention from the scientific community for
their ability to positively influence the heat and moisture fluxes that occur in building
envelopes, thereby providing indoor environments with greater environmental comfort
and health, as well as reducing the need for artificial air conditioning [13–17].

Other important alternatives are bio-based materials, which have been used as build-
ing materials since the beginning of civilization [18]. The necessary biomass can be obtained
from planted forests (pine or eucalyptus, among others), agricultural resources (rice sugar
cane, wheat, corn, oat, barley, rye, among others), various plants (sisal, jute, curauá, co-
conut, hemp, flax, rush, miscanthus, sunflower, among others), bamboo, and residues
from raw vegetable material processing [19–21]. Plant particles can be used in the form
of aggregates, fibers, or ash in raw earth or cementitious matrices, and are characterized
by high multiscale porosity, low density and high hygroscopicity, resulting in composites
that are functionally optimized for thermal insulation and thermohygric regulation appli-
cations [22]. When the biomass incorporated into the matrix comprises residues from the
processing of primary plant resources, factors such as the renewability of the raw material,
the ability to sequester CO2, and the valorization of the residue can effectively contribute to
the matrix’s suitability for low-carbon and energy solutions [23–28]. In addition to the plant
resources already mentioned, algae can be successfully used as a resource of bio-based
materials for the production of insulating coating materials. Caniato et al. [29] and Caniato
et al. [30] produced open-cell foams based on alginate (polymer extracted from the cell
walls of brown algae) for thermal and sound insulation applications. Those composites
showed good insulation properties and did not require energy-intensive processes for
production, unlike those commonly used in the production of commercial foams.

In the literature, there are many reports of plastering mortars based on earth and
vegetable particles. However, most of these studies incorporated biomasses from temperate
species, such as wheat and barley straw [10,15], hemp [12,14], and olive tree pruning [17]
waste. The thermal properties of 13 plant biomass were reviewed by Asdrubali et al. [19].
The authors highlighted the observation that biomass products can be advantageous
for thermal insulation applications, compared with conventional insulators (polystyrene,
rock wool and glass wool), as they are based on renewable resources and do not require
energy-intensive production processes. Binici et al. [31] used plant biomass waste in the
production of insulating composites (mortars and panels). The thermal properties complied
with current regulations, creating a more environmentally appropriate route for waste
recycling than the current practices of burning waste, which are associated with high CO2
emissions.

The influences of the incorporation of plant particles in earth matrices were reviewed
by Laborel-Préneron et al. [18]. For a given volumetric fraction of plant particles, the
resulting matrices exhibited vastly different values of bulk density and thermal conductivity,
depending on the type of plant (raw material source), the other constituents and the
composite production process. Coconut fibers incorporated into conventional mortars
reduced energy consumption and increased thermal comfort in a low-income area that is
subject to a tropical climate, improving the habitability of the homes and the well-being of
the inhabitants [32].

Amziane and Sonebi [21] reviewed the multiple possibilities for developing building
materials based on bio aggregates and mineral binders. The high porosity and low bulk
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density of bio aggregates provide the composites with good thermal properties, resulting
in more efficient buildings in terms of energy and CO2 emissions, improving both air
quality and the occupants’ health. The insulating behavior of earth mortars was improved
when the vegetable fiber content varied from 4% to 12% (in relation to the total mass of the
composite), with a reduction in bulk density and an increase in porosity [17]. Although
there are several papers in the literature on the use of bamboo as a structural element
in concrete and other construction applications [33–36], there is a scarcity of data about
bamboo particles used in earth-based plastering mortars.

It is estimated that by 2050 half of the world’s population will reside in urban, tropical
regions, located mainly in the African, Asian, and Latin American continents [25], demand-
ing an increased thermal comfort in these regions, where bamboo can be found as an easily
available bio-based resource. Bamboo is a rapidly renewable resource and in its growing
phase captures atmospheric CO2 and stores it in its tissues. When bamboo is used in a
durable building material production, the sequestered carbon remains stored throughout
the building’s life. Plantations are perennial, capturing CO2 and readily producing raw
material for its potential use as a building material [37].

One way that is frequently used to evaluate the potential environmental impacts of
building products is the life cycle assessment (LCA) methodology, or life cycle greenhouse
gas (GHG) emissions assessment, wherein only the global warming potential impact is
evaluated [38–40]. Melià et al. [13] used the LCA to evaluate unstabilized earth mortars
and verified a superior environmental performance compared with conventional mortars,
with the largest impact component for both being the energy obtained from fossil sources.
Santos et al. [41] reviewed existing literature that addresses the LCA of cementitious
mortars, highlighting the existence of only few studies for earth mortars. By using LCA,
Caldas et al. [42] verified that earth plasters could present gains of up to 80% for the global
warming impact category when compared with conventional mortars. Both of these studies
focus only on the production stage, maintenance, and end-of-life of mortars. None of them
evaluated the benefits in terms of operational energy reduction that these earth mortars
can bring when used in building façades. The present research also advances in this area.

There has been an impressive amount of research using LCA for building product stud-
ies in the last few years. However, there is little focus on tropical countries, especially South
American countries, in the literature [43,44]. The present study can contribute significantly
to overcoming this shortcoming. In addition, there is little research on earth-engineered
mortars and even less when considering the use of bamboo particles. This research links ex-
perimental data with thermal-energy simulations and LCA, delivering a holistic approach
to a novel and non-conventional material. This mortar can be produced where bamboo
and cementitious materials are available, which is the case in many developing countries,
being able to meet a substantial housing demand for new buildings in the coming years.

This study aims at performing a thermal-energy analysis and evaluating the life
cycle GHG emissions (the carbon footprint) of different wall configurations employing
engineered bio-based earth mortars developed in a laboratory and produced with bamboo
particles (EMB). The EMB are composed of raw earth, cementitious materials (Portland
cement, hydrated lime, metakaolin, and fly ash), chemical additives, and water. Mixtures
with 0%, 3%, 6%, and 9% of bamboo particles (in volume) are appraised. A case study of a
social housing project in Brazil has been carried out that considers three cities (Curitiba,
Teresina, and Rio de Janeiro) located in tropical and temperate regions. For the thermal-
energy analysis and the life cycle GHG emissions, the EMB are compared with conventional
mortar systems (CMS) made of cement and hydrated lime. For the experimental evaluation
in the laboratory of EMBs, the EMB9 is compared with EMB0 (without bamboo particles).

2. Materials and Methods

This research was carried out using experimental data collected in the laboratory and
GHG emissions life cycle modeling (using the LCA methodology). For this, the methods
were divided into (1) characterization of materials, (2) productions and characterization of
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EMB and CMS, (3) life cycle GHG emissions assessment, and (4) thermal energy simulation.
EMB0 was the experimental “control” mixture. For the thermo-energy simulation and the
life cycle GHG emissions assessment the CMS was additionally used, and this system was
declared “reference” to avoid misunderstanding.

2.1. Materials

The binding materials used in this research consisted of fine earth fractions (Eff = Ø
< 0.06 mm), hydrated lime (HL), Brazilian high initial strength Portland cement (CPV),
metakaolin (MK), and fly ash (FA). Table 1 summarizes the true density and chemical com-
position of the binding materials obtained by the helium gas pycnometer method (Accupyc
by Micromeritics) and X-ray fluorescence (FRX) in a Shimadzu EDX-720 spectrometer.

Table 1. Physical and chemical properties of binders.

Hydrated
Lime (HL)

Portland
Cement
(CPV)

Metakaolin
(MK)

Fly Ash
(FA)

Earth
(E)

True Density
(kg/m3) 2530 3010 2690 1940 2680

Oxide composition
by mass (wt.%)

CaO 64.66 57.04 0.14 1.81 3.99
SiO2 3.09 22.06 44.90 52.33 51.30
Al2O3 - 10.44 44.42 33.15 26.07
Fe2O3 0.33 1.73 4.88 4.82 10.76
SO3 0.61 3.87 1.45 1.86 1.27
K2O 0.30 0.54 1.42 3.46 4.41
MgO 30.97 - - - -
Sc2O3 - 3.58 - - -
TiO2 - - 1.37 1.14 1.75
P2O5 - - 0.93 0.76 -

Aggregates consisted of natural sand (NS) with a maximum diameter of 850 µm and
true density of 2650 kg/m3, coarse earth fractions (Ecf = Ø > 0.06 mm) with a true density
of 2680 kg/m3 and bamboo particles (BP). Figure 1 shows the granulometric curves of the
binding materials obtained by using a laser granulometer (Malvern Mastersizer® 2000)
and of the Ecf and NS aggregates obtained from NBR 6457 [45] and NBR NM 248 [46],
respectively.

According to Restrepo et al. [47] and Escamilla and Habert [37], the losses and conse-
quent generation of waste from the use of bamboo in a more industrialized way, commonly
applied in the construction sector, such as fabrics, sheets or glued laminates can reach
around 40–60% by mass. Bamboo particles (BP) were produced from waste from the
architecture sector in the state of Rio de Janeiro (Brazil). The bamboo species, Bambusa
chungii, was used without any pre-treatment. First, the length of the bamboo waste was
reduced to 30 cm with a Makita circular saw model MLT100 (Figure 2a). After cutting,
the residue was processed in a Fragmaq brand, industrial, civil construction factory to
obtain the first particles with a length between 4 and 10 cm (Figure 2b). Then with the aid
of a Primotécnica model LP 1003 knife mill (Figure 2c), the particles were reduced and
separated by passing them through square mesh sieves with a nominal opening of 600 µm
and 300 µm with a length between 0.6 and 2 cm (Figure 2d). The bamboo particles used in
the mortars’ production were resultant of the mixture of equal parts of those retained in
the sieves of 300 µm and 600 µm. The bulk density, moisture content and water absorption
were 500 kg/m3, 8.5%, and 61.7%, respectively, according to NM 52 [48] and NBR 9939 [49],
and the methodology adopted was by Da Gloria et al. [34] with adaptations for the molding
time (t = 4 min).
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The morphological characterization of the bamboo particles used was performed using
an Aggregate Image Equipment Measurement System (AIMS), according to the standard
AASHTO TP81 [50]. The AIMS is capable of providing up to five distinct properties
for aggregates. Among them, three are applied to coarse aggregates (sphericity, surface
texture, and flatness/elongation ratio), one to fine aggregates (shape 2D), and the last one
(angularity index) can be applied to coarse and fine aggregates. For the present study, only
two properties were considered: the angularity index, which describes the variations in the
contour of the particles analyzed using a gradient method, ranging from 1 (perfect circle)
to 10,000 and the shape 2D index that is directly related to the shape of a circle, providing
three-dimensional measurements (width, length, and thickness) and varies from 0 (for
circular particles) to 20. According to the classifications proposed by Masad [51], bamboo
particles were classified as “sub-rounded” because the average angularity index obtained
was 3828 and “elongated” for the 2D shape where the average value obtained was 15.24. In
Figure 3, some images obtained during the test are presented.
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Figure 3. Morphology of bamboo particles.

Bamboo particles were characterized by microstructural analysis using a scanning
electron microscope (SEM) TM 3000. In Figure 4, it is possible to observe that the mor-
phology of bamboo particles presents a porous tubular structure formed by a mixture of
parenchymal cells and several vascular bundles of fibrous structure, where most of the
hollow cell cavities are filled with air, which justifies the literary value for the bulk density
and high-water absorption potential of the particles.

The other constituents used in the production of mortars (EMB) were the superplasti-
cizer Glenium 51 (SP), water (W) and calcium chloride (CaCl2) as an accelerator for cement
hydration. The superplasticizer was used in small quantities and normally replaces a high
number of cementitious materials (due to the water reduction in the mixture and the fewer
cementitious materials required). In the case of mortars, the superplasticizer commonly
replaces cement and hydrated lime, as literature shows [52,53], without compromising the
rheology. The cementitious materials, and especially lime, are the most GHG emission-
intensive mortars constituents. The conventional mortar system (CMS) was selected to
obtain results from an industrial mortar coating regularly used in the Brazilian construction
sector.
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2.2. Mixture Proportions and Production

For the earth mortar matrix (EMB0) production, the mass ratio used in the dosage was
1: 3 (binder material: aggregate). The dosage of this matrix occurred from the characteristic
of the fine fraction of earth (Eff = Ø < 60 µm), which is therefore the main constituent of the
total binding materials (100%), corresponding to the consumption of 226.24 kg/m3 (49%).
In order to produce a low environmental impact mortar, a complete range of binders was
used: 92.34 kg/m3 of hydrated lime (20%), 50.79 kg/m3 of fly ash (11%), 46.17 kg/m3 of
high early strength Portland cement (10%) and 46.17 kg/m3 of metakaolin (10%).

The aggregates used consist of 235.47 kg/m3 the coarse earth fraction (Ecf = Ø > 60 µm)
(17%) and 1149.65 kg/m3 natural sand (Ø < 850 µm) (83%). The water-binder material ratio
(w/bm) used was determined from the preparation of previous mixtures until a minimum
consistency of approximately 180 ± 20 mm was obtained and subsequently fixed at 0.65.
The other constituents used were dosed in relation to the mass of the binder materials,
consisting of 9.23 kg/m3 of Glenium 51 superplasticizer (2%), and 4.62 kg/m3 of calcium
chloride (CaCl2) (1%) which used as an accelerator of cement hydration, with the aim of
decreasing the initial setting.

The production of earth mortar with percentages of 3%, 6%, and 9% of bamboo
particles (EMB3, EMB6, and EMB9, respectively) was based on values from EMB0. The
amount of binding material, the w/bm ratio, the CaCl2 content were the same as used in
EMB0. Due to the physical and morphological characteristics of the BP, it was necessary to
reduce the natural sand content to guarantee the overall mixture volume (1 m3).

However, the superplasticizer content had to be adjusted to 3% to ensure the minimum
consistency determined. The total water of the mixture (Wt) was the sum of the BP
compensating water (61.7%) and the hydration water calculated from the water-binder
material ratio. The material consumption adjusted in kg/m3 as a function of the insertion
of bamboo particles is shown in Table 2.

The production of mortars started with dry mixing the binding materials with the
aggregates. Once the materials were homogenized, half of the water was slowly introduced
for 3 min, followed by the gradual addition of the superplasticizer for 5 min and calcium
chloride for 1 min, both diluted in the rest of the water. After completing 9 min of mixing,
the bamboo particles were inserted slowly to ensure a homogeneous dispersion (Figure 5a).
The total mixing time was 14 min. The material was molded in single layers in square
molds measuring 10 × 10 × 2.5 cm (length ×width × thickness) (Figure 5b). This geometry
is recommended by the ISO 12571 standard [54] and Nordtest Protocol [55] for biobased
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building materials. After molding, the mortars were kept in molds for 48 h and cured at
room temperature of 23 ± 2 ◦C, with a relative humidity of 55 ± 2%, until reaching 28 days
of age.

Table 2. Bio-based earth mortar mixtures composition of adjusted constituents (kg/m3).

EMB NS BP Wt SP

EMB0 1149.65 - 306.57 9.23
EMB3 1070.15 15 319.06 13.85
EMB6 990.65 30 328.31 13.85
EMB9 911.15 45 337.57 13.85

NS—Natural sand; BP—Bamboo particles; Wt—Total water; SP—Superplasticizer.
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2.3. Characterization of the Mortar

Before quantifying their physical and thermal properties, the samples were oven dried
at 60 ± 2 ◦C until reaching the constancy of mass. Then the samples were cooled to room
temperature in a desiccator containing silica gel. The bulk density (ρb) in the hardened
state was determined according to the requirements of NBR 13280 [56]. To determine
thermal conductivity (k) and specific heat (Sh), C-Therm equipment, model TCi, based
on the modified transient plane source (MTPS) method, was employed. According to the
equipment’s manual [57], for porous materials it was necessary to use a contact agent
(thermal grease) at the bottom surface of the sample (Figure 6a). Figure 6b shows the setup
of the test. Due to the small contact area of the sensor and due to preferential orientation of
the particles during casting (horizontally), it was decided to take readings at five surface
regions, with 3 readings at each region, thus obtaining more representative values (average
of all measurements).

In Table 3, the mean values obtained for the evaluated parameters are presented. The
bulk density is an important property as it can correlate with many other properties of the
composite material, such as thermal characteristics [18]. The studied mortars presented
compressive strength in the range of 2.03 to 3.89 MPa, meeting the Brazilian requirements
for plastering mortar. More details can be obtained in Paiva [58].
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Table 3. Physical and thermal properties.

Mortar
Bulk Density (ρb) Thermal

Conductivity (k) Specific Heat (Sh)

(kg/m3) (W/m·K) (J/kg·K)

EMB0 1704.13 ± 1.26 0.62 ± 0.07 897.37 ± 13.26
EMB3 1634.72 ± 0.50 0.55 ± 0.10 910.68 ± 14.86
EMB6 1529.67 ± 0.71 0.49 ± 0.08 967.00 ± 15.82
EMB9 1471.80 ± 0.77 0.43 ± 0.15 1003.34 ± 14.16
CMS 1465.48 ± 0.52 0.94 ± 0.10 1164.87 ± 25.59

It can be seen in Table 2 that some constituents underwent minor adjustments. How-
ever, for Wt and SP, these adjustments were not expressive, in volumetric terms, to produce
important changes in physical properties. The natural sand (NS) had to be adjusted in
order to enable the incorporation of bamboo particles (BP) and maintain a mixture volume
of 1 m3. The significant difference between the bulk density values of these constituents
(BP = 500 kg/m3 and NS = 1600 kg/m3) is highlighted. BP have a complex morphology
and high multiscale porosity, characteristics common to all lignocellulosic materials [22],
as can be seen in the SEM images in Figure 4. It is also noteworthy that the insertion
of vegetable particles tends to trap air during the production of the mixtures [59]. The
decrease in the mortar bulk density of up to 14% was influenced mainly by the addition of
a high-volume fraction of BP. A tendency of a up to 31% value reduction in the thermal
conductivity with the increase of the BP content was also observed in the study. These
trends are in accordance with [60], which reports a relationship between bulk density and
thermal conductivity of building insulating materials.

Liuzzi et al. [17] evaluated the thermal properties of four clay plasters with different
percentages (4%, 6%, 8%, and 12%) of olive pruning fiber residues with an average size of
2 cm. He also observed a reduction in definition values (1669–1409 kg/m3) and thermal
conductivity (0.59–0.42 W/m·K). As the percentage of olive fiber increased, for a specific
heat capacity an inverse behavior was observed, that is, a specific heat increases with
increasing fiber percentage (849.57–958.91 J/kg·K).

Palumbo et al. [15] evaluated the hygrothermal properties of earth plasters with three
different percentages (0%, 1%, and 2%) of barley straw (2 mm), barley wool containing
longer fibers, and corn grain granulate (1.0 mm). The referred authors also observed a
reduction in bulk density and thermal conductivity with the increase in the fiber content
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used. The authors obtained results where the matrix presented the highest values of bulk
density and thermal conductivity (1848 kg/m3 and 1.40 W/m·K, respectively). After
insertion of the fibers, these properties decreased, and the values obtained ranged between
1613–948 kg/m3 and 0.80–0.20 W/m·K, respectively.

The values obtained for a CMS are consistent with NBR 15220-2 [61], where a con-
ventional mortar presents conductivity values of up to 1.15 W/m·K. When comparing the
results of EMB9 with the CMS, the density did not show a significant change. However,
when comparing the thermal conductivity results, a reduction of up to 52% was observed,
which is directly related to the composition of the EMBs. Therefore, the results obtained in
this research are consistent with the literature.

2.4. Life Cycle GHG Emissions Assessment
2.4.1. Definition of the Objective, Scope, and Functional Unit

A life cycle GHG emissions assessment was carried out according to ISO 14040 [62] and
EN 15804 [63]. The objective of this study was to compare the balance of GHG emissions (in
kgCO2-eq) in the life cycle of social housing covered with different mortars (EMB and CMS).
Four EMBs were evaluated: without bamboo particles, and with 3%, 6%, and 9% of bamboo
particles in volume. Two CMSs, commonly used in Brazilian buildings as plasters, were also
evaluated, considering volumetric proportions of, respectively, cement to hydrated lime to
sand of 1:2:8 and 1:3:12. This research can be classified as cradle-to-grave in scope [63] since
the following stages are considered (Figure 7): raw materials’ supply (A1), raw materials’
transportation (A2), mortar production (A3), mortar transportation from factory to site
(A4), mortar execution (A5), mortar use (B1), mortar replacement (B4), building operational
energy consumption (B6) and end-of-life (C1–C4).

The functional unit (FU) was chosen as “a house with a service life of 50 years”. The
house walls were covered with mortar of 5 cm or 3 cm thickness (2.5 cm or 1.5 cm on each
side, respectively). The equivalent function was ensured, in terms of thermal performance,
considering the same set-point into the house operation between the evaluated options.
This is a widespread practice in LCA studies that compare solutions with distinct thermal
characteristics [44,64].

In terms of durability, it was first assumed that EMBs and CMSs have the same service
life. However, in the sensitivity analysis, different values of service life for EMBs were
evaluated.

2.4.2. Life Cycle GHG Emissions Inventory

In the stage of the life cycle GHG emissions inventory, two types of data were used:
primary data collected from the laboratory and secondary data, from the Ecoinvent v. 3.6
and scientific literature (presented in Supplementary Material, Table S1). This version of
Ecoinvent already has datasets for the Brazilian context. Different stages were considered
such as raw materials acquisition (A1), transportation (A2), considering the distances
presented in Supplementary Material (Table S2), production in a factory (A3), transportation
to the site, considering 200 km (A4), and the execution of the mortar (A5). The following
materials are considered for the EMB production: earth, cement, fly ash, metakaolin, sand,
bamboo particles, additives, and water; and for CMS: cement, hydrated lime, sand, and
water. For the mortars replacement stage (B4), it was assumed that the last mortar is sent
out to the nearest inert landfill (considering a distance of 50 km), and the novel mortar
is transported from the factory to the building considering the same premises of stages
A1–A4. In the use stage (B1), the biogenic carbon is quantified due to bamboo growth and
the uptake of CO2—due to the carbonation process. For the building operation (B6), only
the electricity for the air conditioning is considered based on the results of the thermal-
energy simulation. Finally, for the end-of-life stages, the demolition of mortars (C1), the
transportation of waste (C2), and disposal in the nearest inert landfill (C4) are considered.
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2.4.3. Bamboo Growth—Biogenic CO2

When the photosynthesis process occurs in a bamboo forest or plantation, CO2 is
taken up. This CO2 is called biogenic CO2 or biogenic carbon [65,66]. For this, the global
warming potential of the biogenic carbon (GWPbio) factor was used, considering the time
horizon of a hundred years, developed by Guest et al. [67]. According to these methods,
two inputs are required: (1) the biomass rotation period and (2) the time (in years) that
the CO2 sequestered by biomass will be stored in the anthroposphere. In terms of the
bamboo rotation period, a 5 year period was adopted, and for this interval, the dry matter
was composed of 45% carbon [64]. For the second parameter, it is assumed that for EMB,
the cementitious materials will mineralize the biomass, and the time will be more than
100 years [64,68]. Based on these assumptions, the GWPbio factor of 0.98 is used.

2.4.4. Carbonation

The carbonation process occurs due to the reaction of atmospheric CO2 with calcium
oxide (CaO) present in the cementitious matrix, resulting in calcium carbonate (CaCO3).
Specifically for mortars used as plasters in buildings, it was considered that the carbonation
occurs in the first year of the building usage stage since the plaster is a very thin layer [64,68].
For the quantification of this CO2, the equation presented by Caldas et al. [53], which
considered the content of CaO in hydrated lime (0.70) and cement (0.5) in the mortar
mixtures according to manufacturers’ data, was adopted. Finally, only some part of the
available CaO was converted into CaCO3, and it was assumed that this value is 75%,
according to Lagerblad [69].

2.4.5. Sensitivity Analysis

The following parameters are considered for sensitivity analysis evaluation:

• Service life of EMBs—considering two and three replacements. For the conventional
mortar, just one replacement was considered during the building’s service life of
50 years;
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• Electricity grid mix factor—minimum—EFmin—0.130 kgCO2-eq/kWh and maximum—
EFmax—0.198 kgCO2-eq/kWh based on González-Mahecha et al. [44];

• Wall’s substrates—concrete wall (U-value of 4.4 W/m2·K) and concrete blocks ma-
sonry (U-value of 2.8 W/m2·K)

• Thickness of the plasters—3 and 5 cm;
• Two mixtures (in volume of cement: hydrated lime: sand) of cement-lime plasters—1:3:12

and 1:2:8.

2.5. Thermal-Energy Simulation

For the thermal-energy evaluation, the DesignBuilder software was employed consid-
ering the following cities with respective climate zones (according with Köppen-Geiger
classification): (1) Curitiba: Cfb—Temperate/mesothermal climates—Oceanic climate; (2)
Teresina: Aw—Tropical savanna climate with dry-winter; and (3) Rio de Janeiro: Am—
Tropical monsoon climate. A standard project of a single-family social house in Brazil was
adopted (Figure 8) with detailed information about design and construction according to
Caldas et al. [64].

The chosen building had a typical residential typology for 3–4 people for Brazilian
social housing also used in other studies [44,64,70,71]. Natural ventilation and air were
considered in the simulation. The roof type used was composed of ceramic tiles supported
by wood structure and with PVC ceiling without insulation.

Due to the air-conditioning, the electricity consumption was considered, according to
the defined set-point temperatures (18 ◦C for heating and 23 ◦C for cooling based on previ-
ous studies [64,70]). Only the consumption related to cooling and heating was considered.
However, it is important to say that thermal loads due to lighting and occupational and
domestic appliances were measured since the referred loads influence the air-conditioning
operation. The electricity consumption for heating was quantified only for a Temper-
ate/mesothermal climate since this city (Curitiba) is the only one that uses an in-house
heating operation.
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As presented in the life cycle GHG emissions assessment sensitivity analysis, two
total mortar thicknesses (5 cm and 3 cm) and two substrates were adopted in this research
(Figure 9). The first substrate was a concrete wall with 10 cm of thickness and a worst
thermal performance (U-value of 4.4 W/m2·K). The second was a 14 cm concrete block
masonry with a better thermal performance (U-value of 3.0 W/m2·K).

Although in the past, concrete walls were not the most conventional technology used
in Brazil. Their use has grown in recent years, mainly for the social housing segment, due
to their high productivity and in spite of their unsatisfactory thermal performance [44].
Based on this statement, this technology and the conventional concrete blocks masonry
were used in the study.
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It is important to note that although wall insulation is a common practice in North-
ern countries, in Brazil it is not used, even in regions with colder climates. According
to Hashemi [72], the use of internal wall insulation in tropical climates can lead to an
overheating of the building. In some constructions, insulation is used in roofs but not in
walls.

The mortars’ thermal properties, measured in the laboratory, were used for modeling
the walls in the DesignBuilder software. The thermal parameters (U-value and Thermal Ca-
pacity) are presented in Table 4. Based on these inputs, the annual electricity consumption
of the house was obtained and presented in Supplementary Materials (Table S3).
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Figure 9. Schematic images of the analyzed walls with different substrates and thicknesses.
(a) Concrete wall substrate. (b) concrete block masonry substrate.

Table 4. Thermal parameters for wall modeling in DesignBuilder.

Wall Substrate Options 1 Total Wall
Thickness (mm)

U-Value
(W/m2·K)

Thermal
Capacity
(kJ/m2·K)

Concrete wall

EMB0—3 13 3.62 285.88
EMB3—3 13 3.55 284.66
EMB6—3 13 3.47 284.38
EMB9—3 13 3.36 284.30
CMS—3 13 3.86 291.21

EMB0—5 15 3.25 316.46
EMB3—5 15 3.14 314.44
EMB6—5 15 3.04 313.96
EMB9—5 15 2.91 313.84
CMS—5 15 3.56 325.35

Concrete block
masonry

EMB0—3 17 2.65 204.18
EMB3—3 17 2.61 202.96
EMB6—3 17 2.56 202.68
EMB9—3 17 2.51 202.60
CMS—3 17 2.77 209.51

EMB0—5 19 2.44 234.76
EMB3—5 19 2.38 232.74
EMB6—5 19 2.32 232.26
EMB9—5 19 2.24 232.14
CMS—5 19 2.62 243.65

1 3—plaster thickness of 3 cm. 5—plaster thickness of 5 cm.



Sustainability 2021, 13, 10429 14 of 24

3. Results
3.1. Total Life Cycle GHG Emissions

The total life cycle GHG emissions of all the cases are presented in Figures 10–13.
Figures 10 and 11 show the total GHG emissions for each wall substrate (concrete wall and
concrete block masonry) considering the minimum grid factor (EFmin), and Figures 12
and 13 for the electrical grid factor maximum (EFmax).
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cm and 5 cm, respectively. EFmax—0.198 kgCO2-eq/kWh. (A) Cfb—Temperate/mesothermal climate. (B) Aw—Tropical
savanna climate with dry winter. (C) Am—Tropical monsoon climate. EMB—Earth mortar. CMS—Conventional, mortar.
The green rectangles represent the option with smaller GHG emissions.

The life cycle GHG emissions ranged from 9 to 59 tCO2-eq/house over 50 years
for EMB9, EFmin with a 5 cm thickness in a temperate climate, and EMB0, EFmax
with 3 cm thickness in a tropical savanna climate, respectively, considering the concrete
wall substrate. It can be observed that the operational GHG emissions (yellow color)
represent the highest total GHG emissions percentage, especially for tropical climates
(Figures 10B,C, 11B,C, 12B,C and 13B,C) and EMBs cases. The EMB9 with a thickness of
5 cm and 3 cm presented the best choice for most scenarios, while the EMB0 was the worst
option when comparing with the earth mortar options. The conventional cement-lime
mortars (CMS) with a mixture proportion of 1:2:8 presented the worst results.
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The EMB9 presented the greatest potential for GHG emissions reduction due to
the high CO2 storage, due to the high amount of bamboo aggregates. In addition, this
option showed the best thermal performance due to the lower thermal conductivity and,
consequently, the smaller U-value, which will result in less air conditioning consumption
during the building’s operational stage.

The kind of wall substrate, in this case, concrete wall or concrete block masonry,
showed a slight influence on the total GHG emissions. Furthermore, the greater differences
between the earth and conventional mortars were verified, for the substrate with the worst
thermal performance (concrete wall) reaching 28%, for the temperate/mesothermal climate
and EFmin. The EMBs showed better results for a temperate/mesothermal climate due
to their better performance both for cooling and heating. This result shows the potential
of EMBs, especially EMB9, for reducing operational energy and the life cycle of GHG
emissions of a building located in tropical and temperate climates.

The electricity grid factor (EFmin and EFmax) value represented an important in-
fluence on total GHG emissions. For EFmax, the participation of the operational stage
increased, especially for tropical savanna climate with dry winters, reaching 98% for
EMB9—3 cm and concrete wall. Meanwhile, for EFmin, the operational stage reached the
minimum value of 61% for temperate/mesothermal climate and CMS (1:2:8)—5 cm and
concrete block masonry.

It is important to say that these results consider that the EMBs have the same service
life as CMS. The results when half of the service life is considered for EMBs (or in other
words, two replacements in the house service life) are presented in Supplementary Material
(Figures S1–S4). For this scenario, the options presented similar results, with small differ-
ences (below 5%), for EMBs as the best options. If the fact that the EMBs have one-third
of the service life of CMSs is considered, the EMBs turn to be more disadvantageous than
CMSs. From these findings, it can be seen that the service life of mortars is a significant
issue and should deserve special attention during the design of buildings, especially when
earth is used as a building material. In terms of mortars application, it is necessary to spec-
ify adequate roofs with longer eaves and reliable floor and foundation system protection,
with a special protection against water and moisture [42].

3.2. Embodied GHG Emissions

The embodied GHG emissions for each life cycle stage are presented in Figure 14 and
specifically for each component of mortars in Figure 15.
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mortars. CMS—Conventional mortars.



Sustainability 2021, 13, 10429 17 of 24
Sustainability 2021, 13, x FOR PEER REVIEW 17 of 24 
 

 
Figure 15. Embodied GHG emissions for each mortar in component level. 

The production (A1–A4) and replacement (B4) stages represented the largest portion 
of embodied GHG emissions that agrees with the literature [43,64]. The carbonation, se-
questration, and storage of CO2 due to photosynthesis occurred in the usage stage (B1), 
entering the GHG balance as negative values. These two processes represented a con-
siderable contribution to the GHG reduction. The increase of bamboo particles repre-
sented the increment of CO2 stock, which is optimal in terms of GHG balance. The EMB9 
presented the best result—valid, assuming that the bamboo particles will be stored per-
manently in the mortar. 

The carbonation process, specifically in concrete structures, typically did not repre-
sent a significant contribution. Mortars that use lime in their formulation are especially 
important and should be measured in a life GHG emissions study, as already pointed out 
in other studies [53]. Additionally, it can be expected that since plasters were used in a 
minimal thickness, all the layers will be carbonated [53,68]. 

When a sensitivity analysis was carried out, it could be seen that the number of 
mortar replacements (yellow column in Figure 14) influenced greatly the final results. On 
the other hand, it could be observed that even considering the replacements of EMB9 and 
EMB6, those presented better results than the others due to the increase of biogenic car-
bon. It is important to say that this occurs because it was assumed that the bamboo ag-
gregate and the biogenic carbon would remain stocked in the mortar’s end-of-life due to 
the mineralization process caused by cementitious materials. For future research, this 
topic deserves special attention. 

When the embodied carbon of mortar components was evaluated, it was perceived 
that the binders, principally hydrated lime and Portland cement, were the most GHG 
emission-intensive materials, which agrees with the literature related to mortars evalua-
tion [13,42,53]. Calcium carbonate (CaCO3) calcination is one of the most impactful pro-
cesses due to the high amount of CO2 released. Additionally, the fossil fuels, e.g., petro-
leum coke for Brazilian production, used for these material productions have an im-
portant contribution. The GHG emissions of metakaolin are also related to the calcination 
process, directly related to the type of fuel used [73]. 

Sand is responsible for the main portion of GHG emissions due to the extraction 
process that uses diesel-fueled machinery. In the current research, natural sand, extracted 
from a riverbed, was considered for the Brazilian context. The emissions of superplasti-
cizer are influenced, especially by the production of organic compounds. Finally, earth 
and fly ash have almost negligible emissions since, for earth, just the extraction process 
produces GHG emissions, and for fly ash, just the grinding process was considered. 

  

Figure 15. Embodied GHG emissions for each mortar in component level.

The production (A1–A4) and replacement (B4) stages represented the largest portion
of embodied GHG emissions that agrees with the literature [43,64]. The carbonation,
sequestration, and storage of CO2 due to photosynthesis occurred in the usage stage
(B1), entering the GHG balance as negative values. These two processes represented
a considerable contribution to the GHG reduction. The increase of bamboo particles
represented the increment of CO2 stock, which is optimal in terms of GHG balance. The
EMB9 presented the best result—valid, assuming that the bamboo particles will be stored
permanently in the mortar.

The carbonation process, specifically in concrete structures, typically did not repre-
sent a significant contribution. Mortars that use lime in their formulation are especially
important and should be measured in a life GHG emissions study, as already pointed out
in other studies [53]. Additionally, it can be expected that since plasters were used in a
minimal thickness, all the layers will be carbonated [53,68].

When a sensitivity analysis was carried out, it could be seen that the number of mortar
replacements (yellow column in Figure 14) influenced greatly the final results. On the other
hand, it could be observed that even considering the replacements of EMB9 and EMB6,
those presented better results than the others due to the increase of biogenic carbon. It is
important to say that this occurs because it was assumed that the bamboo aggregate and the
biogenic carbon would remain stocked in the mortar’s end-of-life due to the mineralization
process caused by cementitious materials. For future research, this topic deserves special
attention.

When the embodied carbon of mortar components was evaluated, it was perceived
that the binders, principally hydrated lime and Portland cement, were the most GHG
emission-intensive materials, which agrees with the literature related to mortars eval-
uation [13,42,53]. Calcium carbonate (CaCO3) calcination is one of the most impactful
processes due to the high amount of CO2 released. Additionally, the fossil fuels, e.g.,
petroleum coke for Brazilian production, used for these material productions have an im-
portant contribution. The GHG emissions of metakaolin are also related to the calcination
process, directly related to the type of fuel used [73].

Sand is responsible for the main portion of GHG emissions due to the extraction
process that uses diesel-fueled machinery. In the current research, natural sand, extracted
from a riverbed, was considered for the Brazilian context. The emissions of superplasticizer
are influenced, especially by the production of organic compounds. Finally, earth and fly
ash have almost negligible emissions since, for earth, just the extraction process produces
GHG emissions, and for fly ash, just the grinding process was considered.
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4. Discussion

Firstly, it is important to discuss the experimental findings. Based on the literature [60],
there is a relationship between bulk density and thermal conductivity, with a tendency
of up to 31% of value reduction with the increase of the bamboo particles content being
also observed. The specific heat capacity (Sh) characterizes a material’s capacity to store
heat. Therefore, in the case of EMB9, results indicate that 1003.34 J are needed to raise
the temperature by 1.0 K; whereas for EMB0, less than 897.37 J are needed to raise the
temperature by 1.0 K. The latter would change its temperature faster and store more
heat inside a building than a mortar with bamboo particles inserted. When analyzing
the obtained results, an increase of up to 11% was observed, which is also related to the
increase in the percentage of bamboo particles used.

These experimental results help to explain the lower life cycle GHG emissions of
EMBs. The EMBs, especially EMB9, can be considered to be an adequate option in terms of
a GHG investment. This term can be defined as a solution that decreases the operational
GHG emissions with lower embodied GHG emissions. In the end, it is going to have lower
total life cycle GHG emissions [43]. Additional bio-based and natural alternatives, such as
bamboo bio-concrete [64], wooden [74–76], and earthen constructions [77–79], have already
shown a similar performance.

It is important to say that most literature focus on the comparison between different
wall configurations (changing the substrate and the use of insulation layers) [43]. However,
there is a gap in the literature about the influence of plasters in terms of building energy
efficiency, especially in the case of tropical and subtropical climates, where an insulation
layer is not commonly used on walls. Although the plastering system is thin, it can bring
some positive gains. Therefore, the entire wall system (substrate, insulation, and cladding)
can be upgraded.

The EMB0 presented embodied GHG emissions for each m2 of wall area ranging
from 13 kgCO2-eq/m2 (with 3 cm thickness) to 24 kgCO2-eq/m2 (with 5 cm thickness)
considering 1 replacement, while the EMB9 presented a range from 9 kgCO2-eq/m2 (with
3 cm) to 19 kgCO2-eq/m2 (with 5 cm) considering 1 replacement, which is higher than
other, simpler, earth mortars used for plastering in the literature that showed values
ranging from 3 kgCO2-eq/m2 to 7 kgCO2-eq/m2 [42]. This can occur due to several factors:
mortar formulation, life cycle inventory used, scope (life cycle stages) and assumptions
considered (e.g., transportation, service life, etc.), life cycle impact assessment method
chosen, etc. [41,80,81]. On the other hand, cement and hydrated lime mortars present higher
values, 20 kgCO2-eq/m2 (with 3 cm) to 39 kgCO2-eq/m2 (with 5 cm) and 35 kgCO2-eq/m2

to 50 kgCO2-eq/m2, respectively, from the literature [53]. These numbers are important
in terms of the definition of GHG emissions benchmarks, in this case, for the plastering
element, and can be used for future public policies and low carbon targets [82].

Some items that severely affect the life cycle GHG emissions and overall performance
of plastering are the thickness, the service life, and the executive processes. They deserve
special attention during LCA modeling and design specification [13,42,53,83]. In order
to have more reliable service life values of plasters, more experimental research data are
required to serve as inputs for the LCA modeling, to have more accurate and assertive
results, e.g., natural aging and/or accelerated aging for service life prediction of buildings’
envelope [84,85].

Since hydrated lime was the hotspot of EMBs, in terms of GHG emissions, the next
stage of this research should be to think of ways of decreasing its amount without com-
promising performance. One option already used in the mortar industry is the use of
additional additives, such as air-entraining additives. Cirilo [52] found an almost 50%
reduction in industrialized cement mortar GHG emissions compared with conventional
mortar. This reduction was attributed to a significant replacement of the hydrated lime
when a small amount of additive is used. For cement mortar production, the use of this
additive is a mature technological solution, while for earth-based mortars, more research
is required. The second hotspot is cement. Typically, the first strategy to decrease cement
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GHG emissions is to replace it with supplementary cementitious material (SCM), such as
fly ash, blast furnace slag, rice husk ash, and others [86–88]. However, previous research of
Paiva et al. [89] shows that, depending on the amount of cement that is replaced for fly ash,
the environmental performance is not satisfactory, and at the same time, the mechanical
performance might be compromised. Therefore, the choice and amount of SCM that would
replace cement should be considered with care.

Sand and earth extraction and production normally have low GHG emissions. How-
ever, this can change due to longer transportation distances [42]. In this case, the use of
recycled concrete replacing sand and the use of excavated soil from constructions for earth
replacement can be potential solutions and have already been studied [40,90].

The premise that the bamboo particles would be mineralized by the cementitious
materials influences the final GHG balance, since part of them could decompose and release
CO2 and CH4 to the atmosphere. However, most of the literature [64,68,73] regarding the
use of cementitious materials mixed with bio-based materials considers a similar premise.
Therefore, different options for the end-of-life stage regarding these materials should be
evaluated in future studies.

Earth mortars, especially those with bio-based reinforcements, have additional benefits
in terms of hydrothermal and air quality performance and are considered “breathing
materials” [91,92]. However, these positive characteristics were not evaluated in this study.
Our next challenge is to try and quantify how this extra benefit can be converted in terms
of GHG emissions reduction and other environmental, social, and economic indicators.

In terms of the thermal simulation, some parameters that have not been evaluated,
such as absorbance, setpoint of air conditioning, operation schedule, etc. [44], can influence
the final results significantly. In terms of the climate data used in the modeling, a unique
file, considering a typical reference year, has been contemplated. However, it is known
that the climate is changing, and the global average temperature is increasing, which can
influence the energy consumption for building artificial climatization. Studies [44,64,70]
for similar climate conditions that consider the climate change effect in building operations
have already been performed for Brazil and residential buildings and show that passive
strategies and materials with better thermal performance tend to perform better than other
lower-performance materials. EMBs are expected to be suitable for this scenario. However,
for this verification, new simulations need to be carried out.

5. Conclusions

In this study, the life cycle GHG emissions (the carbon footprint) of different wall
configurations were evaluated by comparing an earth mortar matrix with bamboo particles
(EMB) with a conventional mortar (CMS). From the obtained results, it can be concluded
that:

• The insertion of different percentages of bamboo particles in the beneficial matrix
provides a bulk density reduction, thermal conductivity, and an increase in specific
heat as in earth mortar matrix thermal properties;

• The EMB shows a smaller carbon footprint than CMS, even when considering different
replacement scenarios;

• The use of EMB improves the buildings’ thermal performance with lower energy
consumption and GHG emissions;

• The increase of bamboo particles in EMB mixtures decreases its carbon footprint due
to a higher carbon stock and a better thermal performance during building operation;

• The greater differences between EMB and CMS occur for the coldest city—Curitiba
(temperate/mesothermal climates)—an influence of the higher participation of em-
bodied GHG emissions;

• The number of mortar replacements severely affects the final results.

In addition, it is necessary to describe the main limitations of this study: some of the
used LCA databases are not adapted to the Brazilian context and can influence the final
results; other parameters can affect the thermal energy simulation, such as building sched-
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ule occupation, set point temperature, solar absorption among others. The assumption
that the bamboo particles would be mineralized by the cementitious materials influences
the final GHG balance, since some bamboo particles could decompose and emit CO2 and
CH4. However, these limitations do not invalidate the results. For future research, it is
recommended to overcome some of these limitations and increase the robustness of the
study by analyzing other parameters (as sensitivity analysis), such as an alternative type of
end-of-life and other environmental impacts of these earth-engineered mortars.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su131810429/s1, Table S1: Datasets used in the Life cycle GHG emissions inventory, Table
S2: Transportation distances, Table S3: Annual electricity consumption for building, Figure S1:
Total GHG emissions (embodied and operational) of all cases considering a concrete wall substrate
and mortar thickness of 3 cm and 5 cm, respectively. EFmin—0.130 kgCO2-eq/kWh. (A) Cfb—
Temperate/mesothermal climate. (B) Aw—Tropical savanna climate with dry winter. (C) Am—
Tropical monsoon climate. EMB—Earth mortar. CMS—Conventional, mortar. The green rectangles
represent the option with smaller GHG emissions, Figure S2: Total GHG emissions (embodied and
operational) of all cases considering a concrete block masonry substrate and mortar thickness of
3 cm and 5 cm, respectively. EFmin—0.130 kgCO2-eq/kWh. (A) Cfb—Temperate/mesothermal
climate. (B) Aw—Tropical savanna climate with dry winter. (C) Am—Tropical monsoon climate.
EMB—Earth mortar. CMS—Conventional, mortar. The green rectangles represent the option with
smaller GHG emissions, Figure S3: Total GHG emissions (embodied and operational) of all cases
considering a concrete wall substrate and mortar thickness of 3 cm and 5 cm, respectively. EFmax—
0.198 kgCO2-eq/kWh. (A) Cfb—Temperate/mesothermal climate. (B) Aw—Tropical savanna climate
with dry winter. (C) Am—Tropical monsoon climate. EMB—Earth mortar. CMS—Conventional,
mortar. The green rectangles represent the option with smaller GHG emissions. Figure S4: Total
GHG emissions of all cases considering a concrete block masonry and mortar thickness of 3 cm and
5 cm, respectively. EFmax—0.198 kgCO2-eq/kWh. (A) Cfb—Temperate/mesothermal climate. (B)
Aw—Tropical savanna climate with dry winter. (C) Am—Tropical monsoon climate. EMB—Earth
mortar. CMS—Conventional, mortar. The green rectangles represent the option with smaller GHG
emissions.
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