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Received 02 February 2022 Abstract: Circular Economy (CE) is progressively attracting interest from construction sector stakeholders to

Accepted 17 September 2022 support the development of products with higher amounts of recovered materials in order to decrease
greenhouse gas (GHG) emissions. Concrete is one of the most used materials in the world and can be produced
using waste as raw materials, including, bio-based sources, from both agricultural and forest activities. This
research aims to assess the GHG emissions in the life cycle of innovative rice husk bio-concretes (RBC) in
which rice husk (RH) and rice husk ash (RHA) are used as circular solutions. Four RBC, considering ordinary
Portland cement replacement by 8% of RHA and, different contents of sand substitution by RH (0; 5 and
10%), were assessed. The Life Cycle Assessment (LCA) methodology was used, with a cradle-to-gate scope,
using the GWPbio method, that contemplate the influence of biogenic carbon on the emissions reduction.
Different transportation scenarios were evaluated considering the RBC production in different Brazilian
regions. The service life of RBC in terms of carbon stock was also evaluated. Two carbon-performance
indicators are also evaluated in terms of RBC compressive strength and thermal conductivity values. As the
main conclusion, cement replacement by RHA alongside with sand replacement by RH are promising
strategies to produce bio-concretes for specific applications, such as panels, partitions and fagade elements,
and to reduce its GHG emissions. However, this benefit varies according to RH availability, transport
efficiency and RBC service life. The RBC can be considered a potential alternative for concrete industry, for
specific applications, to reduce GHG emissions and can be developed where rice waste is an available source.
This study contributes by presenting a new material and a methodology for the evaluation of life cycle GHG
emissions of bio-concretes, which can help to promote a circular construction sector.

Keywords: concrete, circular economy, life cycle assessment, LCA, CO,, biogenic carbon, rice waste.

Resumo: A Economia Circular (EC) esta progressivamente atraindo o interesse dos stakeholders do setor de
construgdo para apoiar o desenvolvimento de produtos com maior quantidade de materiais recuperados, a fim
de diminuir as emissdes de Gases de Efeito Estufa (GEE). O concreto ¢ um dos materiais mais utilizados no
mundo e pode ser produzido utilizando residuos como matéria-prima, incluindo fontes de base bioldgica, tanto
de atividades agricolas quanto florestais. Esta pesquisa tem como objetivo avaliar as emissdes de GEE no
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ciclo de vida de Bioconcretos de Casca de Arroz (BCA) inovadores em que a Casca de Arroz (CA) e as Cinzas
de Casca de Arroz (CCA) sdo empregadas como solugdes circulares. Foram avaliados quatro BCA,
considerando a substitui¢do de cimento Portland comum por 8% de CCA e diferentes teores de substituicdo
de areia por CA (0; 5 e 10%). Foi utilizada a metodologia da Avaliagdo do Ciclo de Vida (ACV), com escopo
do bergo ao portdo, utilizando o método GWPbio, que contempla a influéncia do carbono biogénico na redugao
das emissdes. Diferentes cenarios de transporte foram avaliados considerando a produgdo do BCA em
diferentes regides brasileiras. Dois indicadores de desempenho de carbono dos BCA também so avaliados
em termos de resisténcia a compressdo e de valores de condutividade térmica. Como principal conclusdo, a
substituicdo do cimento por CCA e da areia por CA sdo estratégias promissoras para a producdo de
bioconcretos para aplicagdes especificas para reduzir suas emissdes de GEE. No entanto, esse beneficio varia
de acordo com a disponibilidade de CA, eficiéncia de transporte e vida util do BCA. O BCA pode ser
considerado uma alternativa potencial para a inddstria de concreto, para aplicagdes especificas, para reduzir
as emissoes de GEE e pode ser desenvolvido onde o residuo de arroz ¢ uma fonte disponivel. Este estudo
contribui ao apresentar um novo material e uma metodologia para a avaliagdo das emissdes de GEE do ciclo
de vida dos bioconcretos, que podem promover um setor de construgdo circular.

Palavras-chave: concreto, economia circular, avaliagao do ciclo de vida, ACV, CO,, carbono biogénico,
residuo de arroz.
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1 INTRODUCTION

The construction and building sector is responsible for about 40% of global energy consumption, 40% of
Greenhouse Gas (GHG) emissions, 25% of the water and 40% of the global resources consumptions [1], [2]. Cement
and concrete are the most used industrial materials in the world. Cement industry alone is responsible for 5-8% of global
CO; emissions [3]. Besides that, concrete is used in large quantities and considering its performance due to important
properties (durability, fire safety, water resistance and others) and ease of usage, a great replacement of concrete by
other materials does not seem to be feasible within the next years. Therefore, it is crucial to develop alternatives to
reduce the environmental impacts of the concrete industry [3], [4]. To achieve this challenge, understanding and
applying the concepts and principles of Circular Economy (CE) to construction materials are of vital importance.

CE can be understood as a new economic model that incentives the reduction of natural resources consumption, the
minimization of waste generation by keeping them in a closed loop and the use of renewable and local resources. It is
based on the 5R principles: Rethink, Reduce, Reuse, Repair and Recycle [5]-[8]. The concept of circularity involves
essentially a decrease of the GHG emissions in the concrete industry and the whole construction sector [9], [10]. This
could enable the sector to archive low carbon targets to meet the Paris Agreement goals of limiting global warming
well below 2°C and even to reach a net-zero carbon pathway [11].

The Life Cycle Assessment (LCA) is one of the most used and scientifically accepted methodologies for evaluating
the potential environmental impacts of products and processes, and it is especially important for the evaluation of the
environmental performance of innovative materials. LCA is standardized by ISO series (ISO 14040 and
ISO 14044) [12]-{14]. The Global Warming Potential (GWP), converted in life cycle GHG emissions, is one of the
most evaluated impact category since climate change is perhaps the greatest contemporary challenge of
humanity [15], [16].

The vast literature about LCA applied to concrete has demonstrated that the use of Supplementary Cementitious
Materials (SCM), originated from other industrial processes (e.g., waste and byproducts) for cement replacement is a very
good strategy for reducing GHG emissions and, depending of the content, such replacements can also increase mechanical
and durability performances [3], [17]-[21]. This has also been confirmed for bio-concretes [22]. However, the local
availability of some SCM, such as fly ash or biomass ashes, can compromise its use due to the increase of GHG emissions
related to other factors, like transportation, especially in continental countries, such as Brazil [15], [23]-[25]. Most of SCM
used for concrete production are waste or byproducts from other industrial processes, such as fly ash, blast furnace slag,
rice husk ash, municipal waste incineration ash, which can be considered examples of CE strategies [25].

Another strategy for the concrete industry aligned with the CE concept is the replacement of virgin mineral
aggregates by recycled ones. Although most of the studies about LCA and GHG emissions evaluation in the literature
are concerned about conventional concrete with only mineral aggregates, it is possible to produce bio-concretes that
can reuse different kinds of bio-based materials as aggregates and/or even as SCM. The main advantages of using plant
aggregates for the production of bio-concretes involve the reduction of material density, thermal conductivity and
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carbon footprint. These aggregates can act as carbon stocks since the cementitious materials tend to store carbon by its
mineralization in the matrix after hydration [26].

In the literature, the most studied bio-concrete is the hempcrete, that is a mixture between cement, lime and hemp
shives. Hempcretes can have negative carbon footprint or, in other words, they can generate carbon credits [27]-[30].
However, the main issue of the hempcrete is attributed to its low mechanical strength (around 1-2 MPa) [23]. For this
reason, it is regularly used as an insulation or filling material in buildings. On the other hand, different bio-concretes
made with wood shavings and bamboo waste, have better mechanical performances, with compressive strengths values
ranging from 5 MPa to 10 MPa [22], [26], [31] and can be used for other building applications, like walls (for internal
partitions and fagades), ceilings, shading elements, furniture, etc. In addition, there are other options and available
sources of bio-based materials, such as rice husk, corn flakes, coconut, etc. However, there are few studies about the
environmental performance of these bio-concretes, since most of the available research is concerned about its
mechanical and thermal characterization [32].

Waste from rice production is substantial, especially in the south of Brazil. The global rice production reaches about
500 million tons/year and Brazil is responsible for around 11 million tons/year [33]. The waste husk generated by the
rice processing is equivalent to 20% of the rice grains mass. In general, this rice husk (RH) is burned in an attempt to
reduce its disposal problem. Furthermore, the potential benefits of the use of rice husk ash (RHA) in the concrete
properties as well as in the durability are well known and depend on the burning conditions [34]-[37]. The RHA can
be used in partial substitution to cement due to its chemical composition, with high contents of reactive silica.
Nonetheless, not all the RH is burned and the remaining husk volume is available to be stocked, especially in cement
matrices considering the use as bio-aggregates in substitution to mineral aggregates for producing bio-concretes.

Considering the above, this paper aims to assess GHG emissions in the life cycle of innovative RBC in which RH
and RHA are used as circular solutions. Two carbon-performance indicators are also evaluated in terms of RBC
compressive strength and thermal conductivity values. Finally, design guidelines for GHG emissions reduction during
RBC production are proposed.

This study brings forward as its main contribution the presentation of a new bio-concrete, the RBC, with mixed
types of aggregates (minerals and bio-based). In addition, the methodology used can be adapted for the evaluation of
life cycle GHG emissions of other bio-concretes. Since the RBC makes use of two CE strategies, use of waste and
renewable materials, it can promote a more sustainable and circular concrete production.

2 MATERIALS AND METHODS

Figure 1 presents the main stages followed in the Materials and Methods. The presented approach can be used for
the evaluation of life cycle GHG emissions and choice of best mixture of other bio-concretes as well, even though a
specific RBC is evaluated in this study.
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Figure 1. Stages followed in the Materials and Methods for the evaluation of different bio-concrete mixtures.
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2.1 Bio-concrete Production and Characterization

RBC — Rice husk Bio-Concretes were cast with the following materials: Brazilian ordinary Portland cement (OPC):
high early strength, CP V-ARI Type (equivalent to cement type III, ASTM-150); SCM: rice husk-ash (RHA) in partial
substitution to cement at 8%, by weight; mineral aggregates: coarse and fine aggregates from granitic origin; bio-
aggregate: rice husk used as a partial replacement of fine aggregate, by volume, in fractions of: 0%, 5%, 10%; chemical
admixture: polyfunctional.

The concrete mix proportion was based on a conventional concrete to be applied in various construction elements.
The mixture was obtained based on the fineness modulus method, considering the aggregates and a specific range of
estimated strength. The four evaluated mixtures contained the same cementitious material content of 350 kg/m? (of
which 8% was RHA for the RH00, RHO5 and RH10 mixtures), and a water: binder ratio equal to 0.58. The difference
between them was the content of RH, as follows: 0% (RH00), 5% (RHO05) and 10% (RH10) in substitution to the
fine aggregate (by volume). The amount of chemical admixture was within the recommended range by the
manufacturer. Throughout preliminary tests, the chemical admixture content of 0.30% by cement weight was
established in order to produce proper workability, through the slump test [38]. The RBC mixtures composition is
presented in Table 1. The main properties determined for the RBC (density, compressive strength and thermal
conductivity) are presented in Table 2 [39]. The properties of materials used in the RBC production are detailed in
the study of Amantino [39].

Table 1. Rice husk bio-concrete mixtures composition (kg/m?).

Mixtures OPC RHA G S RH CA W
REF 350 0 1078 781 0 1.1 203
RHO00 322 28 1078 781 0 1.0 203
RHO5 322 28 1078 742 21 1.0 203
RH10 322 28 1078 704 42 1.0 203

REF — Reference mixture. OPC — Ordinary Portland Cement. RHA — Rice husk ash. G — Gravel. S — Sand. RH — Rice husk. CA — Chemical admixture. W — Water.

Table 2. Rice husk bio-concrete properties in 28 days.

BC-RH (in %) REF RHO00 RHO05 RH10
Density (kg/m?) 2312,04 2218,9 2176,11 2009,13
Compressive Strength (MPa) 30.20 25.26 19.14 15.11
Thermal conductivity (W/m-K) 1.87 1.51 1.06 0.94

2.2 Life Cycle Assessment (LCA)

The LCA was performed according to ISO 14040 [40], ISO 14044 [41], EN 15978:2011 [42]. and EN
15804:2019 [43]. The two first standards refer to the LCA of any product, while the last two are applied to the
construction sector. According to them the LCA is divided in the following stages: (1) Goal and scope definition; (2)
Life Cycle Inventory (LCI); (3) Life Cycle Impact Assessment (LCIA) and (4) Interpretation. They are presented below.

2.2.1 Goal and Scope definition

The goal of this LCA study is to evaluate the GHG emissions (in kgCO,-eq) on the life cycle of different mixtures
of RBC. The scope, from cradle-to-gate, considers raw materials supply (A1), transport (A2) and RBC manufacture
(A3), following the recommendations of EN 15804 [43], as presented in Figure 2.

Three Functional Units (FUs) were adopted: first, “the volume (in m?) of the RBC”; second, a FU based on “the
volume and compressive strength (in m*.MPa) of the RBC”, which is a common indicator used for the evaluation of
new materials, including concretes and bio-concretes [22]; finally, a FU based on the thermal conductivity (presented
in Table 2) and U-value (thermal transmittance), considering “1 m? of wall with a fixed U-value of 2.5 W/m2.K”,
according with the criteria of NBR 15575-4 [44] for fagades in Brazil. With this value fixed, it was possible to calculate
the wall thickness for each RBC mixture, according with the procedure of NBR 15220-2 [45], as presented in Table 3.
This approach is common in the literature for the evaluation, by LCA, of materials, especially bio-based ones used in
buildings’ fagades [46].
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Figure 2. System boundaries for the production of Rice husk bio-concrete.

Table 3. Parameters for the calculation of wall thickness for the third FU.

BC-RH (in %) REF RHO00 RHO05 RH10
RBC thermal conductivity (W/m.K) [43] 1.87 1.51 1.06 0.94
Wall U-value (W/m2.K) 2.5 2.5 2.5 2.5
Wall thickness (cm) 58 43 25 21

2.2.2 Life Cycle Inventory (LCI)

For the LCI primary data was collected in the laboratory during RBC production and development, while secondary
data was collected from Ecoinvent v. 3.8 and literature. The electricity consumption of original Ecoinvent data was
adapted to the Brazilian energy mix and market transports. The data used in the modeling is presented in Table 4, where
it is possible to see that most of them are already developed for the Brazilian context. RH was considered with zero
GHG burden since it is a recovered waste from rice production, while for RHA it was only considered the electricity
for grinding, obtained from Silva [47].

Table 4. Raw materials, activities and datasets used in Rice husk bio-concrete (RBC) LCIL.

Materials and Activities Dataset
Portland cement Cement, Portland {BR}| cement production,
Sand Sand {BR}| sand quarry operation, extraction from riverbed
Gravel Gravel, crushed {BR}| gravel production, crushed
Rice husk ash Modeled by the authors Based on Silva [47], Electricity, medium voltage {BR}
Chemical admixture Plasticizer, for concrete, based on sulfonated melamine formaldehyde {GLO}| production
Water Tap water {BR}
Transportation Transport, freight, lorry 16-32 metric ton, EURO3 {BR}
Electricity Electricity, medium voltage {BR}| market group for electricity
Bio-concrete production Concrete, 25MPa {BR}| concrete production

2.2.3 Life Cycle Impact Assessment (LCIA)

For the LCIA, the EN 15804 + A2 (v. 1.00) method [48] was used, considering the Climate Change impact (Climate
Change — Fossil and; Land use and land use change). The Climate Change — Biogenic was modelled for the RH
according with another method that is described below.
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2.2.4 Biogenic Carbon

For the RH biogenic carbon quantification, the method developed by Guest et al. [49] that defines a GWPbio index
was employed. It was considered that the biologic CO; is stored indefinitely (for more than 100 years) since the
cementitious materials of bio-concretes tend to mineralize the biomass [25], [30]. Furthermore, based on the rotation
period of 1 year of the rice production and the storage period in the anthroposphere, the GWPbio factor of -99% for
rice husk based on Guest et al. [49] was adopted. As a sensitivity analysis, another service life was considered assuming
that CO, would be stored for 50 years in the anthroposphere, resulting in a GWPbio factor of -40%. The Equations 1
and 2 were used with the parameters presented in Table 5.

Mco, = mgpy x GWPy, 1

GWP,;, = C x Factor;, x ——coz )

mmc

Where Mco, = CO, uptake and storage (kg) — biogenic carbon; mg¢= dry mass of rice husk (kg); C = percentage of
carbon in dry matter (%); GWPbio Factor = considered according to Guest et al. [50]; mmco> = molecular mass of
CO: (44); and mm¢ = molecular mass of C (12).

Table 5. Parameters and data for the biogenic carbon modeling of rice husk.

Scenario C (%) Time in Anthroposphere (years) = GWPbio Factor (%) MCO: (kgCO2/kg)
Best— 1 41 100 -99 -1,49
Intermediate — 1 38 100 -99 -1,38
Worst — 1 35 100 -99 -1,27
Best—2 41 50 -40 -0,60
Intermediate — 2 38 50 -40 -0,56
Worst — 2 35 50 -40 -0,52

2.2.5 Sensitivity analysis

For the sensitivity analysis two items were evaluated in this research:

* RHA and RH transportation considering that these materials are locally available, using the approach presented
by Caldas et al. [25] and Lima et al. [15] which assumes different transportation efficiency scenarios in terms
of truck capacity and way of return (empty or loaded). The following scenarios were considered: (1) Round trip
100% loaded (more efficient); (2) Going 50% loaded and empty return (less efficient). For that, Ecoinvent
datasets were used (Transport, truck 10-20t, EURO3, 100%LF, default/GLO Mass; Transport, truck 10-20t,
EURO3, 50%LF, empty return/GLO Mass).

»  Storage of biogenic carbon (described in the Biogenic carbon section). The sensitivity analysis was performed
for the reference RBC (REF) and RBC with higher content of RH (RH10).

3 RESULTS AND DISCUSSION

This section is divided in: (3.1) GHG Emissions in the Three Functional Units (FU); (3.2) GHG Emissions Profile;
(3.3) Sensitivity Analysis, and; (3.4) Design Guidelines for Producing Low-Carbon Bio-Concretes.

3.1 GHG Emissions in the Three Functional Units (FU)

The GHG emissions results considering the three FU are presented in Figures 3-5. Two scenarios of biogenic carbon
storage in anthroposphere were considered, as follows: (A) for more than 100 years and (B) for 50 years.
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Figure 3. GHG emissions in the first Functional Unit (in m? of bio-concrete). (A) Biogenic carbon scenario 1.
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Figure 5. GHG emissions in the third Functional Unit (in m? of a bio-concrete wall with U-value of 2.5 W/m?.K).
(A) Biogenic carbon scenario 1. (B) Biogenic carbon scenario 2.

For the first FU, in “m® of bio-concrete”, according to Figure 3, it can be noticed that the RBC with highest content
of RH (RH10) presented the lowest GHG emission, while the RBC without any RH or RHA (REF) presented the highest
value, for both scenarios of biogenic carbon, as expected. For the first scenario of biogenic carbon (considering biologic
CO; is stored indefinitely, for more than 100 years), there is a difference of 24% between RH10 and REF. On the other
hand, for the second scenario (assuming a storage period of 50 years) the difference between them was of 14%.

The evaluation of these two scenarios showed the influence that methodological choices for biogenic carbon storage
accounting have in total GHG emissions estimation of the RBC, which meets with previous literature findings that have
already highlighted the importance of the period of carbon storage in the building material to decrease the global
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warming potential impact [25], [46], [50], [51]. Therefore, these results underline the importance of considering
different carbon storage periods in LCA modeling of bio-based materials, even bio-concretes, due to the uncertainty of
service life of building materials, especially innovative ones, like the RBC. Additionally, it highlights the importance
of designing for durability, which results in lower GHG emissions.

When the second FU is analyzed, “m® of bio-concrete for each 1 MPa”, in Figure 4, the results point to a different
direction. The RBC RH10 presented the worst value, while the REF presented the best in terms of strength, reaching a
difference of 42%. This is a direct consequence of the compressive strength that had suffered a pronounced decrease
(around 50%) when more biomass was added, and sand was replaced. The biogenic carbon did not show an expressive
influence in the results due to the low level of biomass used in the studied mixtures. In other words, this FU shows that
1 MPa of RH10 emits more GHG emissions than the REF RBC. However, the interpretation of this FU should be done
with care since bio-concretes are not designed to be applied in buildings as structural elements, such as beams and
columns. They are normally designed to be used as materials for the building envelope, especially facades and roofs,
due to the better thermal performance [22], [52] of those materials. The bio-concretes should have a proper mechanical
performance, that also influences durability aspects, allowing their use for this kind of application.

Based on this explanation, the third FU, “in m? of a bio-concrete wall with U-value of 2.5 W/m?.K”, can be justified
and understood in a better way. This FU allows a better realistic quantification of the material consumption that would be
used in a building; advances in the scale analysis, from a material to a building element and is more related with one of the
main bio-concretes’ advantages, the thermal performance. When this FU is used, according to Figure 5, differences of
around 72% between RH10 and REF for the biogenic scenario 1 and of 69% for biogenic scenario 2 are observed.

The three presented FU, especially the last two, provide subside for choosing the most appropriate RBC mixture in
function of its application, and in this case, for a wall in a building facade. Pretot et al. [52], Pittau et al. [30] and
Carcasi et al. [46] used the U-value as a reference for FU definition of buildings’ walls made of bio-based materials,
mainly hempcretes. However, the studied properties (mechanical and thermal) are just two among a bigger universe of
buildings performance (acoustic, waterproof, fire resistance, etc.).

If the target of the design is a concrete wall with a lower GHG emissions and a better thermal performance, thus,
the RH10 tends to be the best option. Additional materials can be used as coverings of the bio-concrete wall such as
paintings and plastering’s, and this choice can also be assisted by the LCA. For example, clay plasters reinforced with
bio-based fibers tend to be a good low carbon option and compatible with bio-concretes [15], [53].

3.2 GHG Emissions Profile

The GHG emissions profile (considering the biogenic carbon scenario 1) is presented in Figure 6 in terms of the
contribution for each material.

E—
80% jEeisi]
60%
40%
20%
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B Biogenic Carbon m Transport
Bio-concrete production m Water
m Chemical admixture m Sand
M Gravel M Rice Husk Ash
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Figure 6. GHG emissions profile.
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Cement production is the main GHG emitter, reaching average values of 80%. This occurs especially due to the
calcination process of clinker that occurs during the production of cement and the use of fossil fuels, such petrol coke,
for the case of most Brazilian cement factories. This finding agrees with the literature that already showed that OPC is
the main impactful material for concrete [19], [54], [55] and bio-concrete production [22], [25]. Transport contributed
with around 10%, while sand and gravel presented a very small contribution in emissions, below 5% (both materials,
together), since these materials are not energy intensive and, in this case, just the extraction process from nature is
considered. The biogenic carbon present in the RH helps to the decrease of the final values, but since it is used in small
fractions its influence is not so significant.

Based on these findings the use of different pozzolanic materials from other industrial waste or byproducts such as
fly ash, should be evaluated as cement replacement, as an alternative for lowering life cycle GHG emissions. A greater
amount of sand replacement by RH would also contribute for this reduction, however, resulting in a trade-off of
deteriorating the mechanical properties.

About the allocation process of coproducts, such as fly ash and other commercial residues, it is important to mention
that it is often a very controversial subject in LCA studies [25], [56]. In the present study, the allocation process was
not considered, and, in the literature, it was verified that most studies that evaluate SCMs do not consider the allocation
for concrete production. In the case of market practices, the tendency is to consider the economic allocation, which
takes only a small amount of impact into the byproducts given its economic value in comparison to the primary product,
in some cases, bellow 1% and, therefore, not influencing in the final results [22], [S6]-[58].

3.3 Sensitivity Analysis

For the sensitivity analysis, the results considered the efficiency in transportation and the biogenic carbon scenarios,
as presented in Figure 7.
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Figure 7. Analysis of RH and RHA transport distances influence in total GHG emissions. (A) More efficient transport
(100% default). (B) Less efficient transport (50% empty). Bio 1 — Biogenic scenario 1. Bio 2 — Biogenic scenario 2.

It is clear that the transport distances of RHA and RH have a small influence in the total GHG emissions due to low
biomass content in the mixtures. For a more efficient transport scenario these materials should be transported for more
than 4.000 km, while for a less efficient scenario for more than 2.000 km (which is also an expressive value, considering
the geographical conditions of the Brazilian territory), and RH10 would still have lower impact than REF RBC.
Considering this comparison and the condition that RHA and RH mostly comes from the South region of Brazil, these
materials could be transported to Southeast and West-Center regions for the worst scenario. For the more efficient
scenario it could also reach Northeast and North regions. Based on these findings, the use of RBC could also be
encouraged in terms of GHG emissions in regions where rice production is not available. However, this can completely
change in terms of costs or other logistics aspects.

These results are different from the literature, e.g [25], where transport showed to have a big influence and the
amount of bio-aggregate and residual SCM, namely fly ash, in bio-concrete composition was higher. On the other hand,
in the present research RHA and RH in RBC composition reached 1% and 2% in dry mass, respectively. For RBC,
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mineral coarse and fine aggregates are the materials that most influence in GHG emissions of transportation stage, since
their participation in dry mass are around 50% and 30%, respectively, and normally, they are available materials in

most of Brazilian regions.

3.4 Design Guidelines for Producing Low-Carbon Bio-Concretes

Based on the findings of this research and the analyzed literature, design guidelines are proposed for producing low-
carbon bio-concretes. Table 6 summarizes these strategies, their priority level, and associated trade-offs that can
influence technical/performance aspects of the bio-concretes.

Table 6. Design guidelines for producing low-carbon bio-concretes.

Technical trade-off

Strate Description Priorit
gy P y Positive Negative
Decrease cement Decrease density ~ Decrease mechanical
. Use the least possible cement amount High and increase thermal ~ performance and
consumption o
performance durability
Replace cement by SCM (that have good It varies. The increase or decrease of
Replace cement by pozzolanic reactivity) that are waste or by- Hich mechanical performance and durability will
waste based SCM products from industrial activities, such as & depend on the content of replacement for
fly ash and rice husk ash each SCM
Increase bio-agerceates Decrease density ~ Decrease mechanical
amou rﬁg & Use as much bio-aggregates as possible High and increase thermal  performance and
performance durability
Increase the service life of bio-concretes
. - and the time that CO2 remains stocked . Tend to increase .
Design for durability . . High g L Can increase costs
(e.g., treat bio-aggregates for extractives building service life
removal).
. . Can increase or decrease thermal,
Prioritize bio- . . o . .
1 Biomaterials with higher carbon content . mechanical performance and durability
aggregates with higher . Medium . A .
stock more COz (e.g., timber and bamboo) depending on the compatibility with other
carbon content L .
materials in the mixture
Prioritize bio- Biomaterials with shorter rotation periods Can tnerease or decrease therma!,'
: . . . mechanical performance and durability
aggregates with shorter have more climate benefits (e.g., rice, Medium . S .
. . . depending on the compatibility with other
rotation periods timber from planted forests, bamboo, etc.) L .
materials in the mixture
Two kinds of chemical additives: (1)
superplasticizer, that favor rheological Increase mechanical
. . Decrease thermal
Use of chemical properties and decrease water and cement . performance and
o . Medium . performance and can
additives consumption; (2) cement set accelerators, rheological .
. ; . increase costs
as extractives from bio-aggregates can properties
affect setting process
Use of local materials Use raw materials located near the factory Medium i )

where the bio-concrete will be produced

These strategies can be used as a first approach for the development of future bio-concrete mixtures that seek low

carbon footprints and adequate performance. It can observe that the high priority should be given for the cement
consumption reduction, cement replacement by SCM, and the bio-aggregate amount increase, since these materials are
those with the greatest influence in the GHG emissions results. Besides, high priority should be also given for designing
for durability strategy.

The trade-off between thermal and mechanical/durability performances must be evaluated with care for bio-
concretes development. This is one of the most attractive characteristics of this type of material, an inorganic/mineral
(concrete) and a bio (timber, bamboo, etc.) in-between material, making possible to take advantage of the positive
properties of each one.
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4 CONCLUSIONS

Based on the results obtained in the present study the main established findings were:

* The RH10 (rice husk - RH used as a partial replacement of fine aggregate, by volume, in a fraction of 10%)
presented lower life cycle GHG emissions, with differences ranging from 14% to 72% when compared to the
reference (REF) mixture, depending on the type of functional unit (FU) and biogenic carbon scenario.

»  The biogenic carbon storage had an important influence in overall results. The results showed the importance
of increasing the service life of building elements to improve the storage period of the biogenic carbon and,
consequently, reduce the life cycle GHG emissions.

*  The cement production was the main impactful source of GHG emissions in RBC production, reaching average
values of 80%. Therefore, its use should be reduced, however, without compromising the mechanical
performance and durability.

»  The use of three types of FU helped in the understanding of which are the best applications of the evaluated bio-
concretes (e.g., wall for facades) and provided a fairer comparison between the evaluated bio-concrete mixtures.

+  The FU in “m? of a bio-concrete wall with U-value of 2.5 W/m?.K” tends to provide the most appropriate
analysis, considering the application of RBC for buildings’ facades.

» Different transport distances of rice husk and rice husk ash were assessed. It was observed that the transportation
distances of these materials have a small influence in total GHG emissions, even for a less efficient
transportation scenario.

* Finally, the presented design guidelines for producing low-carbon bio-concretes can help bio-concrete
researchers, developers and users.

Finally, this study verifies that RBC production has the potential to become a circular solution for the built environment.

As RH gradually replaces sand content, mechanical performance tends to decrease, on the other hand, thermal performance
is improved, and GHG emissions are lowered. Therefore, the material application must be carefully considered.

For future studies it is recommended the evaluation of RBC with higher contents of cement replacement by other

pozzolanic materials and mineral aggregates replacement by rice husk and other types of biomasses. Other
environmental impacts and life cycle stages of RBC should also be assessed.
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