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Abstract

Hemp-lime composites (HLC) have captured significant attention in the construction industry due to their
sustainability, availability, and excellent hygrothermal performance. These bio-based insulating materials
are produced by mixing a lime-based binder with hemp shivs and water. Despite their positive attributes,
the properties and performance of the resulting composite depend on various parameters such as the ratio
of constituent materials, manufacturing method, binder type, and shiv characteristics (e.g., particle size
and purity). Therefore, its widespread adoption has been impeded by the notable variation in hemp-lime
formulation and manufacturing methods, leading to inconsistent performance. In this research, new
methods are proposed to enhance the homogeneity and uniformity of hemp-lime composites while
minimizing their environmental impact to produce a carbon-negative insulating material with predictable
and reproducible properties. The main objectives of this research are: 1) to improve the consistency and
repeatability of hemp lime composites performance by reducing the hemp shiv particle size and
introducing vibration as a compaction method; 2) to investigate the effect of impurities (e.g., hemp fibres)
on the mechanical and hygrothermal properties of hemp lime composites; and 3) to investigate the
effectiveness of producing hydrated lime from different CaCO3 sources, including organic waste, using
an electrochemical decarbonation process to formulate carbon-negative hemp lime composites for

sustainable construction.

In accordance with the above objectives, modifications are proposed to the hemp shiv particle size, binder
source, and placement method used to make hemp-lime composites. The experimental results demonstrate
a marked improvement in hygrothermal properties compared to values reported in available literature,
with thermal conductivity in the range of 0.053-0.060 W/m K and moisture buffering values between 2.21
to 2.53 g/m? RH, as well as a very low coefficient of variation of dry density between 0.37-0.73%. The

results also demonstrate a noteworthy reduction in the directional difference of thermal conductivity,
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reduced to less than 3% when employing fine hemp fragments. Furthermore, using finer particles reduces
the amount of binder needed which significantly lowers the carbon footprint when using conventional
hydrated lime produced through calcination. An alternative process is also introduced in which hydrated
lime is produced through electrolysis, which facilitates direct carbon capture. This process is evaluated
using three different limestone sources and two organic sources (mussel and eggshells) as feedstock. The
precipitated materials are mainly comprised of Ca(OH), with a suitable chemical composition and particle
size distribution required for Type N hydrated lime. The environmental assessment of wall assemblies
revealed that hemp-lime composites incorporating electrochemically decarbonated hydrated lime (ED-
HLC) offer comparable thermal and moisture performance to conventional binders while achieving
superior mechanical strength. Life-cycle analysis demonstrated a markedly lower embodied footprint and
a carbon-negative balance, reaching —23.1 kg CO: eq. when carbon sequestration was included. Compared
to conventional lime-based hemp—lime composites and glass wool insulation, the ED-HLC wall showed
15.7% and 457% lower global warming potentials, respectively, confirming its strong potential as a

carbon-conscious insulation solution.
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Chapter 1 : Introduction

1.1. Background and Rationale

Compared to other major sectors of human activity, the building and construction sector has a
significant impact on the environment through depletion of natural resources and energy
consumption. This sector is also a substantial contributor of greenhouse gas (GHG) emissions,
responsible for 40% of those gases globally [Lawrence, 2015], and it is expected to rapidly increase
due to population growth and globalization. Opposing global warming has been a priority of
lawmakers and organizations in the form of laws and regulations to push for sustainable solutions
to enhance life quality and combat climate change [Hussain et al., 2019]. Canada has committed
to decreasing GHG emissions by 40-45% from 2005 levels by 2030 and achieving net-zero
emissions by 2050 [Government of Canada, 2020]. As the sector transitions toward more
sustainable alternatives, there is growing interest in bio-based and carbon-negative materials,
particularly those that integrate renewable resources, industrial symbiosis, and circular economy

principles.

One such material gaining attention is hemp-lime composite (HLC)—a bio-aggregate construction
material composed primarily of hemp shiv (the woody inner core of the hemp stalk) and a lime-
based binder. Hemp offers significant advantages over other biomass types (i.e. wood) in the
production of lime-based composites due to its rapid renewability, high carbon sequestration
potential, and superior hygrothermal properties. Unlike wood, which requires decades to mature,
hemp grows within 3—4 months while capturing 10—15 tons of CO: per hectare during its growth
cycle, which is subsequently locked into the composite [Amaducci et al., 2015; Ip & Miller, 2012].
Hemp-lime utilizes the woody core (shiv), an agricultural byproduct of the fibre industry, thereby

supporting circular economy principles and minimizing waste [Stevulova et al., 2014].
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Additionally, hemp-lime composites demonstrate favourable thermal insulation and moisture
regulation compared to denser wood-based products, alongside lower embodied energy
requirements [Walker & Pavia, 2014; Pretot et al., 2014]. These attributes position hemp as a more
sustainable and environmentally effective alternative to wood for non-structural building

composites.

HLC is valued not only for its environmental credentials but also for its desirable thermal and
moisture-regulating properties. Due to the carbon sequestration during hemp growth and the
carbonation of lime binders over time, HLCs can potentially function as carbon-negative
construction materials, locking away more CO- than is emitted during their production and use
[Hirst, 2013]. In general, carbon emissions reduction could be achieved either through reducing
the operational energy consumption or using low-carbon materials that have low embodied energy.
HLCs possess both attributes as hemp stores carbon during its growth and has the ability to control
the humidity and thermal climate in buildings to healthy levels using minimal energy demands
[Elfordy et al., 2008]. Consequently, the carbon footprint of buildings using HLC in their envelope
is reduced. However, further research into natural materials and new technologies is needed to

address remaining challenges and form a solid foundation for future development.

While HLCs hold significant promise, their mechanical, thermal, and environmental performance
depends heavily on the physical characteristics of the hemp shiv, particularly its particle size
[Bourdot et al., 2017]. Hemp shiv is a porous, lightweight, and irregular bio-aggregate, and its
properties can vary considerably depending on processing methods and particle grading [Hussain
et al., 2019]. The size of the shiv particles influences binder adhesion, compaction behaviour,
moisture transport, and composite porosity—all of which in turn affect the composite’s strength,
thermal conductivity, hygric balance, and long-term durability [Brzyski et al., 2020; Niyigena et
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al., 2018]. Despite its importance, the role of hemp shiv particle size in determining HLC
performance remains underexplored in academic and industrial literature. Finer particles may
increase the reactive surface area, improving binder interaction and mechanical integrity, but could
also reduce porosity and insulation value. Coarser shiv may enhance thermal insulation and reduce
material density but may also compromise structural consistency and result in uneven compaction
[Bourdot et al., 2017]. Therefore, a systematic evaluation of different shiv gradations is necessary
to identify optimal particle size ranges for specific applications—whether for insulating infill

panels, structural walls, or prefabricated elements.

In addition to material composition, manufacturing is another crucial factor affecting hemp-lime
performance due to the material's anisotropic behaviour, which may yield different mechanical and
thermal properties based on the direction in which the material is tested [Brzyski et al., 2021]. In
real-world applications, hemp-lime composites are applied via spraying, casting on-site, or
installing precast products (e.g., panels, blocks) [Williams et al., 2017]. Regardless of the method,
the compaction level, the depth of the layer, and the direction of compaction can significantly
affect the distribution of density, thermal conductivity, compressive and tensile strength, and
capillary rise [Niyigena et al., 2018; Brzyski et al., 2021; Williams et al., 2017; Williams et al.,
2017]. To overcome these limitations, it is necessary to implement alternative production methods,
such as vibration-assisted molds and semi-automated formwork systems, which offer improved
compaction uniformity, reduced human error, and the potential for prefabrication and modular
construction. These technologies also enable more controlled experiments to isolate the effects of

material variables on final composite performance.

The hemp plant stem is made of two main components: the outer layer representing the hemp fibres

(commonly used for textiles and other applications) and the inner woody part representing the



hemp shivs (generally viewed as a low-value waste material). Due to their high porosity and low
density, hemp fibres have been used as an insulation material with a range of thermal conductivity
between 0.040-0.076 W/m K [Chen et al., 2014]. However, the process of separating the hemp
fibres from the shivs is complicated, expensive, energy-demanding, and highly variable depending
on the type of equipment and methods used in the decortication facilities [Tronet et al., 2016]. It
also requires a viable market to ensure its success and profitability. However, due to a lack of
standard specifications and test methods to determine hemp shiv purity and fibre content, limited
research has been conducted to evaluate the effect of the fibre content ratio in the shiv on the

produced HLC properties.

In order to achieve truly carbon-negative HLCs, innovations in casting and aggregate design must
be matched by low-emission binder alternatives. Hydrated lime production is carbon-intensive
primarily due to the high energy requirements and associated carbon dioxide (CO:) emissions
involved in the process. The production of 1 ton of hydrated lime generates around 1.2 tons of CO»
[Simoni et al., 2022; Gutiérrez et al., 2012]. Hydrated lime production begins with the calcination
of limestone, primarily composed of calcium carbonate (CaCOs3). This limestone is heated in a kiln
at temperatures around 900-1000 °C to undergo calcination [Simoni et al., 2022], which
decomposes the calcium carbonate into calcium oxide and carbon dioxide. The resulting calcium
oxide is then subjected to a process known as slaking, where it is mixed with water to produce
calcium hydroxide, commonly referred to as hydrated lime [Laveglia et al., 2022]. Another
significant challenge facing conventional hydrated lime production is the depletion of natural
resources. Extracting limestone, a non-renewable resource, through extensive quarrying leads to
numerous environmental and ecological issues [Saleem & Ayalew, 2025]. These include the

degradation of land and destruction of natural habitats, as quarrying removes vegetation and



topsoil, disrupting ecosystems and threatening biodiversity [Simoni et al., 2022; Saleem & Ayalew,
2025]. Additionally, mining activities generate substantial dust and noise, negatively impacting air
quality and local communities. Quarrying can also interfere with groundwater systems, either by
lowering the water table or introducing contaminants [Saleem & Ayalew, 2025; Cirtina &
Tudorache, 2019]. Despite its abundance, the growing demand for lime in construction and
industry places increasing pressure on limestone reserves, raising concerns about the long-term
sustainability of this resource. Moreover, while the carbonation of lime in service can eventually
reabsorb some of this CO:, the net carbon balance of the binder remains a critical challenge for

sustainability claims.

By integrating these areas, this research seeks to develop and evaluate next-generation HLCs that
offer good environmental and thermal performance and scalability for modern construction
applications. The holistic approach addresses key technical and ecological barriers to the broader
adoption of bio-based materials and supports the transformation of the construction industry

toward a more sustainable and regenerative future.

1.2. Research Scope and Objectives

Hemp-lime composites have captured significant attention in the construction industry due to their
sustainability, availability, and excellent hygrothermal performance. However, their widespread
adoption has been hindered by notable variability and inconsistent performance and the availability
of raw material that leads to a higher embodied energy and cost. To overcome these challenges,
the integration of a sustainable and locally available binder and a deeper comprehension of the
material's performance are essential steps toward unlocking HLC's full potential and addressing
its underutilization. This research introduces a promising method to produce hydrated lime through

an electrical decarbonation process using different sources of CaCO3. This research also presents



a novel approach to improve the uniformity and hygrothermal characteristics of HLC, aiming for
reproducibility and consistency comparable to traditional insulation materials. This method
consists of reducing hemp particle size and maximizing the hemp proportion while using vibration

as a compaction method. The main objectives of this study are:

*To improve the consistency and repeatability of HLC performance by reducing the hemp shiv
particle size and introducing vibration as a new compaction method for HLC. Traditional hemp-
lime composites can suffer from inconsistency in density and insulation properties due to manual
mixing and placement methods. This objective aims to systematically improve uniformity in the
mixture and optimize mechanical and hygrothermal characteristics (e.g., thermal conductivity,
moisture buffering, and compressive strength) so that HLC can rival or exceed the performance

of conventional insulation materials.

*To investigate the effect of impurities in the form of hemp fibres on the mechanical and
hygrothermal properties of HLC. This objective aims to evaluate how different proportions and
lengths of hemp fibres influence the performance of hemp-lime composites. Varying fibre ratios
can affect the density, internal structure, and bonding within the composite, which in turn impacts
compressive strength. Similarly, fibre length can alter the capillary structure and connectivity
within the material, potentially enhancing or hindering thermal insulation and moisture
regulation. The study will systematically assess the mechanical behaviour and hygrothermal
characteristics of HLC formulations with different fibre configurations to identify optimal

combinations for structural and hygrothermal performance.

*To investigate the effectiveness of producing low-carbon hydrated lime from different inorganic
(limestone) and organic (eggshells and mussel shells) CaCOs3 sources using electrolysis. This

objective focuses on replacing the conventional fossil-fuel-based lime production method with an
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electrically powered process. By applying controlled electrochemical reactions, the decarbonation
of calcium carbonate can be achieved with significantly reduced carbon emissions. The study
aims to test this method across multiple CaCOs sources, such as limestone and organic waste, to

ensure broad applicability and sustainability.

*To integrate the proposed production methods to produce carbon-negative HLC with good
mechanical and hygrothermal properties. All findings are combined into a unified production
approach aimed at delivering a high-performance, carbon-negative building material. Ultimately,
this work will demonstrate how synergy between low-emission lime production, optimized hemp
usage, and vibration-assisted compaction can meet or exceed both sustainability and building

performance benchmarks.

*To conduct a life cycle assessment (LCA) of the proposed lime production and HLC fabrication
processes in a wall assembly. This objective evaluates the environmental impact of the entire
production chain, including raw material sourcing, energy use during electrical decarbonation,
hemp processing, and composite fabrication. The LCA will measure carbon emissions, aiming to
validate the proposed system as a carbon-negative alternative to conventional insulation building

materials.

1.3. Scientific publications
The outcomes of this thesis, published in peer-reviewed journals and conference proceedings, are

as follows:



Journal papers:

I- Mahmood, O., Kavgic, M., & Noel, M. (2024). Hygrothermal and mechanical
characterization of novel hemp-lime composites with enhanced consistency. Construction

and Building Materials, 450, 138720. https://doi.org/10.1016/j.conbuildmat.2024.138720

2- Ramirez-Amaya, D., Mahmood, O., Noél, M., Kavgic, M., Martinez, N. P., Troncoso P.,
F., Gazzano, V., Dreyse, P., Canales, R., & Gonzalez, M. (2025). Assessing the Technical
Suitability of Precipitated Materials from the Electrochemical Decarbonation of
Limestones for Cement and Hydrated Lime Production: A Reproducibility Study
Performed in Canada and Chile. Journal of Materials in Civil Engineering, 37(9),

05025007 . https://doi.org/10.1061/IMCEE7.MTENG-19673

3- Mahmood, O.; Kavgic, M.; Noél, M. (2025). Electrochemical production of hydrated lime
from organic waste: A feasibility study. Journal of Materials in Civil Engineering.

https://doi.org/10.1061/JMCEE7.MTENG-21939

4- Mahmood, O., Kavgic, M., & Noel, M. Influence of Fibre Content and Length on the
Hygrothermal and Mechanical Performance of Hemp-Lime Composites. Energy and

Buildings (forwarded for review).

Conference papers:

1- Mahmood, O., Noél, M., & Kavgic, M. (2025). Physical and Mechanical Properties of
Innovative Lime-Pozzolanic Hempcrete Binder. In S. Desjardins, G. J Poitras, M. S.
Alam, & X. Sanchez-Castillo (Eds.), Proceedings of the Canadian Society for Civil
Engineering Annual Conference 2023, Volume 6 (pp. 67—75). Springer Nature

Switzerland. https://doi.org/10.1007/978-3-031-61507-8_6



https://doi.org/10.1016/j.conbuildmat.2024.138720
https://doi.org/10.1061/JMCEE7.MTENG-19673
https://doi.org/10.1061/JMCEE7.MTENG-21939
https://doi.org/10.1007/978-3-031-61507-8_6

1.4. Outline of The Thesis

The thesis is divided into nine chapters, structured in a paper-based format as follows:

Chapter 1 presents a general context and research objectives.

Chapter 2 surveys the current state of knowledge on hemp-lime composite systems, performance-
determining variables, sustainable lime production technologies such as electro-decarbonation,

and identifies the gaps this research aims to address.

Chapter 3 outlines the general methodological approach adopted in the study.

Chapter 4 examines the influence of reduced hemp shiv particle size, increased hemp content, and
the application of vibration techniques to standardize dry density on the mechanical, thermal, and
moisture buffering properties of hemp-lime composites. It details the material composition,
experimental methodology, and key findings. The content of this chapter is based on the journal
article “Hygrothermal and mechanical characterization of novel hemp-lime composites with

enhanced consistency” published in Construction and Building Materials.

Chapter 5 evaluates the role of hemp fibre content and length on key performance metrics of
hemp-lime composites, including thermal and hygric properties as well as compressive strength.
It includes an overview of the material mix designs, testing methods, and results. This chapter is
adapted from the article that has been submitted in Energy and Buildings, titled “Influence of Fiber
Content and Length on the Hygrothermal and Mechanical Performance of Hemp-Lime

1

Composites.’

Chapter 6 investigates the feasibility of applying the electro-decarbonation process to various
limestone feedstocks for lime production, and assesses the suitability of the resulting precipitates
as final hydrated lime products. It outlines the experimental setup, materials used, and key

9



findings. The chapter is based on the published article in the Journal of Materials in Civil
Engineering titled “Assessing the Technical Suitability of Precipitated Materials from the
Electrochemical Decarbonation of Limestones for Cement and Hydrated Lime Production — A

Reproducibility Study Performed in Canada and Chile.”

Chapter 7 evaluates the feasibility of producing hydrated lime from organic waste feedstocks—
eggshells and mussel shells—using electrochemical decarbonation of CaCO:s. The study considers
process efficiency, energy use, and product purity. Material preparation, methodology, and results
are detailed, based on the published article “Electrochemical Production of Hydrated Lime from

Organic Waste: A Feasibility Study” in the Journal of Materials in Civil Engineering.

Chapter 8 Examines the environmental performance of hemp-lime composites incorporating
electro-decarbonation-derived lime, highlighting reductions in embodied carbon and energy use
compared to conventional production methods. The chapter presents a comparative analysis of the
life-cycle environmental impacts of HLCs made with conventional versus electro-decarbonation-
derived lime, focusing on key indicators such as GHG emissions. In addition, the performance of
HLCs is benchmarked against conventional insulation materials (low-density glass wool),
providing a broader perspective on their relative environmental impacts. The study quantifies the
carbon sequestration potential of the composites, the net greenhouse gas savings, and the broader
sustainability implications of integrating this novel lime production method into HLC
manufacturing. The findings highlight the potential for electro-decarbonation to support the
development of truly carbon-negative construction materials and contribute meaningfully to
decarbonization in the building sector. It is based on a paper that will be submitted to Building and
Environment titled “The Sustainability of Hemp-Lime Composites in Construction: A Comparative

Life Cycle Analysis of External Wall.”
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In conclusion, Chapter 9 brings together the main insights from the research, acknowledges

existing limitations, and proposes areas for continued study.
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Chapter 2 : Literature Review

2.1. Introduction

This chapter briefly summarizes available literature and empirical research concerning HLC and
its constituents, with a specific emphasis on areas pertinent to the primary goals of this
investigation. This includes aspects such as manufacturing methods, hemp shivs particle size, and
hemp fibre content. Additionally, it will delve into literature related to the electrochemical
decarbonation process as an alternative manufacturing method for hydrated lime. The findings
from this review are anticipated to unveil research gaps requiring further investigation and

clarification.

2.2. Hemp-Lime Composites

Hemp-lime composites have emerged as a promising lightweight bio-composite material. This
material holds significant potential for enhancing energy efficiency, indoor environmental quality,
and overall sustainability of buildings [Lawrence, 2015]. Notably, HLC is regarded as a low-
carbon construction material due to the carbon sequestration properties of hemp, which
compensate for GHG emissions produced during lime production. The growth of hemp plants
facilitates CO> absorption, with the plant structure effectively integrating carbon within it
[Lawrence, 2015]. Lime also absorbs CO> throughout its service life through a process known as
carbonation. HLC is typically used as a non-load-bearing infill within structural frames in low-
and mid-rise buildings, where it enhances hygrothermal regulation and supports passive climate
control indoors [Collet & Pretot, 2014; Abdellatef et al., 2020]. It meets code compliance and
facilitates simpler timber-frame construction [Magwood, 2016]. Additionally, due to similar
thermal conductivity, HLCs and timber together help reduce thermal bridging [Stanwix & Sparrow,

2014; Jami et al., 2016].
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Figure 2.1 HLC walls surrounding a timber structure at different locations of the envelope [Kenneth & Miller,
2012].

Despite its potential, HLC remains underutilized in the construction sector, largely due to
inconsistencies in their formulations and the absence of standardized mixes using widely available,
locally sourced materials. For instance, in Canada, production costs and embodied energy can be

significantly higher than in Europe because of the reliance on imported components [Magwood,
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2016]. Advancing the use of innovative binders and deepening knowledge of hempcrete’s

performance are key to increasing its adoption.

2.3. HLC Manufacturing Methods

Manufacturing and casting methods are a crucial factor affecting HLC performance due to the
material's anisotropic behaviour, which may yield different mechanical and thermal properties
based on the direction in which the material is tested [Brzyski et al., 2021]. In real-world
applications, HLC are applied via spraying, casting on-site, or installing precast products (e.g.,
panels, blocks) [Williams et al., 2016]. Regardless of the method, the compaction level, the depth
of the layer, and the direction of compaction can significantly affect the distribution of density,
thermal conductivity, compressive and tensile strength, and capillary rise [Brzyski et al., 2021;
Williams et al., 2016; Nguyen et al., 2009]. Nguyen et al. [Nguyen et al., 2009] investigated the
effect of compaction on the mechanical and thermal properties of hemp-lime composites for
different densities ranging from 320 kg/m? to 810 kg/m?* and binder types. The study considered
four different parameters including initial density (684, 899, and 963 kg/m?), binder to hemp (B/H)
ratio (1.11, 2.15, and 3.48), water to binder ratio (0.55, 0.86, and 0.93), and three levels of
compaction (low, medium, and high). Samples were tested for thermal conductivity and
compressive strength. To evaluate the anisotropic properties of the HLC, samples were tested in
two directions: parallel (A1 and A4) and perpendicular (A2 and A3) to the compaction direction as
shown in Figure 2.2. The study showed that thermal conductivity was in the range of 0.071-0.185
W/m K and it has a linear relationship with density. The study also concluded that the thermal
conductivity tested perpendicular to compaction was 50% higher than those tested in a direction
parallel to compaction, Figure 2.3. This behaviour was attributed to the friction of the material

along the inner surface of the mold as shown in Figure 2.4-a. The study reported a variation in the
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HLC dry density with a coefficient of variation up to 14.89%. A variation in the dry density of the
samples cut from different heights was also noticed and the gradient of the density was very low
in the upper part and more significant at the lower part of the specimen as shown in Figure 2.4-b.
Finally, the study reported an improvement in the compressive strength of the HLC when the

compaction level was increased, ranging from 0.16 to 1.7 MPa.
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Figure 2.3 Comparison between vertical and horizontal thermal conductivity in the case of hemp concrete [Nguyen
et al., 2009].
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al., 2009].

Brzyski et al. [Brzyski et al., 2021] also studied the effect of compaction direction on hemp-lime
composites' thermal and mechanical properties for two different hemp shiv sizes averaging 2.7
mm and 8.4 mm. Compaction was done by hand using a wooden compacter with a cross section
of 30 mm x 30 mm. The samples were first cast in a 250 mm x 250 mm x 600 mm mold to produce
an average dry density of 380 kg/m® and then specimens were cut to produce two sets of samples:

parallel and perpendicular to compaction direction as shown in Figure 2.5.

The study reported a variation in the thermal conductivity values for samples with parallel (0.094
and 0.087 W/m K) and perpendicular (0.105 and 0.101 W/m K) heat flow to the compaction
direction. The compressive strength for the 8.4 mm shivs was about 20% higher than the 2.7 mm
shivs. The stress-strain behaviour was also different for the 2.7 mm shivs from the 8.4 mm shivs,
characterized by a clear peak corresponding to the maximum destructive force as shown in Figure

2.6. Additionally, the water absorption coefficient in the parallel direction was reported to be 17.6%
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and 18.4% higher than the coefficient determined in the perpendicular direction for 2.7 and 8.4-

mm shivs, respectively.

250 mm compaction

e direction

.
VO e

Figure 2.5 The method of cutting out samples, (a) perpendicular L (b) parallel II [Brzyski et al., 2021].
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Figure 2.6 Stress-strain relationship, (a) 8.4 mm shivs , (b) 2.7 mm shivs [Brzyski et al., 2021].

Williams et al. [Williams et al., 2017] studied the effect of the casting process on the mechanical
and thermal properties of three hemp-lime layers, 25, 50, and 150 mm, and three compaction

levels, 30, 40, and 60% of volumetric decrease with two sets of tests, one parallel to compaction
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and one perpendicular to it. The study produced samples using B/H ratio of 2.25:1.0 to produce
samples with a dry density ranging between 304 to 379 kg/m>. The study showed that the layer
thickness did not significantly impact the HLC properties. In contrast, an increase in the
compaction level from 30 to 60% increased thermal conductivity by 16.5% and 8.4% for
perpendicular and parallel directions, respectively. The results also showed a linear relationship

between thermal conductivity and compaction level as shown in Figure 2.7.
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Figure 2.7 Thermal conductivity at (a) different compaction levels and (b) different layer thicknesses [Williams at
al., 2017].

Furthermore, Holcroft & Shea [Holcroft & Shea, 2015] investigated how different compaction
levels affect the moisture buffering capacity of HLC. Their study used a 1:1.65 H/B ratio creating
samples with densities ranging from 210 kg/m?® to 333 kg/m?. These densities were achieved by
compacting the samples with weights varying from 1 kg to 10 kg. The study found that the sample
with the lowest density (210 kg/m?) had the highest moisture buffering value (3.06 g/m2 RH). This
value decreased by just 6% when the density increased to 278 kg/m? but fell by 39% at the highest

333 kg/m? density.
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Figure 2.8 Relationship between dry density and moisture buffer value [Holcroft & Shea, 2015].

Additionally, Collet et al. evaluated the effect of the manufacturing method on the hygric behaviour
of HLC [Collet et al., 2013]. The study considered three types of HLC for wall construction, where
each type varied in composition and manufacturing technique: precast, sprayed on, and molded,
with average produced densities of 460, 430, and 430 kg/m?, respectively. The study showed that
the moisture buffering values were 1.94, 2.15, and 2.15 gm/m? RH, corresponding to precast,
sprayed-on, and molded samples. The study also indicated a negative correlation between HLC

density and moisture buffering value.
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Figure 2.9 Moisture uptake and release for the specimen and monitored relative humidity [Collet et al., 2013].

2.4. Hemp Shivs Size

Analogous to other bio-based construction materials with high porosity, HLC are known to be
sensitive to the properties of natural lignocellulosic constituencies (shiv/hurd) which affect their
performance [Sdez-Pérez et al., 2020; Niyigena et al., 2016]. In this respect, hemp shiv exhibits
highly variable granulations and sizes depending on the decortication process and the industrial
hemp variety [Brzyski et al., 2020]. Simultaneously, the distribution of hemp shiv particle sizes
has a crucial effect on the hygrothermal and mechanical properties of the resulting composite
[Bourdot et al., 2017]. Several studies have investigated the impact of shiv particle size on the
hygrothermal and mechanical properties of hemp-lime composites. While they all reported the
relevance of this impact, their findings may seem discrepant. For example, Bourdot et al. [Bourdot
et al., 2017] evaluated hygrothermal and mechanical properties of lightweight (126-143 kg/m?)
hemp composites made of two shiv sizes (0-5 mm and 0-20 mm) using two proportions with 0-20

mm particles as dominant share (15%-85% and 30%-70%), as shown in Figure 2.10.
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The findings showed a 10.5% increase in compressive strength and an 11.5% decrease in thermal
conductivity when the fine particles (0-5 mm) ratio increased from 15% to 30%. In contrast, shiv
size had a lesser impact on the specific heat and moisture buffer capacities of the HLC and shiv

geometry did not significantly affect the other properties.

Figure 2.10 Photographs of (a) 0-5 mm hemp shive and (b) 0-20 mm hemp shive [Bourdot et al., 2017].

Brzyski et al. [Brzyski et al., 2020] investigated the impact of two hemp shiv sizes with an average
length of 2.74 mm (FHS) and 8.4 mm (THS), as shown in Figure 2.11, on the mechanical and
hygrothermal behaviour of HLC with an average density of 382 kg/m? and 377 kg/m?, respectively.
The results suggest that the samples with 8.4 mm shiv exhibited a higher compressive strength of
around 0.51 MPa than those with 2.74 mm particles, which had a compressive strength of
approximately 0.40 MPa. Additionally, samples made with larger shivs had higher capillary uptake
of 8.82 kg/m? h"? compared to 7.27 kg/m? h"? for small shivs. On the other hand, small size shivs

had an average thermal conductivity of 0.105 while the large shivs where 0.099 W/m K.
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(a) (b)

Figure 2.11 Hemp shives used in the investigation: (a) fine shives and (b) thick shives [Brzyski et al., 2020].
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Figure 2.12 Stress—strain relationship: (a) all samples and (b) average values [Brzyski et al., 2020].
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Figure 2.13 Capillary uptake of tested composites [Brzyski et al., 2020] .
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Another study by Arnaud & Gourlay [Arnaud & Gourlay, 2012] explored the effect of using hemp
shivs of 3.1 mm, 7.6 mm, and 8.9 mm, conforming to dry densities of 390 kg/m?, 400 kg/m?, and
430 kg/m?, respectively, on the mechanical properties of hemp-lime composites. This study
concluded that large shivs showed a higher compressive strength when tested at 28 days by about
52.4% compared with small shivs. However, the study also concluded that the samples with a
smaller shiv size produced higher strength by 30.5% to 50% than those with larger and medium-

sized shivs after 4 months, respectively, as fine shivs were better wrapped with binder particles.

Figure 2.14 Hemp shiv in bulk [Arnaud & Gourlay, 2012].
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Figure 2.15 Compressive strength tests for increasing ages on hemp concretes based on different shiv [Arnaud &
Gourlay, 2012] .
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Stevulova et al. [Stevulova et al., 2012] studied the mechanical and thermal properties of hemp-
lime composites using three different shiv sizes of 7.3 mm, 27.7 mm, and 33.7 mm, corresponding
to 1,150 kg/m?, 1,070 kg/m?, and 1,040 kg/m?® densities. While their study concluded an increase
in compressive strength from 2.73 MPa to 5.20 MPa when particle size reduced from 33.7 mm to

7.3 mm, thermal conductivity values were around 0.11 W/m K regardless of the particle size.

2.5. Hemp Fibre Content

The stem of the hemp plant consists of two primary components: the outer layer, which contains
the hemp fibres, and the inner woody core, known as hemp shivs. Hemp fibres, characterized by
their high porosity and low density, are commonly used as insulation materials, with thermal
conductivity values ranging from 0.040 to 0.076 W/m-K [Chen et al., 2014]. However, separating
these fibres from the shivs is a complex, costly, and energy-intensive process. The efficiency and
quality of separation can vary significantly depending on the decortication equipment and
techniques employed [de Bruijn et al., 2009]. Additionally, the economic viability of fibre
production depends heavily on the existence of a stable and profitable market. Due to a lack of
standard specifications and test methods to determine hemp shiv purity and fibre content, limited
research has been conducted to evaluate the effect of the fibre content ratio in the shiv on the

produced HLC properties.

de Bruijn et al. [de Bruijn et al., 2009] determined the mechanical properties of HLC made of a
lime binder and the entire fragmented hemp stalk with 1:3 B/H volumetric ratio producing HLC
with dry density ranging between 587-733 kg/m>. The composition of the hemp was 35% fibres,
61% shivs, and 4% dust. However, it is worth mentioning that no standard or methodology was
reported to determine the fibre content in the hemp shives. The study concluded that the

compressive strength ranged from 0.15-0.83 MPa, tensile strength from 0.021-0.111 MPa, and
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0.15 kg/m? S” water sorption coefficient. The study concluded that no clear difference was
observed in terms of mechanical behaviour between samples containing fibres and samples with

pure shivs reported from previous literature.

Similarly, Nguyen [Nguyen, 2014] investigated the effect of hemp fibre, along with other factors,
on the compressive strength and the thermal conductivity of HLC. However, the study did not
report the fibre content in the hemp shives. Three hemp-to-binder mass ratios were used, 1:1.11,
1:2.15, and 1:3.48, to produce samples at different densities ranging from 440-730 kg/m>. No
significant difference was reported as samples with pure shiv had a compressive strength ranging
between 0.96-2.97 MPa, while samples containing hemp fibre had a compressive strength between
0.95-3.10 MPa. Additionally, samples incorporating hemp fibres exhibited thermal conductivities
between 0.066 and 0.099 W/m-K, demonstrating lower values compared to those composed solely

of hemp shives.

(b) (c)

Figure 2.16 The aggregates studied a) Hemp stem, b) Pure hemp shiv , ¢) Fibred hemp shiv [Nguyen, 2014] .
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Another study by Nguyen et al. [Nguyen et al., 2009] assessed the influence of compactness and
hemp shiv characteristics on the mechanical performance of HLC, comparing pure hurd chips with
a finer mixture of chips and fibres across lime-to-binder ratios of 1.11-2.32. Contrary to previous
studies, the results indicated that samples containing hemp fibres exhibited lower compressive
strength compared to those containing only pure hemp shives. Specifically, fibre-reinforced HLC
samples displayed reductions in compressive strength ranging from 25.12% to 44.44%,
accompanied by an elastic modulus approximately 2.5 times lower. Additionally, these samples
exhibited substantial deformation (exceeding 50%) without failure. The observed behaviour was
attributed to the inherent tensile strength of hemp fibres (~800 MPa) combined with their smooth

surface texture, resulting in reduced shear resistance at the binder-fibre interface.

2.6. Electrochemical Decarbonation Process

Another important constituent of HLC is the binder, which is responsible for creating a connective
matrix between the hemp shivs. The mechanical and thermal properties of the composite are
strongly dependent on the B/H ratio. When using high binder content in the mix, the hemp particles
are enclosed by a continuous binder matrix and the HLC will possess good compressive strength
and high thermal conductivity. Conversely, when low binder content is used, the HLC will have a
low thermal conductivity close to that of pure hemp and marginal strength. Between those two
extremes, the HLC properties are transitional between the hemp and binder properties [Walker &
Pavia, 2010]. Therefore, based on the application of the HLC with regard to thermal insulation and

strength, a tradeoff between the hemp and binder content in the mix will be adopted.

The literature review shows that HLC can be made with a broad range of binders in varying relative
proportions. Hydrated lime has been the most used binder in plant-based building materials. The

use of hydrated lime in the formulation offers several advantages. First, it has a high pH, making
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it suitable for preventing biological corrosion development when used with organic materials
[Brzyski et al., 2020]. Second, lime's large surface area due to its fine particle size and ability to
regulate the pH levels within the mixture [Walker & Pavia, 2010] promotes optimal conditions for
forming stable mineral bonds between hemp shiv and lime, thus enhancing the resulting material's
cohesion and strength. Third, it aids in carbonation, whereby carbon dioxide from the atmosphere
reacts with lime during curing, forming calcium carbonate and effectively sequestering carbon,
enhancing the material's sustainability and durability. Nevertheless, because hydrated lime gains
strength through slow carbonation progress, the binder formulation can be enriched using different
pozzolanic and cementitious materials such as metakaolin, fly ash, natural pozzolans, and slag.
These materials are used due to their fast setting, high reactivity, and lower embodied energy to

reduce CO; emissions [Abdellatef et al., 2020; Walker & Pavia 2010].

Hydrated lime (Ca(OH).) is produced from limestone after being crushed, milled, and sieved until
the desired grain size is achieved. The next stage after limestone preparation is the decomposition
of calcium carbonate into calcium oxide (quicklime) and carbon dioxide under high temperature
in a process called calcination [Stork et al., 2014]. Then quicklime is carefully mixed with water
(approximately 1% of quicklime) to yield hydrated lime. Equations 2.1-2.2 [Laveglia et al., 2022]

describe the calcination reaction and the hydration reaction:

heat (2'1)
CaCO3(S) + Heat — COZ(g) + CaOs)
CaO(s) + HZO(I) il Ca(OH)z(S) (22)

Several strategies have been considered to address the emissions resulting from the calcination
process such as carbon capture and storage technologies (e.g., amine scrubbing) [Costa & Ribeiro,

2020], or alternative raw materials other than limestone (e.g., construction and demolition wastes)
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[Costa & Ribeiro, 2020; Abdul-Wahab et al., 2020]. However, those strategies have several barriers
for their widespread adoption (e.g., cost-effectiveness, performance, policy, and availability issues)
[Benhelal et al., 2021]. In 2020, Ellis et al. [Ellis et al., 2020] reported a promising method to
directly target the CO> emission related to limestone calcination through electrochemical
decarbonation (ED) of CaCOs. ED employs a water electrolysis cell to decompose CaCO3 at room
temperature and precipitate Ca(OH)> while emitting two gas streams: hydrogen, and a mixture of
oxygen and CO: in suitable concentrations to favour the implementation of carbon capture and
storage technologies as shown in Figure 2.17. While the conventional limestone calcination
process emits COz at a concentration of about 25% alongside dust and other gases like NOx and
SOx [Micari et al., 2021], which can interfere with the effectiveness of carbon capture and storage
technologies [Kenneth & Miller, 2012], the ED process stands out for its significantly higher CO-
concentration of around 67% [Barker et al., 2009]. This elevated concentration offers advantages
in reducing the energy penalty associated with CCS implementation and enhancing overall
efficiency. Additionally, the green hydrogen (H:) produced in the cathode chamber of the
electrolysis cell presents a valuable energy source with diverse industrial applications, including
potential use in providing heat and electricity for the production process. The ED cell's deposited
material (DM) comprised mainly of Ca(OH)> can be considered as an alternative source of

hydrated lime as shown in Equation 2.3 [Ramirez-Amaya et al., 2023].

ED
2CaC03, + 4H,0(y = 2Ca(OH); ) + 2Hp o) + 05,y + 2C02 (2.3)

Ellis et al. [Ellis et al., 2020] showed that the DMs obtained from ED of a high-purity (>99.0%)
CaCOs can serve as an intermediate material for the synthesis of Alite (Ca3Si0Oz), the primary
hydraulic clinker phase crucial for cement performance [Mehta & Monteiro, 2006]. Several

laboratory H-cell reactors were assembled, featuring platinum electrodes as depicted in Figure
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2.18. These reactors utilized an electrolyte comprising 1 M NaNOs in distilled water, supplemented
with a few drops of universal pH indicator. Within the anode chamber, CaCO3 powder was
introduced, with a porous separator separating the chambers. The cells operated under
potentiostatic conditions, maintaining a cell voltage of 2.5 V for about 12 hours. X-ray diffraction
(XRD) analysis confirmed that the precipitate material primarily consisted of Ca(OH)., with about
6% presence of CaCOj3 and Brunauer—-Emmett—Teller (BET) analysis showed that the precipitate

has a specific surface area of 0.8 m*/g.
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Figure 2.17 Schematic of electrolyzer-based decarbonation cell [Ramirez-Amaya et al., 2023].
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Figure 2.18 Time-lapse images of decarbonation H-cells [Ellis et al., 2020].

Another study by Ramirez-Amaya et al. [Ramirez-Amaya et al., 2023] conducted ED on three
different limestone sources -84, L-74, and L-68 (with CaCO3 content of 84, 74, and 68%) and
compared the ED efficiency, CaO recovery, and energy consumption during the electrolysis. H-
cell reactors as shown in Figure 2.19 were used to perform the ED using 1M NaNOs in distilled
water as the electrolytic solution. In each ED test, a sample of 0.70 + 0.01 g of powder material
from the CaCOj3 source was introduced in the anode chamber, then a constant direct current with
a voltage of 9.0 V was applied for a continuous cycle of 5 hours. The study concluded that the
efficiency and the energy consumption of the ED were (20, 18.5, and 25%) and (19.95, 22.5, and
22.5 kJ/gm) for the limestone samples L-84, L74, and L-68, respectively. It also concluded that
although limestone is largely composed of two carbonate minerals, calcite (CaCO3) and dolomite
(CaMg(CO3)2), most natural limestone sources are not pure carbonates and include other

components that can affect the performance of the ED process.
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Figure 2.19 H-cell reactor used to conduct the ED process 3 [Ramirez-Amaya et al., 2023].

In another study, Martinez et al. [Martinez et al., 2024] detailed the development of an affordable
electrochemical reactor and the optimization parameters necessary for producing high-purity DMs.
The parameters studied in this work were: concentration of supporting electrolyte (i.e., NaNOs3,
1.0 M and 3.0 M), working potential (i.e., 9.0 and 12.0 V), mass of high purity CaCOs3 or limestone
(i.e., 8.0 and 16.0 g) and time of electrolysis (i.e., 16 and 23 h). The research concluded that a
DMs purity of approximately 95% could be attained by utilizing specific conditions of 23 hours

for operation time, 9V for applied potential, and 3M for electrolyte concentration.

Another promising approach to reduce the environmental impact of hydrated lime production
involves using alternative raw materials and by-products as feedstock. An increasing world
population, urbanization, and income engender higher food production [Consoli et al., 2020].
Poultry is an example of a fast-growing industry worldwide for meat and eggs. Even though China

dominates the world's egg market, Canada's egg industry is dynamic, constantly increasing annual
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production rates [FAO, 2013]. Additionally, in Canada, mussel shells are the primary type of
farmed shellfish, accounting for 14% of the total volume [Government of Canada, 2016]. While
an increasing market is economically appealing, growing food production induces higher waste,
where the waste management system is not necessarily optimized. Consequently, landfills are the
most common option for eggs or mussels' wastes, potentially causing environmental and health
issues [Eziefula et al., 2018; Kamkum et al., 2015; Kanani et al., 2020; Mo et al., 2018; Waheed et
al., 2020]. A solution to reduce landfills and decrease lime's carbon footprint is valorizing the food
industry by-products. Eggshells, which account for around 10% of the egg's total weight, are
mainly comprised of CaCOs [Hincke et al., 2011]. Literature reviews on eggshell valorization
present various uses, such as food supplements for animals and humans, medicine, agriculture,
water and soil decontamination, or a catalyst for bioethanol production [Waheed et al., 2020; Hart,
2020; Oliveira, et al., 2013]. Because of their high CaCOs content, several studies have explored
using eggshells in lime, cement, and concrete production as partial replacement, filler, or
aggregates [Chong et al., 2020; Hamada et al., 2020]. In their investigation, Consoli and colleagues
[Consoli et al., 2020] analyzed the feasibility of deriving quicklime and hydrated lime from
eggshell by-products for soil stabilization. The production process involved the calcination of
eggshells at 1,000°C. The study demonstrated that both lime variants exhibited excellent physical,
mineralogical, and chemical attributes, making them viable alternatives to traditional pozzolanic
materials for soil stabilization. Another study by Ferraz et. al. [Ferraz et al., 2018] investigated the
use of chicken eggshell waste as an alternative source for producing calcitic lime. The eggshells,
collected from an industrial supplier, were analyzed for their mineralogical, chemical, and thermal
properties, then calcined at 1000 °C. The resulting calcium oxide was tested for reactivity in wet

slaking and compared to that produced from commercial limestone. Both materials fell under the
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highest reactivity class, but eggshell-derived lime showed slower reaction times due to larger,
smoother particles and lower specific surface area. The study also assessed the industrial,
environmental, and economic feasibility of this approach, concluding that eggshell waste could
potentially replace up to 2.6% of limestone use in a Portuguese lime factory, contributing to waste
valorization and resource sustainability. Similarly to eggshells, seashells are excellent sources of
CaCQOs, typically containing 95-97% of this compound. This high calcium carbonate content
makes them valuable for various applications [Buasri et al., 2013; Her et al., 2021]. Buasri et al.
[[Buasri et al., 2013] explored the utilization of mussel, cockle, and scallop shells to produce CaO
catalysts intended for biodiesel production. The catalysts were prepared through calcination at
temperatures of 700 to 1,000°C for 4 hours. The study demonstrated that the CaO catalysts derived
from these shell wastes exhibited notable reusability and possessed significant potential for

catalyzing the transesterification of palm oil with methanol in biodiesel synthesis.

2.7. Research Gaps

In the last decade, many studies have been conducted to understand hemp-lime composites’
properties and performance. While hemp-lime composites demonstrate promising properties such
as thermal insulation and carbon sequestration, they face several notable gaps that warrant further
investigation. As a result of the review of literature the following gaps in research have been

identified:

e Research into HLC has progressed significantly over the past decade. However, several critical
areas remain underexplored and require further investigation. These include: 1) enhancing the
consistency of produced HLC, as current practices yield significant variability in densities. This
variability introduces fluctuations and uncertainties in HLC performance, given the strong

correlation between density and mechanical as well as hydrothermal properties. i) Limited
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research has addressed the identification and comprehensive understanding of how impurities in
hemp shivs, specifically in the form of hemp fibres, influence HLC properties. Understanding
this impact could lead to cost reductions, lower environmental impact associated with hemp shiv
production, and potentially eliminate the need for fibre separation processes, allowing for the
utilization of the entire fragmented hemp stalk.

e While the ED method holds promise for reducing carbon emissions in hydrated lime production,
several gaps remain to be addressed for assessing its viability as a large-scale industrial process.
Firstly, previous studies have mainly focused on the potential use of the ED process as an
intermediate step within the chain of cement production. No studies have specifically focused
on the chemical and physical suitability of precipitated materials obtained from the ED process
as a final hydrated lime product. Furthermore, the potential use of alternative local sources of
CaCOs (mineral and organic) feedstock for hydrated lime production has not been explored,
which could potentially transform certain forms of organic waste into valuable resources for the
construction industry. Addressing this research gap requires conducting comprehensive
experiments to assess key process variables, such as lime yield, secondary products, and energy
consumption. Bridging these research gaps will be instrumental in realizing the full potential of
electrochemical decarbonation as a sustainable alternative to conventional lime production

methods.
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Chapter 3 : Research Methodology

3.1. Research Method Overview

To Figure 3.1 depicts the overall approach used, broken down into three phases: (1) production of
HLC with improved consistency and performance, (2) producing hydrated lime binder through
electrolysis, and (3) technical and environmental assessment of carbon-negative HLC in a wall
assembly. Further explanation of each phase appears in the upcoming pages with additional details

covered in later chapters.
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Figure 3.1 Schematic view for the research methodology.

3.2. Phase 1- Production of HLC with Improved Consistency and Performance

3.2.1. Hemp

The hemp shivs used in this study were provided by a local Canadian producer located in Alberta
(Terrafibre). Two main groups of hemp shivs were considered in this study. The first group (G1)

includes four types of hemp shivs with different particle size fractions as shown in Figure 3.2. The
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first type was the received (R) shiv, while other types were reduced in size to various degrees:
coarse-size (C), medium-size (M), and fine-size (F), produced by grinding the received shivs using
an industrial grinder (JTANGL Electric Grain Grinder Mill, 3000 W) with particle sizes (Doo) of

4.52,1.33,0.96, and 0.72 mm, respectively.

The second group (G2) consists of hemp shives and fibres. The hemp shivs were milled to 0.73
mm using an industrial grinder to improve the consistency and performance of the produced HLC.
Subsequently, two types of fibres were created: fine fibres (1.15 mm) produced using an industrial
grinder and long fibres (6, 12, 25 mm + 0.5 mm) produced by manual cutting, as illustrated in
Figure 3.3. Lastly, hemp samples with different fibre ratios were produced by adding the cut fibres
to the hemp shivs to achieve the desired mass ratios (10, 20, and 40%). A more detailed description

of the materials will be provided in the chapters that follow.

10 mm

Figure 3.2 Hemp shivs (G1) that were used in this study.
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Figure 3.3 Hemp shivs and fibres (G2) in this study.

3.2.2. Characterization Techniques

Various approaches have been employed in the literature to characterize hemp shiv and fibre
[Niyigena et al., 2018]. A laboratory investigation by Amziane and Collet [Amziane and Collet,
2017] on establishing characterization methods for hemp demonstrated strong repeatability.
Consequently, this study adhered to the prescribed protocols [Amziane and Collet, 2017] for

assessing density, water absorption, particle size distribution, fibre content, and moisture content.

e Bulk Density

The bulk density was determined using the following procedure. Firstly, enough material was
selected to fill out at least half of the cylindrical mold expected to be used to measure the bulk
density. Secondly, the material was oven-dried at 60 °C using a convection oven fitted with an
extraction fan to remove the humidity until a constant mass was achieved when the variation
between two consecutive readings at 24 h was less than 0.1%. Then, the sample was placed in a
sealed plastic bag until it reached room temperature. Then, the hemp sample was placed in the
cylindrical mold to reach half of the volume of the cylinder. After that, the cylinder was upended

ten times and shaken to achieve a horizontal surface. The following step included marking the
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level of the sample in the cylinder and then removing the sample from the mold to determine the
mass of the sample. Finally, the occupied volume was determined by filling the mold with water
up to the previously marked level and measuring the weight of the water. The test was repeated
three times with three different samples. The bulk density was calculated using Equation (3.1)

[Amziane and Collet, 2017]:

p=M/V (3.1)

Where p is the bulk density, M is the mass of the shiv, and V is the sample volume.

e Moisture Content

The following procedure was followed to determine the initial moisture content in the hemp
sample. A sample of 200 g was selected. Subsequently, the sample was oven-dried at 60 °C until a
constant mass was achieved when the variation between two consecutive readings at 24 h was less
than 0.1%, and the dry mass of the sample was determined. The test was repeated three times with
three different samples. The bulk density was calculated using Equation (3.2) [Amziane and Collet,

2017]:

W =100 X (my —my)/my (3.2)

Where W is the initial water content, my is the initial mass of the sample, and m, is the dry mass

of the sample.

e Water Absorption
The following procedure is used to assess water absorption in the hemp. Initially, a 25 g hemp
sample was selected. Then, the sample underwent oven-drying at 60 °C until reaching a consistent

mass, indicated by a variation of less than 0.1% between two consecutive readings taken 24 hours

45



apart, and their dry mass was measured. Subsequently, the sample was submerged in a plastic pail
filled with water for 1 minute. After that, the water in the pail was drained, the sample was placed
in a "salad spinner" and turned 100 times at a rate of 2 rotations per second. Finally, the weight of
the spun sample was determined. The same steps were repeated using another 25 g of sample but
with different immersion times of 15, 240, and 2,880 minutes. The test was repeated 3 times with
3 different samples of shivs. The absorption (water content) value using Equation (3.2) was
determined each time. The initial rate of absorption, measured at 1 minute, and (K1) representing
the absorption curve's slope as a logarithmic time function was determined. The water absorption

at any given time (W;) was calculated using Equation (3.3) [Amziane and Collet, 2017]:

Where W, is the water absorption at any given time, IRA is the initial rate of absorption, and K; is

the slope of the absorption curve.

¢ Fibre Content

It is essential to report the purity level of the hemp shiv used to produce HLC because hemp fibre
content can affect the properties and performance of the HLC. To the authors' knowledge, no
standards exist that directly report how to measure the fibre content in the hemp shiv; therefore, a
new methodology was developed based on the flotation technique, as it is widely used in industries
where materials can be separated through density differences caused by the difference in
absorption rate between hemp shiv and fibres. The methodology's effectiveness in determining
fibre content was assessed through previous testing using hemp shiv samples with different fibre

contents ranging from 2-44%, and the results were crosschecked using a handpicking method
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where fibres were separated manually from the shiv. The proposed method predicted fibre content

within +5% of the results obtained from the handpicking method (see Appendix A).

A 10 g hemp shiv sample was selected to determine the fibre content. Then, the sample was oven-
dried at 60°C until a constant mass was achieved when the variation between two consecutive
readings at 24 h was less than 0.1%, and the dry mass was measured. After that, the sample was
ground to achieve the desired length (2-5 mm). This step can be skipped if the particle size matches
the desired length. Subsequently, the sample was entirely submerged in a plastic pail containing 3
liters of water at room temperature. The sample was then stirred for 5 minutes using a magnetic
stirrer at medium speed (750 RPM) and left to settle for another 10 minutes. The floating hemp
shiv particles were then removed using a fine mesh strainer. The remaining part of the sample in
the pail was sieved through sieve No. 200 (75 pum), and what was left on the sieve was placed in a
container and transferred to a drying oven at 60°C until a constant mass was achieved when the
variation between two consecutive readings at 24 h was less than 0.1%, and the dry mass of the

fibres was measured. The fibre content was calculated using Equation (3.4):

f, = 100 x m;/my (3.4)

Where f; is the fibre content, my is the dry mass of the fibres, and m, is the dry mass of the

sample.

¢ Particle Size Distribution

The particle size distribution was obtained using a combination of two approaches. An image
analysis method was used to determine the diameter of large shivs as well as fibre length [Nozahic,
2012]. The analysis procedure was conducted on 5 g samples using image analysis software

Imagel [Igathinathane et al., 2009], with outputs being the fibre length and Feret's diameter (i.e.,
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the diameter of the smallest circle that confines the shiv particle outline). Meanwhile, the particle
size distribution of small shivs was determined using a combination of mechanical sieving for
particles bigger than 0.3 mm and laser diffraction for particles less than 0.3 mm, as there was a

limitation on detecting the larger particle sizes with laser diffraction apparatus.

3.2.3. Binder Mix Design

Before preparing the HLC samples, a pilot study [Mahmood et al., 2023] was carried out to
examine the effects of incorporating by-products and locally available pozzolanic and cementitious
materials at various replacement ratios and different water-to-binder ratios on the physical and
mechanical properties of the lime binder. The results indicated that a binder containing 20% slag
and a 100% water-to-binder ratio exhibited the best mechanical performance compared to the other
mixtures. Therefore, the binder mix design was fixed in this study and was comprised of hydrated
lime, in compliance with the ASTM C207-18 [ASTM C207, 2018] standards, at an 80% ratio, and
slag, in compliance with ASTM C989/C989M-18a [ASTM C989/C989M, 2018], at a 20% ratio
of the total binder weight. Table 3.1 summarizes their chemical composition and physical

properties.

The use of hydrated lime in the formulation offered several advantages. First, hydrated lime has a
high pH level, making it suitable for preventing biological corrosion when used with organic
materials [Brzyski et al., 2020]. Second, lime's large surface area (see Table 3.1) due to its fine
particle size and ability to regulate the pH levels within the mixture [Walker & Pavia, 2010]
promoted optimal conditions for forming stable mineral bonds between hemp shiv and lime, thus
enhancing the resulting material's cohesion and strength. Third, hydrated lime aids in carbonation,
whereby carbon dioxide from the atmosphere reacts with lime during curing, forming calcium

carbonate and effectively sequestering carbon, enhancing the material's sustainability and
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durability. Nevertheless, because hydrated lime gains strength through slow carbonation progress,
the binder formulation was enriched with slag, a by-product of metal smelting processes, and a
cementitious material that provides early strength and moisture resistance [Walker & Pavia, 2010;
Asghari and Memari, 2024]. The addition of slag offered the following benefits. First, high silica
content in slag improved cohesion within the hemp-lime matrix, resulting in increased compressive
strength and reduced brittleness. Additionally, using slag in HLC increased sustainability by
diverting industrial waste from landfills and reducing the environmental footprint associated with

traditional construction materials.

Table 3-1 The chemical composition and physical properties of hydrated lime and slag.

Chemical composition

. Mass % Physical properties
Material Specifi Surh
CaO Na0 MgO ALO; Si0, P0s K,O TiO, Fe,05 “PEe urtace
gravity area g/m’
H}i?;f;ed 67.56  0.05 0.42 0.04 0.75 0.02 003 0.02 0.11 2.39 13.72
Slag 37.82 037 11.82 1020 36.80 0.00 049 143 043 2.74 1.63

3.2.4. Composition and Preparation of Hemp-Lime Specimens

This study aimed to produce hemp-lime composites with consistent performance, high thermal
resistance, and a minimized environmental impact, suitable for sustainable buildings exposed to
cold climates. This aim was achieved by (i) maximizing the share of hemp shiv using binder-to-
hemp (B/H) ratios of 1:1, 1:1.5, and 1:2.4, (i1) producing lightweight samples with dry densities
of 140 kg/m?, 170 kg/m?, and 200 kg/m?, and (iii) using a mechanical process to manufacture

uniform samples with consistent dry density.

The preparation of the samples included placing the hemp shiv in a plastic pail and adding the
binder mix composed of hydrated lime and slag. A hand-operated drill mixer was used for the dry

components for 3-4 minutes until a homogenous mixture was achieved. Water was then added to
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the dry components, and further hand-operated mixing was applied for another 10 minutes to
ensure that the moistened binder encapsulated all shiv particles. Fine hemp particles allowed easier
mix preparation and more uniform samples than the received hemp shiv product. Considering the
lack of standards to measure the workability of hemp-lime composites, a "test ball" procedure was
followed where the mixture was stuck together in hand, forming a ball without excess water, as
shown in Figure 3.4-b. Since most previous studies that manually produced hemp-lime samples
reported significant variations in the density [Williams et al., 2017; Abdellatef et al., 2020], the
vibration technique was chosen to ensure consistent properties of the HLC samples. Hence, when
a desired mixture was obtained, the molds were filled, placed on a vibration table, and vibrated for
30 seconds using 60 Hz frequency to achieve the targeted wet density, as shown in Figure 3.4-a. It
is important to note that a preliminary study was conducted to determine the maximum density
that could be achieved using vibration before stratification occurs. Our composite was intentionally
designed to be lightweight and highly bio-based, prioritizing thermal performance, sustainability,
and workability rather than mechanical strength. In this respect, depending on the B/H ratio, the
maximum target dry densities achieved by vibration were 200 kg/m?, 170 kg/m?, and 140 kg/m?
for 1:1, 1:1.5, and 1:2.4, respectively. The decrease in dry density corresponds to the increase in

the share of hemp shiv with consistent vibration technique applied to all samples.

Two mold shapes were utilized to assess the hemp-lime samples' hygrothermal and mechanical
properties. In this respect, 160 mm (width) x 160 mm (length) x 80 mm (height) samples were
used to measure the thermal conductivity, specific heat capacity, thermal diffusivity, and moisture
buffering potential. Additionally, cubic samples (100 mm x 100 mm x 100 mm) were used to
measure the compressive strength. As fresh hemp-lime composites have marginal strength, the

mold size can affect the de-molding process, as samples might collapse while being removed from
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the mold. Therefore, samples cast for compressive strength were de-molded immediately, whereas

other larger samples for hygrothermal tests were de-molded after 48 hours.

Samples were placed in a curing chamber for 28 days under 70% RH and 22+1 °C temperature
until testing. Samples intended for thermal conductivity, specific heat, thermal diffusivity, and
moisture buffering value analysis were oven-dried at 65-80 °C until a constant weight was
achieved. In contrast, samples tested for compressive strength were tested directly after removal
from the curing chamber. Previous studies reported that the direction of casting and compaction
affect the thermal and mechanical properties of the hemp-lime composites [Williams et al., 2017;
Nguyen et al., 2009]. In this study, all mixes were initially cast in a direction perpendicular to heat
flow (i.e., vertically). Selected HLC mixes were also cast in a parallel direction (i.e., horizontally)
to investigate the effect of casting direction on the thermal properties, and the results were
compared with the corresponding mixes cast in the perpendicular direction, as shown in Figure

3.4-a.

Figure 3.4 The molds filled with HLC were placed on the vibration table (a) to produce the samples and the test ball
method (b).
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3.2.5. Experimental Tests

¢ Physical and Mechanical Properties Tests

The apparent dry and wet densities were determined due to a significant correlation between the
hemp-lime density and its mechanical and hygrothermal properties. Three cubic samples of each
mix were used to determine the apparent densities. Given the absence of specific standards
governing the measurement and calculation of compressive strength and stiffness in hemp-lime
composites, protocols outlined in BS EN 12390-1 [BS EN 12390, 2021] and BS EN 826:2013 [BS
EN 826, 2013], devised for concrete and thermal insulation materials in building applications were
adhered to for the preparation, testing of samples, determination of compressive strength, and
material stiffness [Walker et al., 2014]. The compressive strength was determined as an average
value of six samples for each mix and tested at 30 days using a hydraulic press machine MTS 103.
The load was applied in a displacement control manner at a rate of 2 mm/min, and the failure mode
was determined when the load-displacement curve reached the maximum value [Abdellatef et al.,

2020]. Figure 3.5 illustrates the compressive strength testing setup.
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Figure 3.5 Compressive strength testing setup.

e Thermal Conductivity

This test was performed on four samples for each hemp-lime mix using a FOX 304 Heat Flow
Meter Apparatus (HFMA) following ASTM C518 standard [ASTM C518, 2017] for both
perpendicular and parallel cast samples. The apparatus was first calibrated using NIST 1450b SRM
(Standard Reference Material of the National Institute of Standards and Technology) to convert
the voltage signals into heat flux. Then, the test was conducted using Fourier's law of heat
conduction by applying a steady one-dimensional heat flux through the sample by setting a
different but constant temperature for the upper and lower plates [Abdellatef et al., 2020]. For all
samples, the thermal conductivity was determined in oven-dry conditions at an average
temperature of 12.5 °C where the hot plate was 25°C and the cold plate was 0°C. For all samples,

a high thermal resistance material was placed surrounding the sample to fill up the gap between
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the chamber walls and the samples to ensure heat flowed through the sample in one direction, as

shown in Figure 3.6.

Cold Plate
Rubber Sheet Thermocouple

Insulation

!

Rubber Sheet

Hot Plate '\

Figure 3.6 Thermal conductivity setup using FOX 304 Heat Flow Meter.

e Specific Heat Capacity

The specific heat capacity of a material is its ability to store thermal energy [Tleoubaev &
Brzezinski, 2007]. The specific heat capacity was indirectly measured by first measuring the
volumetric specific heat using LaserComp FOX 304, as a new method was integrated into the
software to measure the volumetric specific heat directly. WinTherm32 software records all the
readings of the heat HFMA and calculates the time interval between the readings (typically ~1-1.3
seconds). Then, the software calculates the amount of the total heat per unit square absorbed by

both the sample and the instrument using Equation (3.5):

H = Z[SU(QUi - QUequil) + SL(QLi - QLequil)] T, (3-5)

Where Sy and S}, are upper and lower calibration factors, QU; and QL; are the HMFAs readings,

and QUgqyy and QLegyy are the final equilibrium values of the HFMA signals, which are

subtracted to eliminate drift of the sum due to edge heat losses (or gains), and 7 is the time interval
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between the readings. Then, the software calculates volumetric specific heat value as the amount
of heat (per unit of square area and degree °C) absorbed by the sample, divided by the sample's
thickness as shown in Equation (3.6) [Tleoubaev & Brzezinski, 2007; 35. Carslaw &  Jaeger,

1959; Flynn & Gorthala, 1997; Tikhonov & Samarskii, 1963]:

Cpp = [Htotal/(AT - HHFMS)]/L’ (3.6)

Where G, ,is the volumetric specific heat, Hioq; 1 the total heat absorbed, AT is the temperature

change, Hy s 1s the heat absorbed by the heat flow meter, and L is the sample thickness. Finally,

the specific heat capacity was manually calculated using Equation (3.7):
Cp = Cpp/p, (3.7)
Where C,is the specific heat capacity, and p is density.

e Thermal Diffusivity

This property indicates how fast the material temperature would change when subjected to heating
or cooling loads, where the higher the thermal diffusivity, the faster the material would heat or cool
and vice versa. Therefore, it is imperative to characterize this property, especially when
considering the unsteady state of the heat transfer environment [Abdellatef et al., 2020]. Thermal

diffusivity can be determined using Equation (3.8):

a=k/(p.Cp), (3.8)

Where « is the thermal diffusivity and k is the thermal conductivity.
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e Moisture Buffering Value

Since the hygroscopic behaviour of materials subjected to a dynamic humid environment is more
realistic than a steady state condition, the Nordtest project introduced an experimental procedure
to estimate the moisture buffering behaviour of hygroscopic materials using a universal coefficient
known as Moisture Buffer Value (MBV) [Rode et al., 2005]. This coefficient indicates the quantity
of water transferred in or out of a material per open surface area in a defined time interval when
subjected to varying humidity loading conditions. Under Nordtest, the tested material is subjected
to at least three consecutive humidity cycles. The MBV is determined when the test satisfies two
conditions: (1) in the last three cycles, the mass difference should be less than 5%, and (2) within
the same cycle, the mass difference in loss or gain should be less than 5%. Following the Nordtest
procedure, four samples of each mix were tested. All sample sides except one (160 mm x 160 mm)
were sealed. The samples were then placed in an environmental chamber and exposed to a dynamic
humidity cycle of 24 hours between high (75%) and low humidity levels (33%) for 8 and 16 hours,

respectively, at 23+1 °C.

3.5
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. — |
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Figure 3.7 Graphic presentation of practical Moisture Buffer Value classes [77].

The environmental chambers were built using sealed plastic containers with dimensions of (37.4

x 47.6 x 60.3 cm) and saturated salt solutions to produce 33% and 75% relative humidities (RH).
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ASTM E104-20a standard was followed to produce the humidity levels; 33% RH was produced
by mixing magnesium chloride (MgCl,) with distilled water at a 10:1 weight ratio, while 75% RH
was produced by mixing sodium chloride (NaCl) with distilled water at 2:1 weight ratio [ASTM
E104, 2020]. Two humidity sensors were positioned at the top and bottom of each chamber to
continuously monitor the humidity levels and ensure the required RH levels and uniform humidity.
According to recent research, air velocity can significantly impact the MBYV, especially regarding
bio-based materials, which can exhibit an increase in MBV by about 150% when airspeed is
increased from 0.108 m/s to 1.91 m/s [Khaled et al., 2023]. In this respect, it is essential to mention
that environmental chambers employed in this study use the passive method (i.e., saturated salt
solutions) to provide the required moisture conditions while minimizing air movement, unlike
conventional climate-controlled environmental chambers with fans or blowers to circulate air
within the chamber. The environmental chambers were kept sealed during the test, except when
taking weight measurements, and also placed in a climate-controlled lab environment with
consistent conditions, including an ambient temperature of 20 °C (+1°C), relative humidity of 45%
(£5%), and air velocity of 0.2 m/s (£0.05m/s), to minimize further the air movement caused by
natural convection due to the variations in ambient conditions. Figure 3.8 illustrates the samples
and climate chamber. When the test conditions were satisfied, the MBV for each sample was

determined using Equation (3.9):

MBV = Am/(A.ARH), (3.9)

Where M BV is the moisture buffer value, Am is the moisture uptake/release during the cycle, A4 is
the sample exposed area, and ARH 1is the difference between the highest and the lowest relative

humidity.
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Figure 3.8 Test assembly and setup of hemp-lime samples in a climate chamber for MBV testing.

3.3. Phase 2- Production of Hydrated Lime Through ED Process

3.3.1. Materials

Three main groups of feedstocks were considered in this study. In the first group is a Fisher
Chemical high-purity calcium carbonate (CAS-No: 471-34-1, Ref-No: 64-500) which was utilized
as a control sample (C). The second group consists of three inorganic powdered limestone samples
supplied by a local lime industry with different purity levels: CA-1235, CA-792, and CA-687. The
precursor materials were oven-dried to 105°C for 24 hours and then subjected to physical and
chemical analysis. The last group consists of two organic CaCOs sources: mussel shells (MS) and
eggshells (ES). These materials were washed multiple times with distilled water to eliminate
impurities, dust, and organic residues, then oven-dried at 200°C for 6 hours to remove excess
moisture and remaining organic matter (e.g., membranes) [Ballester et al., 2007; Barros et al.,
2009]. The dried materials were manually crushed with a hammer to break them into smaller
pieces, followed by further grinding with a ceramic mortar to achieve a fine powder. The finely
ground powder was then sieved through 90 um [Strother, 2019]. The feedstock was oven-dried at
105°C for 24 hours and then physically and chemically analyzed. A more detailed description of

the materials will be provided in the chapters that follow.
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3.3.2. Characterization Techniques

e Thermogravimetric and Differential Thermogravimetric Analysis (TG/DTG)

For this test, 20 - 25 mg of dry powder sample was placed into an alumina crucible. The sample
was heated to 1000°C at a rate of 10°C/min. The heating was selected as a compromise between
thermal resolution, experimental duration, and data comparability. Lower heating rates (e.g., 2—5
°C/min) can improve peak separation but significantly increase test time and may amplify baseline
drift, while higher heating rates (>20 °C/min) can cause thermal lag, peak shifting, and incomplete
heat transfer, leading to inaccurate determination of onset and completion temperatures. Moreover,
using this heating rate enhances comparability with published literature and ensures reproducibility
of the measured mass-loss behavior. A continuous flow of nitrogen (N2) to 50 ml/min was applied
as an inert atmosphere to avoid oxidation. Samples were tested in a Setsys 24 from SETARAM.
TG/DTG was performed to identify and quantify the content of CaCO3; and Ca(OH). by mass in

precursor and DMs using the equations below [Ramirez-Amaya et al., 2023]:

Mwca
%CaC0; = %L(550_900)< N‘[”vjcf)‘f) (3.10)
%Ca(OH); = %L310-500)(MWcacon),/Mwy,0) (3.11)

where %L s50-900 1s the sample's weight loss in the decarbonation zone, %L 310-500) 1S the sample's

weight loss in the dehydration zone, Mw,co, 1s the calcium carbonate molecular weight (100.087
g/mol), Mwc,on), 1s the molecular weight of calcium hydroxide (74.093 g/mol), Mwcq, is the
molecular weight of carbon dioxide (44.01 g/mol), and Mwy, ¢ is the molecular weight of water

(18.015 g/mol)[Ramirez-Amaya et al., 2023].
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e X-Ray Diffraction (XRD)

XRD was performed on dry powder samples of precursor and DMs in order to identify crystalline
phases. Samples were tested in a Bruker D8 (Cu K,= 1.5418 A, operation voltage 40 kV, current
25 mA). For all samples, the range of 26 was 10-70°, and the test speed was 0.02° per second. The

COD inorganic database was employed in MATCH software for candidate phase selection.

¢ X-Ray Fluorescence (XRF)

XRF was performed to quantify the elemental composition by mass of precursor and DMs. Each
sample was calcined to 1050°C for 150 minutes to reduce all compounds to an oxidation state and
quantify the loss on ignition (LOI). The sample was fused into a homogeneous vitreous disc, which
was later analyzed for 10 minutes using the Fast-Vac34 method. The results were expressed in the
content of elemental oxides by mass. Rigaku SuperMini200 WDXRF spectrometers were used for

testing.

¢ Particle Size Distribution (PSD)

The PSD of precursor and DMs were studied by laser diffraction using a MasterSizer 2000 from
Malvern Instruments. A Hydro 2000Mu ultrasonicator was used as the dispersion unit, and distilled
water and isopropyl alcohol were utilized as the dispersant of precursor and precipitated samples,
respectively. The percentiles Doo, Dso, and Dio were computed from the cumulative sum of volume

fractions.

e Specific Surface Area: Brunauer, Emmett and Teller Method (SSABET)
The specific surface area by BET technique (SSABET) of precursor and precipitated materials was
quantified by physical nitrogen adsorption in a BET model. Samples were tested in an ASAP 2020

from Micrometrics.
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¢ Field Emission Scanning Electron Microscopy (FE-SEM) with Energy Dispersive X-Ray
Spectroscopy (EDX)

FE-SEM studied the surface and morphology of precursor and DMs. Samples were coated with 5

nm of gold and palladium; carbon tape was used as the sample holder. Images were taken for

samples using a JEOL JSM-7500F FE-SEM.

3.3.3. Electrochemical Decarbonation Process

Figure 3.9 shows the scheme of the H-type electrolysis cell used, which comprises an anode and
cathode chamber interconnected by an interface. Two paper filters (Whatman grade 1) were
installed between each chamber and the cell's interface to avoid cathode electrode passivation
[Ellis et al., 2020]. The filter material was chosen because it has a high resistance to the acid and
alkaline conditions generated in the electrolysis cell during the ED process [Jena et al., 2013]. It is
worth mentioning that the filter papers did not become clogged during the test runs; however, to
ensure consistency and prevent any contamination or buildup, clean filter papers were used for
each individual run. A platinum plate (10 mm x15 mm x 0.2 mm) and mesh (10 mm x 20 mm x
0.2 mm) electrode were placed in the anode and cathode chambers, respectively, and sodium nitrate
(NaNO3) dissolved in distilled water to 3M concentration was employed as an electrolyte. This
electrolyte was chosen because it does not decompose at high voltage [Ellis et al., 2020]. A more

detailed description of the process will be provided in the chapters that follow.
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Figure 3.9 Electrochemical reactor setup (A), Electrolysis cell scheme (B).

3.4. Phase 3 - The Sustainability of Hemp-Lime Composites in Construction: A
Comparative Life Cycle Analysis of External Walls

In this phase, a quantitative evaluation of the sustainability of hemp-lime composites incorporating
ED-produced hydrated lime is presented. The composites are benchmarked against (i) traditional
HLC made with industrially hydrated lime and (i1) glass fibre insulation, a conventional external
wall material. The objective is to assess both technical feasibility and sustainability performance,
using a cradle-to-gate life cycle assessment (LCA) normalized to thermal functionality. The
findings provide insights into the viability of bio-based composites with alternative binders as

scalable insulation solutions for low-carbon construction.

3.4.1. Methods

A two-stage methodology was used to investigate the techno-sustainability performance of HLC
prepared with a binder that includes hydrated lime produced through the ED process. The first
stage focused on a comprehensive hygrothermal and mechanical characterization of the hemp-lime

composites. HLC samples were tested for thermal conductivity (W/m-K), compressive strength
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(MPa), and moisture buffering value (g/m?-RH) following the protocols detailed in Section 3.2.5.
In the second stage, a Life Cycle Assessment (LCA) framework was used to evaluate the
environmental footprint and sustainability performance of the hemp-lime composites, with a
comparative analysis against traditional insulation materials. The sustainability assessment
employed a cradle-to-gate LCA framework, with the functional unit defined as 1 m? of material
providing a thermal transmittance (R=2.88 m?-K/W). A more comprehensive description of the

methodology is presented in Chapter 8.
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Chapter 4 : Hygrothermal and Mechanical Characterization of Novel Hemp-
lime Composites with Enhanced Consistency’

4.1. Introduction

Bio-based construction materials have captured the attention of research and industry sectors over
the last decade, mainly due to their carbon sequestration ability and superior hygrothermal
properties [Barnat-Hunek et al., 2015]. As such, they pose a sustainable solution for developing an
energy-efficient, carbon-zero built environment with a healthy indoor environment [Sinka et al.,
2015]. HLC, or hempcrete, are among the most recognized and broadly used bio-based materials
globally [Abdellatef et al., 2020]. Analogous to other bio-based construction materials with high
porosity, hemp-lime composites are known to be sensitive to many factors affecting their
performance that fall into two broad categories: properties of natural lignocellulosic constituencies
(shiv/hurd) and manufacturing or construction approaches [Séez-Pérez et al., 2020]. In this respect,
hemp shiv exhibits highly variable granulations and sizes depending on the decortication process
and the industrial hemp variety [Brzyski et al., 2020]. Simultaneously, the distribution of hemp
shiv particle sizes has a crucial effect on the thermal and mechanical properties of the resulting

composite [Stevulova et al., 2012].

Several studies investigated the impact of shiv particle size on the hygrothermal and mechanical
properties of hemp-lime composites. While they all reported the relevance of this impact, their
findings may seem discrepant, raising the need for further investigation of the impact of particle
size on hygrothermal and mechanical properties of hemp-lime composites [Saez-Pérez et al.,

2020].

! This chapter is an abridged version of the published paper: Mahmood O., Kavgic M., Noel M. (2024). Hygrothermal
and mechanical characterization of novel hemp-lime composites with enhanced consistency. Construction and
Building Materials, Volume 450. https://doi.org/10.1016/j.conbuildmat.2024.138720.
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Manufacturing is another crucial factor affecting hemp-lime performance due to the material's
anisotropic behavior, which may yield different mechanical and thermal properties based on the
direction in which the material is tested [Brzyski et al., 2021]. In real-world applications, hemp-
lime composites are applied via spraying, casting on-site, or installing precast products (e.g.,
panels, blocks) [Williams et al., 2016]. Regardless of the method, the compaction level, the depth
of the layer, and the direction of compaction can significantly affect the distribution of density,

thermal conductivity, compressive and tensile strength, and capillary rise [Nguyen et al., 2009].

Previous studies indicate that hemp-lime composites' mechanical and hygrothermal properties
significantly vary depending on the hemp particle size, orientation, and compaction level,
hindering their reproducibility and consistent quality. Commercial, large-scale application of
hemp-lime composites requires natural constituent properties and manufacturing procedures to be
standardized and easily controlled. This study addresses these challenges by proposing a new
integrated approach combining uniformly reduced-in-size hemp shivs with vibration as a casting
process to produce consistent quality and performance hemp-lime samples. Hence, this is the first
study to address the following critical research objectives: (i) to combine finely ground hemp
particles and vibration techniques to develop consistent hemp-lime composite materials, (ii) to
investigate the impact of uniformly reduced hemp shiv particle sizes obtained through a grinding
process on the hygrothermal and mechanical performance of hemp-lime composites, (iii) to
evaluate the effectiveness of the vibration process in producing hemp-lime samples with consistent
physical properties, and (iv) to decrease the hemp-lime composites' thermal conductivity and
carbon footprint through the increased content of natural constituencies. Hemp-lime samples were
created using hemp shives that were ground to four different particle sizes (4.52, 1.33, 0.96, and

0.72 mm) and three different binder-to-hemp ratios (1:1, 1:1.5, 1:2.4). All hemp-lime samples were
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manufactured through a vibration process to achieve three different target dry densities within a
tolerance of +/-3.5%. The samples' hygrothermal and mechanical behaviors were experimentally

investigated following relevant standards.

4.2. Materials and Methods

4.2.1. Hemp Shiv

The hemp-lime samples were created from hemp shiv, hydrated lime, slag, and water. The hemp
shivs used in this study were provided by a local Canadian producer (Terrafibre). Four types of
hemp shiv with different fractions were considered in this study, as shown in Figure 4.1-a. The
first type was the received (R) shiv, while other types were reduced in size to various degrees:
coarse-size (C), medium-size (M), and fine-size (F), produced by grinding the received shivs using

an industrial grinder (JTANGL Electric Grain Grinder Mill, 3000W).

Figure 4.1-b shows the particle size distribution, and Table 4.1 summarizes the physical properties
of the hemp shiv used in this study. The sieve sizes at which 90% (Doo) of the total particles pass
were 4.52, 1.33, 0.96, and 0.72 mm, and the sieve sizes corresponding to 50% pass particle sizes

(Dso) were 2.59, 0.74, 0 .54, and 0.30 mm for R, C, M, and F shiv particles, respectively.
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Figure 4.1 Hemp shivs that were used in this study (a) and their particle size distribution were determined by image
analysis, mechanical sieving, and laser diffraction (b).

Table 4-1 Physical properties of four hemp shiv types.
Hemp shiv type

Property

Received  Coarse  Medium Fine
Bulk density (kg/m?) 94 104 107 114
Initial moisture content (%) 7.20 6.94 7.38 7.52
Hemp fibre content (%) 8.91 8.32 9.03 9.12
Water absorption

IRA % 150.08 137.26 142.91 139.91

K 47.42 51.88 52.94 52.79
*Dgy (mm) 4.52 1.33 0.96 0.72

**Dso (mm) 2.59 0.74 0.54 0.30

*90% of the total particles are smaller than the specified sizes.
** A cumulative 50% point of diameter (or 50% pass particle size).

4.2.2. Composition of Hemp-Lime Specimens

Table 4.2 summarizes the mix ratios and percentages by mass of hemp-lime samples produced
from four types of shiv particle sizes (R, C, M, and F) using three B/H ratios (50/50, 40/60, and
30/70). It should be mentioned that it was unfeasible to create a robust sample with a 1:2.4 (30/70)
ratio with the R-shiv received from the manufacturer because the samples kept collapsing when

demolding and handling. This finding indicates that reducing and standardizing the shiv particle
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size is necessary to increase the share of the bio-based component in the hemp-lime mix design.
Such behavior could be attributed to the improved cohesion forces, contact, interfacial bonding,
packing, and connection between the lignocellulosic particles and the cementitious binder by
reducing hemp particle sizes and enhancing homogeneity. Simultaneously, voids and gaps were
reduced, resulting in a more robust and compact material less prone to collapse, even with a hemp
content of 70%. Furthermore, the hygroscopic nature of hemp shivs helps regulate moisture levels
within the material, contributing to a healthier indoor environment and moisture management by
absorbing excess moisture and releasing it when humidity levels decrease. Nevertheless, the
hygroscopic properties of hemp shiv can lead to the binder's incompletion of the hydration process.
Hence, the quantity of water incorporated into the mixture was calculated considering both the

requisite amount for binder hydration and the water absorption capacity of the hemp shiv.

Table 4-2 Composition of the hemp-lime samples.

Mix % by mass

B/H ratio *Name Lime Slag Hemp  Water

R50
o0
50/50 M50
F50
R60
40/60 7050 10.00  2.50 18.75 68.75
M60
F60
C70
**30/70 M70 7.05 1.77 20.58 70.60

F70

* R-received; C-coarse; M-medium; F-fine.
**]t was impossible to create a robust 30/70 sample with the shiv received from the manufacturer.

13.40 3.35 16.75 67.00

70



4.3. Results and Discussion

4.3.1. Dry Density

Table 4.3 summarizes the descriptive statistics of dry densities of the hemp-lime samples created
using three B/H ratios (1:1, 1:1.5, and 1:2.4) and three hemp shiv particle sizes (received - R,
coarse - C, medium - M, and fine - F). Results show a low variability between the dry densities for
all B/H ratio categories and sizes of hemp shiv particles. In this regard, all samples' coefficient of
variation (CV) is between 0.16 and 2.36%. The samples with the F-shiv type exhibited the lowest
variability, averaging a CV of 0.56%. The hemp-lime samples with the highest targeted density of
200 kg/m*® and B/H ratio of 1:1 exhibited the highest variability, averaging 1.84 kg/m?. The
consistency achieved in dry densities shows the efficiency of the applied production method,
potentially leading to a consistent, repeatable, and reliable mechanical and hygrothermal

performance of hemp-lime composites.

Table 4-3 Descriptive statistics of samples' dry densities.

Target Dry density (kg/m?)
Mix ID density ;
(kg/m?) Mean Maximum Minimum Coefﬁg1en2 of
variation %

R50 193.30 193.90 192.72 0.31
C50 200 200.75 202.49 198.97 0.88
M50 199.80 203.27 196.20 1.77
F50 200.12 201.80 199.10 0.73
R60 166.02 167.73 164.80 0.92
C60 170 166.89 167.18 166.70 0.16
Mo60 168.97 173.50 166.02 2.36
F60 169.87 170.51 169.24 0.37
*C70 140.67 143.80 138.53 1.97
M70 140 142.38 143.12 141.15 0.75
F70 143.92 144.98 142.89 0.59

*It was impossible to create a robust 30/70 sample with the shiv received from the manufacturer.

Figure 4.2 compares the variation in dry density of the samples produced in this study against the

previous research that focused on similar densities. The vibrated hemp-lime samples exhibited
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superior dry density consistency within the targeted weight categories. For example, when using
manual tamping as a compaction method to achieve the required density [Abdellatef et al., 2020],
a variation of 17.83 kg/m*® was introduced. Moreover, when machine press compaction and
projection process were used [Elfordy et al., 2008; Nguyen et al., 2009] to produce hemp-lime
samples, a significant variation in densities was produced with a CV of around 16%. Variations in
density were reported within the same sample types where an axial gradient of compactness is
observed inside the specimen. Specifically, the density of material near the piston (upper part of
the cylinders) was higher than that of material in the lower part. Similar density fluctuations were
also noted in the projection process [Elfordy et al., 2008; Nguyen et al., 2009]. Having such high
variation can cause a significant impact on the mechanical and thermal properties as they are both

heavily dependent on the density.
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Figure 4.2 Density variation comparison with other studies.
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4.3.2. Compressive Strength

When examining low-strength construction materials such as hemp-lime composites, it is essential
to understand the insights gained from testing the material's compressive strength, especially in
non-structural applications. While not intended for load-bearing, compressive strength can be a
useful measure of relative performance or quality between similar materials. Hence, compressive
strength may indicate how well the material can fulfill its intended purpose within its specific
environment, considering aspects like durability, constructability in handling, transporting, and
installing, and compatibility with other components in the construction assembly. Figure 4.3-a
depicts the hemp-lime samples' two distinct mechanical failure behaviors under continuously
applied compressive load. Samples with received shiv behaved as bilinear materials, whereby the
curve could be divided into two distinct regions. The first linear phase occurs when the binder
fails, and initial cracks propagate. The second linear phase represents significant deformation with
less stress development increase than the first. In this phase, the cracking noises became louder,
indicating the collapse of the hemp particles, providing additional strength by increasing the
contact between those particles. In contrast, hemp-lime samples made of hemp shiv powder
exhibited collapse similar to a shear failure, regardless of the particle size. Three different regions
can be observed in the stress-strain response: the ascending portion, the peak point or the maximum
compressive stress point where the behavior is no longer linear, and finally, the descending portion,

where the curve shows a descending trend after reaching maximum stress.

The stress-strain curve for all samples shows a significant ability of the material to deform under
loading before total failure, registering a high level of strains in the range of 0.087-0.26 mm/mm.

This behavior could make the hemp-lime composite resilient in earthquake regions as it sustains
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high deformation before failure. Similar findings were also confirmed by previous literature

[Brzyski et al., 2020].
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Figure 4.3 Typical stress-strain curve for hemp-lime samples (a); Compressive Strength test, hemp-lime cubes after
crushing (b).

As shown in Table 4.4, the prepared hemp-lime samples displayed satisfactory mechanical
performance for such low densities when compared with faced rigid thermal insulation boards
[ASTM C1289, 2022]. Thus, the average compressive strength ranged between 0.033 MPa and
0.11 MPa. Similar to the findings of other studies [Elfordy et al., 2008; Williams et al., 2017;
Abdellatef et al., 2020], the compressive strength is directly proportional to dry density and
inversely proportional to the increase in hemp shiv share. In this respect, samples with B/H ratios
1:1 producing 200 kg/m?® density exhibit the highest compressive strength value. A 35% and 45%
reduction in the compressive strength was recorded when the density reduced from 200 kg/m? to
170 kg/m* and 140 kg/m? respectively. The results also show the production method's
effectiveness in reducing the variability between the mechanical behavior of hemp-lime
composites. The C-type shiv exhibited the lowest variation in compressive strength, with a CV

ranging between 4.24 and 8.94%. The findings also show a 32-36% reduction in compressive
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strength in the 200 kg/m® and 170 density groups when received particles were replaced with
ground particles. The behavior observed is consistent with the findings of [Brzyski et al., 2020;
Stevulova et al., 2012], which reported decreases in strength of 21.6% and 34.4% when larger

hemp shivs were used instead of smaller ones.

In contrast, Arnaud & Gourlay [Arnaud & Gourlay, 2012] Show more found that using larger
shivs resulted in a 47.5% decrease in compressive strength compared to smaller shivs. The
discrepancy may be attributed to the average densities: large shivs had an average density of
1040 kg/m?, while small shivs had an average density of 1150 kg/m?, a 10.57% difference. Such
a variation in density can significantly influence compressive strength, as shown in this study,
where a 15% reduction in density from 200 kg/m? to 170 kg/m? led to about a 40% decrease in

average compressive strength.

Table 4-4 Descriptive statistics of samples' compressive strength.

Compressive Strength (MPa) Young's modulus (MPa)
Mix ID Density Coefficient Coefficient of

category Mean of Mean e

(kg/m?) variation % variation %
R50 0.111 9.91 3.96 7.38
C50 0.070 5.71 3.76 5.01
M50 200 0.070 7.86 3.27 5.43
F50 0.071 19.72 3.22 13.82
R60 0.072 13.89 2.81 8.63
A60 170 0.047 8.94 2.74 7.62
M60 0.045 19.56 2.93 11.89
F60 0.049 10.00 2.61 6.31
C70 0.033 4.24 2.09 3.28
M70 140 0.036 24.44 1.91 16.32
F70 0.042 14.29 1.82 7.54

Table 4.4 also presents approximate Young's modulus values calculated using the displacement
values of the actuator, as it was challenging to mount the compressometer directly to the sample.
As shown in Table 4.4, the average modulus of elasticity ranged between approximately 1.82 and
3.96 MPa. Results show a direct relationship between HLC dry density and Young's modulus. In
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this respect, a 15% reduction in density from 200 kg/m> to 170 kg/m3 led to an approximately 22%
decrease in average Young's modulus. Similarly, a further decrease in density from 170 kg/m? to
140 kg/m? resulted in around 30% reduction in average Young's modulus. Findings also show a

negative correlation between Young's modulus and hemp shiv particle size.
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Figure 4.4 Comparison of density and compressive strength with the previous literature.

Figure 4.4 compares the relationship between the density and the compressive strength results
obtained from this study and the previous studies that used a hydrated lime-based binder [Brzyski
et al., 2020], [Stevulova et al., 2012], [Williams et al., 2017], and [Abdellatef et al., 2020]. As
documented in prior studies, the compressive strength and density are directly and inversely
proportional [Elfordy et al., 2008; Abdellatef et al., 2020]. Therefore, Figure 4.9 illustrates that
when the results of this study are extrapolated to the available range of densities, they align with
the findings reported in the previous literature. Bryziki [Brzyski et al., 2020] and Williams

[Williams et al., 2017] have reported higher compressive strength values than other studies, which
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can be explained using a B/H ratio of 2:1 and 2.25:1, respectively. As reported by previous
literature, an increase in binder content in the formulation leads to an almost linear increase in

compressive strength [Saez-Pérez et al., 2020].

4.3.3. Thermal Properties

e Thermal Conductivity

Table 4.5 summarizes the results of thermal conductivity measurements. As expected, thermal
conductivity is positively linearly correlated with the dry density of the hemp-lime composites
[Abdellatef et al., 2020]. Hence, samples with the lowest dry density (140 kg/m?®) had the lowest
thermal conductivity, ranging from 0.054 to 0.056 W/m K, followed by 170 kg/m?* samples with
0.056-0.062 W/m K, and 200 kg/m? with the highest thermal conductivity ranging from 0.061 to
0.067 W/m K. It can also be observed that samples made of received shiv particles exhibited the
highest thermal conductivity values within density category. Furthermore, the hemp-lime samples
made with fine hemp particles tend to have the lowest thermal conductivity despite having the
highest or as high density within their respective density categories. In this regard, thermal
conductivity was reduced by 8.1-10.4% when using the fine fragments compared to the received.
A likely explanation for these findings is a discontinuity in the binder thermal path when using
small hemp shiv particles, reducing the overall thermal conductivity of hemp-lime composites.
These findings suggest that reducing the hemp shiv particle size benefits the thermal performance

of hemp-lime composites.

Table 4.5 also shows the low variability in the thermal conductivity values across the samples at
different densities, achieved using the vibration casting technique. Therefore, the CV of all samples

was between 3.87 and 8.77%. The samples with the finest particle size exhibited the lowest
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variability, recording 3.87, 4.63, and 5.6 % for samples with 200, 170, and 140 kg/m? density,

respectively.
Table 4-5 Descriptive statistics of samples' thermal conductivity.
Thermal conductivity (W/m K)
Mix ID Mean .dry . - Coefficient of
density Mean Maximum Minimum Sy
variation %
(kg/m?)
R50 193 0.0667 0.0713 0.0612 6.66
C50 201 0.0638 0.0701 0.0589 8.76
M50 200 0.0616 0.0674 0.0581 6.70
F50 200 0.0605 0.0625 0.0572 3.87
R60 166 0.0617 0.0683 0.0573 7.75
C60 167 0.0587 0.0622 0.0562 4.96
M60 169 0.0579 0.0621 0.0555 5.11
F60 170 0.0564 0.0597 0.0532 4.63
C70 141 0.0559 0.0593 0.0538 6.05
M70 142 0.0545 0.0589 0.0522 5.71
F70 144 0.0535 0.0572 0.0502 5.40

Figure 4.5 compares the correlation between dry density and thermal conductivity from this
research with other studies [Nguyen et al., 2009], [Brzyski et al., 2020], [Williams et al., 2016],
and [Abdellatef et al., 2020]. It can be seen that the thermal conductivity values from this study
are 25-65% lower than those reported in previous studies, and correspondingly, the dry densities
are also 28-65% lower. To facilitate a seamless comparison, the thermal conductivity results from
this study have been extrapolated, considering the nearly linear relationship between density and
thermal conductivity [Abdellatef et al., 2020], to match the average densities reported in the other
studies presented in Figure 4.5. The extrapolated thermal conductivity values were 0.0775, 0.0828,
0.0778, and 0.07425 W/m K, which correspond to the average densities of (335, 380, 340, and 310
kg/m?®) reported in studies [Nguyen et al., 2009], [Brzyski et al., 2020], [Williams et al., 2017] and
[Abdellatef et al., 2020], in that order. The extrapolated values from this study are 18.82%, 11.22%,
and 19.16% lower in thermal conductivity compared to the values documented in [Brzyski et al.,

20201, [Williams et al., 2017], and [Abdellatef et al., 2020], respectively. The extrapolated thermal
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conductivities are only 1.35% higher than those reported by [Nguyen et al., 2009]. These findings
suggest that a decrease in hemp particle sizes reduces hemp-lime composites' thermal conductivity,

thus improving the material's thermal performance even at higher densities.
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Figure 4.5 Comparing thermal conductivity results with other studies.

e Thermal Conductivity as a Function of Temperature

Thermal conductivity was assessed at three distinct temperature levels (12.5°C, 22.5°C, and
32.5°C) to evaluate the performance of hemp-lime composites across various climate zones. The
study included selected hemp-lime mixes (F50, F60, and F70) with dry densities of 200 kg/m?,
170 kg/m?3, and 140 kg/m?, respectively. These mixes represent the optimal thermal performance
within their respective groups, exhibiting the lowest thermal conductivity. Figure 4.6 shows a
nearly linear increase in thermal conductivity across all the samples, ranging from 6.6% to 9.8%,

with a rise in testing temperature from 12.5 °C to 32.5 °C. These results echo the findings from
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previous studies that reported an increase in conductivity of 8.9-10.78 % when the temperature
increased from 10 °C to 30°C [Bennai et al., 2017]. This behavior is attributed to the increased
thermal conductivity of air entrapped in the sample from 0.0253 W/m K at 12.5°C to 0.0268 W/m

K at 32.5°C [Witt, 2002].
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Figure 4.6 Thermal conductivity of different hemp-lime mixes at different testing temperatures.

e Anisotropy of Thermal Conductivity

The effect of hemp shiv orientation due to compaction via vibration on thermal conductivity is
also investigated due to the inherently anisotropic nature of hemp particles, where thermal
conductivity in the direction parallel to the capillaries is higher than in the transversal direction
[Nguyen et al., 2009]. In this respect, ISO 10456 standard [ISO 10456, 2023] reports two values
with a significant difference reaching up to 27% for the thermal conductivity of wood particles
when heat flows along the material fibres versus when heat transfers across the fibres. Previous

studies showed a significant effect of the compaction direction of hemp-lime composites on their
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thermal conductivity coefficients. For example, Brzyski [Brzyski et al., 2021] has reported a 12%
and 16% difference in thermal conductivity in the parallel and perpendicular direction for short
(2.74 mm) and long (8.40 mm) hemp shivs, respectively. Williams [Williams et al., 2017] reported
that the average thermal conductivity for perpendicularly tested samples was 16% higher than that
of parallel-tested samples. Tronet et al. [Tronet et al., 2016] has also reported a 33% directional
difference in thermal conductivity, similar to what was reported in [Amziane et al., 2015; Dinh et

al., 2015].

In contrast, as presented in Figure 4.7, this study significantly improved the directional difference
in thermal conductivity to only 1.2-2.75% when using fine hemp fragments and approximately
6.8% when using R-shiv. The results confirm the previously reported trend as the smaller the hemp
shiv, the lower the difference [Brzyski et al., 2021]. It also shows the significant effect of using
compaction via vibration, leading to a consistent performance of the hemp composite. The
perpendicular thermal conductivity results also have a linear relationship with the dry density, as

the lower the density, the lower the conductivity.
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Figure 4.7 Thermal conductivity for different testing directions.

e Specific Heat Capacity and Thermal Diffusivity

As shown in Table 4.6, the specific heat capacity of the hemp-lime samples ranged from 672 to
957 J/kg K. As expected, mixes with higher dry density and binder content had higher specific
heat capacity, meaning more heat energy is needed to raise their temperature. For instance, 200
kg/m? samples had around 28% higher average specific heat capacity than 140 kg/m? samples and
approximately 15% higher than 170 kg/m? samples. The findings also show no tangible effect of
the hemp shiv size on the specific heat values, concluding that hemp composites are more
susceptible to density and binder ratio than hemp shiv size [Brzyski et al., 2020]. The results also
confirm the general trend of the linear relationship between hemp-lime's density and specific heat
capacity. Previous studies echoed these findings. For example, in [de Bruijn et al., 2009], two
different mixes, A (394.8 kg/m?®) and B (298.1 kg/m?), with binder-to-hemp mass ratios of 1.8 and

1.13, respectively, have been investigated. The study found that mix B, which had a higher hemp
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content and lower dry density, exhibited an average specific heat capacity of 333 J/kg K,
approximately 13.5% lower than mix A, which had a lower hemp content and higher dry density,

with a specific heat capacity of 385 J/kg K.

Thermal diffusivity measures a material's ability to conduct heat relative to its ability to store
thermal energy, quantifying the rate at which temperature changes propagate through the material
over time [de Bruijn et al., 2009] . Building materials with low thermal diffusivity reduce heat
exchange with their surroundings, leading to improved energy efficiency and thermal comfort for
occupants [ Abdellatef et al., 2020]. Thermal diffusivity of all samples ranged between 0.321 (m?/s)
x10° and 0.585 (m%s) x10°, with averages of 0.338, 0.433, and 0.565 (m?/s) x10° for samples
with 200, 170, and 140 kg/m?® density categories, respectively. The densest (200 kg/m?) samples
exhibited around 40% lower thermal diffusivity than the lightest (140 kg/m?®) and approximately
22% lower than the 170 kg/m® hemp-lime samples. These findings were expected considering the
interdependency between thermal diffusivity, thermal conductivity, and density (see Equation 3.8).
Furthermore, the high thermal diffusivity of air of 18.69 (m*/s) x10°® [Massman, 1999] increased
the thermal diffusivity of low-density samples. These findings echo previous studies [Abdellatef
et al., 2020; de Bruijn et al., 2009; Reilly et al., 2019]. The results also show a lower diffusivity
value for samples with smaller hemp fragments. For example, F-type shiv particles were around
13% and 11% lower than R-type shiv for 200 and 170 kg/m? density samples. Such reduction could

be attributed to filling the air gap between constituents when small hemp shiv particles were used.
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Table 4-6 Average specific heat capacity and thermal diffusivity.

. Dry density ~ Ave. Specific heat Cocfficient Ave. Thermal Cocfficient
Mix ID category capacity (J/kg K) of diffusivity (m?/s) x10°¢ of

variation % variation %

(kg/m?)

R50 942 4.21 0.368 3.23
C50 200 931 6.79 0.337 5.75
M50 957 3.01 0.324 4.39
F50 933 2.26 0.321 3.56
R60 803 6.43 0.458 6.93
C60 170 798 5.27 0.436 4.22
M60 782 2.68 0.431 3.71
F60 811 4.11 0.406 5.03
C70 681 5.79 0.585 4.68
M70 140 672 4.38 0.575 341
F70 689 4.17 0.534 3.79

e Moisture Buffer Value

Moisture buffering ability plays a vital role in regulating the fluctuation in humidity in internal
spaces. As illustrated in Figure 4.8, all the samples showed an excellent moisture buffering
capacity [Rode et al., 2005], as the MBV ranged between 2.06 g/m? RH and 2.53 g/m? RH. The
results show a negative correlation between dry density and MBV of hemp-lime composites. In
this regard, average MBV values of 140, 170, and 200 kg/m? samples were 2.47, 2.28, and 2.12
g/m? RH, respectively. A similar trend is confirmed by previous literature, as a high hemp ratio in
the composite produces lower density and higher permeability, leading to a high moisture transfer
and storage of the material [Mazhoud et al., 2021; Rahim et al., 2015]. Therefore, an increase in
the hemp ratio in the hemp composite results in an increase in the moisture capacity, which causes
an increase in the MBV. The results also showed an improvement in the MBV when using a smaller

hemp shiv size.
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Figure 4.8 MBV values of the hemp-lime samples using the NORDTEST procedure.

Additionally, Figure 4.9 shows the mass change percentage concerning the original sample mass
for the F-type shiv when exposed to the humidity cycles during the MBV test. The mass change
was determined per the exposed surface area and was measured every four hours. It can be seen
that regardless of the B/H ratio, all samples showed similar mass change behavior. The mass
change profile consists of two phases: the mass phase increases when the humidity level is 75%,
while the decreasing phase occurs at a 33% humidity level. For both phases, the initial hours 0-8
hours record the highest rate of mass change, and then the change rate decreases with time. It can
also be seen that the higher the hemp shiv ratio, the higher the mass change gain; thus, F70 samples
have the highest mass gain. This behavior is attributed to the high absorption capacity of the hemp

compared to the binder.
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Figure 4.9 Mass change of the hemp-lime samples when subjected to varying relative humidity at room temperature.

Figure 4.10 compares the uptake moisture buffering capacity at oven-dry as an initial condition
for the three groups used in the study with B/H ratios 1:1, 1:1.5, and 1:2.4. It can be seen that the
moisture buffering capacity starts at high values ranging between 2.5 g/m? RH and 3.6 g/m* RH
then it starts decreasing until reaching steady-state by the third cycle. This increase is attributed to
the high absorption capacity of the hemp-lime samples when they have low moisture content,
whereas higher initial moisture content leads to lower absorption. Figure 4.10 shows a distinct
behavior for the R-type hemp-lime samples where the decrease in the absorption from the first
cycle takes longer than that of other types as they have a lower surface area. It can be concluded

that hemp-lime composites with lower particle size can achieve moisture stability faster, leading

to better moisture control performance.
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Figure 4.10 Moisture buffering capacity with cycles.

4.4. Conclusions

The principal conclusions drawn from this study and limitations that guide future research

directions can be summarized as follows:

e The experimental findings highlight the significance of reducing and standardizing the shiv
particle size, resulting in a notable enhancement in material consistency and a reduction in
variations across mechanical and hygrothermal properties among samples of the same targeted
density. Furthermore, this reduction in particle size was pivotal in achieving a 70% weight share
of the bio-based component in the hemp-lime mix design. Subsequent research endeavors should
delve into the effects of particle size reduction and augmented hemp shive content on properties

such as fire resistance, freeze-thaw behavior, biological degradation, and durability.
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e Employing vibration as a compaction method significantly enhanced the consistency and
repeatability of the produced densities, showcasing a less than 3.5% variation. Hence, the density
disparities between the initial and fine hemp fragments were also negligible. Given the
substantial influence of density on the hygrothermal and mechanical properties of hemp-lime
composites, attaining such uniformity facilitates the material's adoption in the construction
industry and large-scale applications. Consequently, future endeavors should prioritize
optimizing hemp-lime composite mix designs tailored for various applications in building
envelopes (walls, floors, ceilings), envelope component designs (blocks, panels), and installation
methods (sprayed-in, precast).

¢ Although the hemp-lime composite may not match the structural capabilities of other load-
bearing construction materials, it does fall within the compressive strength range of faced rigid
insulation materials ranging between 0.11 and 0.965 MPa. Future research could explore
alternative binder mix designs, incorporating pozzolans such as metakaolin, silica fume, and fly
ash. In addition to enhancing mechanical properties, these pozzolans have the potential to
positively influence the long-term alkalinity and durability of hemp-lime composites.
Subsequent research should further optimize the binder mix design and distribution between
hydrated lime and added pozzolans. Additionally, adjustments to the binder-to-hemp ratio could
be made to meet specific mechanical requirements.

e The received shiv exhibited a 60% increase in strength compared to fine fragments and
demonstrated a distinct failure pattern characterized by bi-linear behavior, contrasting with the
shear failure mode observed in fine fragments. Subsequent investigations should prioritize
optimizing the particle size distribution by exploring various ratios of coarse and fine particles,

aiming to enhance compressive strength while minimizing thermal conductivity.
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e Hemp-lime samples containing fine hemp fragments displayed an approximate 13% decrease in
thermal conductivity compared to those with received shivs. This observation suggests that
thermal conductivity is influenced by shiv size since uniformly reducing hemp particle size
diminished areas containing predominant binder content with an inherently higher thermal
conductivity than hemp shivs. Future research should focus on optimizing the smallest particle
size of hemp shivs and determining its threshold to prevent unnecessary expenditure of energy
and resources on grinding and preprocessing. Furthermore, developing a detailed and validated
finite element or finite volume thermal model could provide further insight and explanation of
the experimental results.

e The results demonstrate a noteworthy enhancement in the directional difference of thermal
conductivity, reduced to less than 3% when employing fine hemp fragments. These findings
suggest that the proposed hemp shiv reduction approach could facilitate the creation of building
envelope components with uniform thermal properties. In addition, it could enable the
development of building envelopes with predictable thermal performance, accommodating
various installation methods such as projection, precast, and printing.

e Hemp-lime mixes with a higher hemp-to-binder ratio demonstrate improved moisture control,
attributed to hemp's greater moisture storage capacity than the binder mixture. Additionally,
reducing the hemp size enhances the moisture buffer value by increasing the exposed surface
area to the outside environment. However, further investigation is warranted to confirm this
behavior conclusively. Additionally, the impact of air velocity on the variations in moisture

buffer values should be investigated.
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Chapter S : Influence of Fibre Content and Length on the Hygrothermal and
Mechanical Performance of Hemp-Lime Composites?

5.1. Introduction

Despite the growing interest in hemp-lime composites, the lack of standardized methods for
determining hemp shiv purity and fibre content presents a significant barrier to understanding the
role of fibre inclusions in HLC performance. As a result, limited research has systematically
examined how residual fibre content within commercially processed shiv influences the thermal
and mechanical properties of HLC. Addressing this gap is essential not only for advancing material
performance but also for promoting more sustainable and economically viable bio-based

construction practices.

Addressing this gap, the present study provides the first controlled experimental investigation into
the combined influence of hemp fibre content and length on the hygrothermal and mechanical
properties of HLC. Unlike prior work, this study employs rigorously defined formulations and
standardized testing methods to assess performance metrics across a wide range of fibre
conditions. The primary novelty and research objectives of this study are defined as follows: (i)
identifying how varying hemp fibre contents (10%, 20%, and 40%) influence the hygrothermal
and mechanical properties of HLC; (i1) investigating the impact of fibre length (1.15 mm, 6 mm,
12 mm, and 25 mm) on these same performance properties; and (iii) assessing the effectiveness of
reducing hemp fibre size to achieve more consistent and desirable HLC properties [Mahmood et
al., 2024]. For this purpose, hemp-lime samples were produced using a consistent binder-to-hemp
ratio of 1:1, deliberately chosen to enhance sustainability by increasing natural content and

reducing the overall carbon footprint. All samples were fabricated using a vibration compaction

2 This chapter has been submitted for review in Energy and Buildings.
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method to consistently attain a specified dry density, maintaining a tolerance margin of +3.0%.
The mechanical and hygrothermal performance of the composites were systematically evaluated
using standardized testing protocols, providing critical new insights that support the development

of high-performance, sustainable, and scalable bio-based building materials.

5.2. Materials and Methods

5.2.1. Hemp Fibres and Shives

The hemp shivs used in this study were provided by a local Canadian producer (Terrafibre). Hemp
fibres were initially separated from hemp shivs using the floating technique [Mahmood et al.,
2024], enabling the preparation of hemp samples with precisely controlled fibre content ratios.
Secondly, the hemp shivs were milled to 0.73 mm using an industrial grinder (JTANGL Electric
Grain Grinder Mill, 3000W) to improve the consistency and performance of the produced HLC
(the effect of hurd size is reported in Chapter 4 [Mahmood et al., 2024]. Subsequently, two types
of fibres were created: fine fibres (1.15 mm) produced using an industrial grinder and long fibres
(6, 12, 25 mm + 0.5 mm) produced by manual cutting, as illustrated in Figure 5.1. Lastly, hemp
samples with different fibre ratios were produced by adding the cut fibres to the hemp shivs to
achieve the desired mass ratios (10, 20, and 40%). Different approaches have been explored in the
literature to analyze hemp shivs and fibres [Mahmood et al., 2024]. The hemp shivs and fibre
samples underwent tests to assess density, water absorption, particle size distribution, and moisture
content. These tests adhered to the same methodologies described in Chapter 4, specifically

Section 3.2.2.
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Figure 5.1 Hemp shivs and fibres in this study.

Table 5-1 Physical properties of hemp shivs and fibres.

Hemp
Property . Fibres
Shivs
1.15 mm 6 mm I2mm 25 mm
Bulk density (kg/m?) 114 57.32 53.91 51.76 51.15
Initial moisture content (%) 6.94 7.52 8.65 7.13 8.03
Water absorption
IRA % 137.26 139.91 134.23 135.48 132.67
Ki 51.88 52.79 50.18 49.05 51.32
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Figure 5.2 Particle size distribution of hemp shivs and fibres in this study.
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5.2.2. Composition of Hemp-Lime Samples

The primary objective of this study was to develop HLC that exhibit consistent performance, high
thermal resistance, and minimal environmental impact, making them suitable for sustainable
buildings in cold climates. These goals were accomplished by maximizing the proportion of hemp
shiv with B/H ratios of 1:1, resulting in lightweight samples with dry densities of 200 kg/m?, and
employing a mechanical process to produce uniform samples with consistent dry density
[Mahmood et al., 2024]. The binder mix used in this study is the same as the one used in Chapter
3 (section 3.2.3). Table 5.2 summarizes the mix ratios and percentages by mass of hemp-lime
samples produced in this study. The mixture includes fibres of different lengths and proportions.
CS refers to the control specimen, and the mix properties are represented as 10F6L, where F stands

for the fibre percentage, and L indicates the fibre length in mm.

Table 5-2 Composition of the hemp-lime samples.
Mix% by mass

Mix ID Hemp Hemp
shivs fibres
CS 16.67 -
10F1.15L
10F6L
10F12L
10F25L
20F1.15L
20F6L 13.34 3.33 66.67
20F12L, 13.34 3.33
20F25L
40F1.15L
40F6L
40F12L
40F25L

Lime Slag Water

15.00 1.67

10.00 6.67

5.2.3. Experimental Tests
The HLC samples underwent tests to assess their thermal, mechanical, and moisture properties,

including measurements of thermal conductivity (W/m-K), specific heat capacity (J/kg-K),
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thermal diffusivity (m?/s), MBV (g/m?-RH), and compressive strength (MPa). These tests adhered

to the same methodologies described in Chapter 3, specifically Section 3.2.5.°

5.2.4. Potential CO2 Mitigation

Ideally, hemp shivs used in bio-based construction should be free of fibres following mechanical
separation; however, in practice, the decortication process often yields shivs with varying fibre
content depending on equipment and processing intensity. This research hypothesizes that
avoiding complete fibre removal—thereby accepting a certain percentage of residual fibres—can
lead to a measurable reduction in carbon footprint by eliminating energy-intensive cleaning and
refining steps. Therefore, a focused LCA evaluation was conducted to estimate potential CO:
emission reductions specifically associated with upstream hemp processing. The simplified LCA
relies on data from previous studies detailing emissions associated with different stages of
decortication. The analysis considers a cradle-to-gate system boundary, as shown in Figure 5.3,
with a functional unit of 1 kg of hemp and compares three scenarios with increasing shiv purity
levels: high-purity (~0% fibres), medium-purity (5-20% fibres), and low-purity (>20% fibres). The
carbon footprint associated with each scenario is derived from published CO--equivalent emissions
per kg of processed hemp [Shanbhag et al., 2024] (see Table 5.3), enabling a comparative
assessment of the trade-offs between environmental impact and fibre removal. This methodology
allows the quantification of the avoided emissions resulting from incomplete decortication and
supports the broader evaluation of whether the environmental gains justify minor compromises in

mechanical and hygrothermal performance.
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Table 5-3 Embodied Carbon of Industrial hemp processing [Shanbhag et al., 2024].

Process GWP (kgCOse)/kg
Hemp straw production 0.0027
Transportation 0.0452
Hemp processing 0.0667

In the absence of detailed energy consumption data for each step of hemp shiv processing, the

carbon footprint of medium- and low-purity scenarios can be reasonably estimated by

proportionally reducing the emissions associated with omitted processing stages. To do so, the total

emissions reported for the high-purity scenario were distributed across the main processing

phases—primary decortication, secondary cleaning, and fibre refining (scutching)—based on their

relative energy intensity and mechanical complexity as reported in the literature, Table 5.4.

Specifically, primary decortication was assigned approximately 30% of the total emissions,

reflecting the moderate energy requirements of initial fibre—shiv separation through mechanical

milling and breaking. Secondary cleaning, which involves multiple stages of mechanical and

98



pneumatic separation to remove fine fibres and dust, was allocated the highest share at 40%, given
its high operational energy demand and extended processing time. Finally, fibre refining or
scutching was estimated to contribute the remaining 30%, as it is mechanically intensive and often
comparable in complexity to the decortication stage itself. These proportional allocations are
supported by previous LCA studies [Nazari &Woods, 2025; Qifan, 2024] and technical
assessments of hemp processing systems, providing a transparent and literature-backed approach

for estimating emissions in partially processed shiv scenarios.

Table 5-4 Estimated distribution of carbon emissions across key hemp shiv processing stages.

oy Emission . .
Process stage Description Share (%) Justification summary
Primary decortication Initial ﬁbrg—shw ~30 Moderate energy demand fqr mechanical
separation milling and breaking
Secondary cleaning Dust and fine fibre - 40 High energy usage due.to multl-sta.ge
removal pneumatic and mechanical separation
Scutching Final fibre removal ~30 Mechanically intensive; comparable to

decortication in complexity

5.3. Results and Discussion

5.3.1. Thermal Conductivity

Table 5.5 summarizes the results of thermal conductivity measurements, , which ranged from
0.0526 to 0.0648 W/m-K, demonstrating a clear linear decrease with increasing hemp fibre
content. Specifically, thermal conductivity was reduced by approximately 6%, 15%, and 20% for
fibre ratios of 10%, 20%, and 40%, respectively. This improvement is primarily attributed to the
low thermal conductivity and high porosity of hemp fibres relative to shivs, which introduce more
air pockets into the composite and effectively disrupt heat transfer pathways [Kosinski et al.,
2017]. These findings align with previous research, which confirms that incorporating fibre
enhances the thermal resistance of hemp-lime composites [Nguyen, 2010]. However, increasing

fibre content introduces important trade-offs. Hemp fibres are a high-value resource used across
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multiple industries, whereas shiv is typically considered a lower-value by-product. The overuse of
fibres can therefore raise concerns about sustainability and economics. Additionally, although
research directly addressing the impact of fibre content in HLC is limited, studies on other fibre-
rich composites indicate that excessive fibre levels may compromise mechanical performance,
reducing compressive strength, workability, and homogeneity, while increasing water absorption
and the risk of inhomogeneities [Kaplan & Bayraktar, 2021]. Therefore, while higher fibre content
improves thermal insulation, it must be carefully optimized to maintain a balance between

hygrothermal performance, mechanical integrity, and sustainability objectives.

Low variation in thermal conductivity among samples is also evident in Table 5.5, particularly
those containing short fibres (1.15 mm), with coefficients of variation ranging from 2.22% to
5.35%. This consistency underscores the effectiveness of the adopted method in producing uniform
HLC samples at high fibre contents. These results build upon previous work [Mahmood et al.,
2024], where we demonstrated that controlling hemp shiv particle size and using vibration during
casting significantly reduced variability in the physical properties of hempcrete. Standardizing the
hurd size promoted uniform packing, resulting in consistent porosity and enhanced thermal and
mechanical performance. Meanwhile, vibration minimized voids and improved the bonding

between binder and fibre.

In contrast, samples with longer fibres (6, 12, and 25 mm) exhibited considerably higher
variability, with average coefficients of variation reaching 7%, 13%, and 22% for hemp ratios of
10%, 20%, and 40%, respectively. This increased inconsistency is likely due to the balling effect,
where longer fibres clump together during mixing instead of dispersing evenly throughout the
matrix [Salehi et al., 2022], as illustrated in Figure 5.4. These fibre clumps create denser regions

that facilitate heat transfer, while poorly dispersed zones retain more air pockets, which improves
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insulation and results in heterogeneous thermal behavior—an undesirable trait for reliable building

applications.

Figure 5.4 Balling effect of hemp fibres.

Table 5-5 Descriptive statistics of samples' thermal conductivity.

Mean d Thermal .

Mix ID densit}ty conductivity Coe.fﬁ'c1ento of

(ke/m’) (W/m K) variation (%)
CS 200.79 0.0685 3.60
10F1.15L 200.87 0.0644 2.22
10F6L 199.01 0.0648 5.93
10F12L 197.92 0.0641 7.84
10F25L 200.12 0.0638 7.12
20F1.15L 198.71 0.0583 4.56
20F6L 200.36 0.0580 10.92
20F12L 198.29 0.0564 13.29
20F25L 199.15 0.056 14.28
40F1.15L 199.93 0.0546 5.35
40F6L 201.65 0.0541 18.93
40F12L 199.18 0.0528 22.38
40F25L 200.73 0.0526 21.93

Figure 5.5 evaluates the dry density—thermal conductivity correlation in this research relative to

existing literature [Mahmood et al., 2024], [Abdellatef et al., 2020], and [Williams et al., 2017].
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Compared to previous research with similar dry density [Mahmood et al., 2024], this study shows
0.13-18.45% lower thermal conductivity values. To allow accurate comparison, thermal
conductivity results from the literature [Abdellatef et al., 2020], and [Williams et al., 2017] were
extrapolated considering their linear dependence on density to align with the average value of
density in this study. The thermal conductivity values are 5.29-19.07% lower than the extrapolated
values reported in [Abdellatef et al., 2020], and [Williams et al., 2017]. These findings emphasize
the role of fibre-rich formulations in optimizing the thermal performance of HLC. However, it is
important to consider that variations in raw material properties, binder types, compaction levels,

and sample preparation methods across different studies may also influence the thermal behavior.
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Figure 5.5 Comparing thermal conductivity results with other studies.

The significantly lower density of our HLC samples, compared to those reported in most other

studies, can be attributed to our intentional use of a high hemp-to-binder ratio and the adoption of
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a vibration-based compaction technique. The high hemp-to-binder ratio results in a greater volume
of hemp aggregate within the mix, which inherently leads to a lower density, as there is more air
space between the hemp particles and less binder material to fill the gaps. This approach was
chosen to prioritize insulation properties and reduce material weight. Additionally, the use of
vibration during compaction improves homogeneity and reduces air pockets, but it does not
achieve the same degree of compaction as more traditional methods, such as hand packing or
mechanical pressing. This results in a less densely packed structure, contributing further to the

overall lower density of the final product [Mahmood et al., 2024].

The effect of hemp fibre length on the thermal conductivity of the hemp-lime composite was
assessed at four different fibre lengths (1.15, 6, 12, and 25 mm) to evaluate the performance of
HLC across various fibre production processes. In general, Figure 5.6 shows a slight decrease in
thermal conductivity with increasing fibre length, ranging from 0.62% to 0.93% for 10F samples,
from 0.5% to 3.9% for 20F samples, and from 0.9% to 3.6% for 40F samples, relative to the
samples containing 1.15 mm fibres. Such a trend can be explained by the longer hemp fibres
creating a more interconnected, porous structure within the matrix, which enhances air entrapment,
reduces heat transfer, and improves insulation. On the other hand, short fibres result in a denser
matrix with fewer air pockets, leading to increased thermal conductivity as heat transfer occurs
more efficiently through the material. However, the experimental results show that the differences
in thermal conductivity observed with varying hemp fibre lengths fall within the experimental
coefficient of variation, indicating that fibre length does not have a statistically significant effect

on the thermal performance of the hemp-lime composite.
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Figure 5.6 Thermal conductivity vs. different fibre lengths.

5.3.2. Specific Heat Capacity and Thermal Diffusivity

parameters, such as B:H ratio and density, than the hemp fibre ratio.
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The specific heat capacity of HLC samples varied between 931 and 976 J/kg K, as detailed in Table
5.6. The results align with previous literature where sample densities falling within a similar range
(200 kg/m?®) [Mahmood et al., 2024]. The findings reveal no significant influence of the hemp fibre

ratio on the measured specific heat capacities, indicating that HLC are more influenced by other

Defined as the ratio of thermal conductivity to heat storage capacity, thermal diffusivity indicates
the speed of temperature change transmission through a material [Gourlay et al., 2017]. Materials
exhibiting low thermal diffusivity minimize heat flow, promoting better energy efficiency and
comfort [Abdellatef et al., 2020]. The range of thermal diffusivity across all samples was 0.277

(m?/s) x10°° and 0.361 (m?s) x10°. Samples that incorporated hemp fibre into the mix exhibited



lower thermal diffusivity by about 8%, 13%, and 22% for fibre ratios of 10%, 20%, and 40%,
respectively. These findings reflect the established correlation among thermal diffusivity, thermal
conductivity, and density. Moreover, the higher CV observed for longer fibre samples was
anticipated due to the inherent relationship among thermal diffusivity, thermal conductivity, and
density. As fibre length increases, the variability in fibre distribution and orientation likely
becomes more pronounced, which affects the consistency of thermal pathways within the
composite. This is reflected in the increasing CV of thermal conductivity with longer fibres,

contributing directly to the higher CV in thermal diffusivity.

Table 5-6 Average specific heat capacity and thermal diffusivity.
Ave. Specific heat ~ Coefficient of Ave. Thermal diffusivity Coefficient of

Mix ID

capacity (J/kg K) variation (%) (m?%s) x10°° variation (%)

CS 943 3.57 0.361 3.72
10F1.15L 961 2.19 0.333 2.61
10F6L 976 3.89 0.334 6.81
10F12L 958 4.01 0.338 8.32
10F25L 966 3.23 0.330 7.10
20F1.15L 931 4.09 0.315 4.66
20F6L 949 5.11 0.305 12.52
20F12L 971 3.76 0.293 11.89
20F25L 962 5.98 0.292 13.67
40F1.15L 957 4.61 0.285 5.12
40F6L 969 2.79 0.277 16.14
40F12L 938 3.29 0.283 19.94
40F25L 951 3.83 0.276 18.79

5.3.3. Moisture Buffer Value

Moisture buffering capacity is a key indicator of a material's ability to regulate indoor humidity
and contribute to passive hygrothermal comfort. As presented in Figure 5.7, HLC samples
demonstrated excellent MBYV, ranging from 2.12 to 2.73 g/m?-RH, which meets the threshold for
the "excellent" classification as defined in [Khaled et al., 2023] and [Collet and Pretot, 2012]. A
clear upward trend is observed with increasing fibre content: MBV values increased by

approximately 3%, 10%, and 24% for fibre ratios of 10%, 20%, and 40%, respectively, relative to
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the lowest fibre content. This enhancement is attributed to the greater porosity and vapor
permeability introduced by the incorporation of hemp fibres, which facilitate higher rates of
moisture absorption and release. Similar trends have been reported in studies highlighting the role
of bio-based aggregates in enhancing the moisture buffering performance of building materials

[Collet and Pretot, 2012].

Importantly, fibre length had a negligible effect on MBYV, as the variations across different lengths
fell within the experimental range of variability for each fibre content group. These findings align
with prior observations indicating that microstructural characteristics, such as pore distribution and
connectivity, rather than aggregate geometry alone, govern moisture buffering performance in
hemp-lime composites [ Walker et al., 2014]. It can be concluded that fibre volume fraction is the
dominant parameter influencing moisture regulation in HLCs, making it a critical variable for
optimizing mix designs in applications requiring passive indoor humidity control, such as

breathable or low-energy wall systems.
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Figure 5.7 MBYV values of the hemp-lime samples using the NORDTEST procedure.
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Figure 5.8 evaluates the MBV results in this research relative to previous litterature [Mahmood et
al., 2024], [Abdellatef et al., 2020], and [Collet and Pretot, 2012]. The results demonstrate that the
MBYV values from the present study are consistently higher across comparable dry density ranges.
Specifically, MBV values are 2.5-23.6% higher than those reported in [Mahmood et al., 2024] at
similar dry densities, and 4.0-26.4% higher than those reported by [Collet and Pretot, 2012], which
used a higher average sample density of approximately 440 kg/m?3. In comparison, the study by
[Abdellatef et al., 2020], which used a density of 300 kg/m?, reported an average MBV of 2.77
g/m? RH, which closely aligns with the results for our lower-density samples containing 40% hemp
fibres. These comparisons underscore the positive impact of increased hemp fibre content on
moisture buffering performance, particularly in lower-density composites. The improved MBV in
the present samples can be attributed to the enhanced porosity and permeability introduced by
higher fibre ratios, which facilitate more effective moisture exchange with the ambient
environment [Collet and Pretot, 2012]. It is well established that moisture buffering in porous bio-
based materials is governed by vapor diffusion through interconnected pores, the hygroscopic
nature of the plant aggregates, and the specific surface area available for moisture adsorption
[Collet et al., 2013; Hoxha et al., 2022]. Furthermore, the results suggest that optimized low-
density formulations can achieve MBV values comparable to or exceeding those of higher-density
systems reported in the literature, offering a performance advantage in passive moisture regulation

applications such as interior wall linings and breathable insulation systems.
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Figure 5.8 Comparing MBYV results with other studies.

Figure 5.9 illustrates the evolution of MBV under oven-dry initial conditions across different fibre
ratios. At the onset of testing, all samples exhibit high MBV values ranging from 2.5 to 4.35
g/m?-RH, which gradually decrease and stabilize by the fourth sorption—desorption cycle. This
initial peak results from the elevated moisture uptake potential of dry hemp-lime composites,
which decreases as the material becomes progressively conditioned with moisture. This behavior
is consistent with previous observations, which indicate that materials with a low initial moisture
content exhibit a greater hygroscopic response, while elevated starting humidity reduces their
subsequent absorption capacity [Mahmood et al., 2024]. Figure 5.9 also highlights a distinct
influence of fibre ratio on moisture uptake behavior. During the first cycle, samples with 20% and
40% fibre content absorb approximately 30% and 75% more moisture, respectively, compared to
those with 0% and 10% fibre content. This behavior enhances absorption, delaying the time to

reach moisture equilibrium and resulting in more gradual stabilization. In contrast, HLC samples
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with lower fibre content achieve stable MBV values more rapidly, suggesting a more immediate

regulatory response to indoor humidity fluctuations.

Notably, variations in fibre length did not significantly alter this behavior, as all fibre length groups
followed similar moisture equilibration trends. These findings indicate that fibre content, rather
than fibre length, is the dominant factor influencing moisture buffering dynamics and stabilization

in hemp-lime composites.
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Figure 5.9. Typical moisture buffering capacity of different fibre ratios with cycles.

5.3.4. Compressive Strength

HLC samples exhibited a collapse pattern similar to that of a shear failure, as shown in Figure
5.10. The stress-strain response exhibits three regions: an ascending linear portion, a peak at
maximum compressive stress marking the end of linearity, and a descending segment where stress
decreases. Similar behavior has been reported in previous literature [Mahmood et al., 2024; Ataebi

et al., 2025]. The fine particle size of hemp is the key element inducing such behavior, as smaller
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particles may lack structural integrity, resulting in interconnected pores that promote premature

shear-like failure [Mahmood et al., 2024; Sparrow, 2014].

Figure 5.10 Compressive Strength test, HLC cubes after failure.

Figure 5.11 exhibits the stress—strain response of HLCs with varying fibre contents. All samples
demonstrate substantial strain capacity at peak load, ranging from 0.032 to 0.048 mm/mm,
indicating a pronounced quasi-ductile behavior rather than brittle failure. Such ductility is
advantageous in seismic contexts, where materials that undergo controlled deformation can
dissipate energy and avoid sudden collapse. The stress—strain curves reveal a gradual post-peak
strength reduction, particularly in fibre-reinforced samples, suggesting strain softening rather than
sudden collapse. This behavior is attributed to the role of hemp fibres in bridging microcracks and
delaying crack propagation. In particular, the 10% fibre sample demonstrates both enhanced
deformability and a relatively stable strength level, indicating a favorable balance between strength

and ductility. However, it is important to note that the 40% fibre sample, while exhibiting the
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highest strain capacity, showed a reduced compressive strength at peak load compared to samples
with lower fibre content. This trend reflects a well-known trade-off in natural-fibre-reinforced
composites: increasing fibre content can improve energy dissipation and post-peak behavior but
may weaken matrix integrity and load-bearing capacity due to higher porosity and reduced packing
density [Laborel-Préneron et al., 2016]. Therefore, optimizing the fibre ratio is crucial for

balancing mechanical resilience and structural performance.

Overall, the findings suggest that moderate fibre addition (e.g., less than 20%) offers the best
compromise between compressive strength and ductility, making such formulations particularly
suitable for non-load-bearing or infill applications in earthquake-prone buildings. Excessive fibre
content, although beneficial for deformability, may compromise strength and should be used with

caution, depending on the structural requirements.
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Figure 5.11 Typical stress-strain curve for hemp-lime samples.
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The mean compressive strength values and the associated coefficients of variation for each mix
are compiled in Table 5.7. When compared to rigid thermal insulation boards [ASTM C1289,
2022], the hemp-lime samples exhibited commendable mechanical performance despite their
lower densities. The average compressive strength values range from 0.055 to 0.079 MPa, with
coefticients of variation ranging between 7.91% and 19.45%. Results show that adding hemp fibre
has reduced the compressive strength by approximately 13%, 15%, and 25% for fibre ratios of
10%, 20%, and 40%, respectively. Such behavior was expected, as hemp fibres have much lower
compressive strength compared to the hemp shivs, and it could also interfere with the cohesion
between the hemp shivs and the binder, thereby reducing the ability to withstand pressure. The
average compressive strength in this study falls within the range reported in the literature. For
example, Mahmood et al. [Mahmood et al., 2024] reported an average compressive strength of
0.70 MPa with a bind-to-hemp ratio of 1:1 and an average dry density of 200 kg/m?*. Moreover,
based on the experimental data, the hemp fibre length does not appear to produce a notable or
consistent impact on the compressive strength of the HLC, indicating that this parameter does not
play a critical role in determining structural performance. While hemp-lime composites may not
match the structural capacity of conventional load-bearing materials, their compressive strength

(0.11-0.965 MPa) aligns with that of faced rigid insulation.

Tensile strength was not assessed in this study, as prior research indicates that the tensile strength
of HLC is generally around 10% of its compressive strength. In the context of our mix, which was
formulated with a high hemp-to-binder ratio to optimize thermal performance and reduce density,
the compressive strength is relatively low. Therefore, the tensile strength would likely be similarly

diminished. Given that tensile strength is not a key performance indicator for hempcrete's primary

112



applications, such as thermal insulation, we determined that testing for this property was not

essential to the objectives of our research.

Due to difficulties in attaching a compressometer, Young’s modulus was estimated using actuator
displacement, with values ranging between 3.07 and 3.96 MPa, as shown in Table 8. Results show
a reduction of approximately 5%, 17%, and 18% for fibre ratios of 10%, 20%, and 40%,
respectively. A similar finding was reported in the previous literature [Nguyen, 2010], which
showed that Young's modulus was approximately 50% lower in samples containing hemp fibres.
It can be seen that a high fibre ratio has a negative effect on material stiffness, as higher fibre ratios

not only increase flexibility but also make the samples more prone to strain under loading.

Table 5-7 Descriptive statistics of samples' compressive strength and Young's modulus.

Compressive Strength Young's modulus
Mix ID Mean (MPa) Sfojigzifgé Mean Coefficient of
o, (MPa) variation %

CS 0.079 17.89 3.96 7.38
10F1.15L 0.071 19.45 3.76 5.01
10F6L 0.063 15.82 3.51 8.95
10F12L 0.067 16.41 3.56 11.31
10F25L 0.074 18.92 3.81 8.73
20F1.15L 0.065 9.88 3.27 5.43
20F6L 0.072 12.69 3.58 10.52
20F12L 0.069 8.42 3.31 9.31
20F25L 0.061 17.95 3.10 13.69
40F1.15L 0.058 7.91 3.22 13.82
40F6L 0.055 15.41 2.93 14.92
40F12L 0.061 9.72 3.16 12.28
40F25L 0.057 10.63 3.07 12.98

5.4. Potential CO2 mitigation

The comparative analysis of the three hemp shiv processing scenarios reveals significant
differences in carbon footprint depending on the level of fibre removal. In the high-purity scenario,

where full decortication, secondary cleaning, and fibre refining are performed to eliminate nearly
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all residual fibres, the estimated carbon footprint reaches 0.1146 kg COze per kg of hemp. This
represents the most emission-intensive approach due to the energy demands of both fine cleaning
and scutching stages. In contrast, the medium-purity scenario, which excludes the scutching phase
but retains secondary cleaning, results in a reduced footprint of approximately 0.0946 kg COze/ton,
reflecting a 17.5 % reduction in emissions. The most substantial savings occur in the low-purity
scenario, where only primary decortication is conducted, yielding an estimated footprint of 0.0679
kg CO:ze/ton, or a 40.7 % reduction compared to the high-purity reference. These results clearly
demonstrate that the more intensive the fibre removal process, the higher the associated
environmental impact. Therefore, from an environmental standpoint, minimizing processing
intensity—by accepting a higher fibre content in shiv—can lead to substantial emission reductions.
This finding underscores the need to balance the pursuit of material purity with the environmental
costs of achieving it, especially in applications where moderate fibre content does not significantly

compromise composite performance.

Such an approach enhances resource efficiency and aligns well with circular economy principles
by minimizing biomass waste and maximizing the value derived from each harvested plant. The
environmental benefit is particularly relevant given the growing demand for low-carbon
construction materials. However, it is important to acknowledge that these findings are
preliminary. While the initial results demonstrate promising carbon mitigation potential, further
comprehensive research is needed to assess detailed and long-term environmental impacts. Thus,
while the early data points to a viable path for emissions reduction, a deeper and more systematic

investigation is essential before this method can be broadly recommended or standardized.
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5.5. Conclusions

The key findings from this study, along with the limitations that inform prospects for continued

research, can be outlined as follows:

The study demonstrates that increasing the hemp fibre ratio notably enhances the thermal
insulation performance of hempcrete. Specifically, the samples exhibited thermal conductivity
values ranging from 0.0546 to 0.0685 W/m-K, with reductions of 6%, 15%, and 20% observed
at fibre ratios of 10%, 20%, and 40%, respectively. This trend indicates a direct correlation
between higher fibre content and improved thermal properties. Future research should focus
on assessing the long-term thermal stability of these composites under various environmental
conditions and exploring optimized mix design ratios that balance thermal performance with
mechanical strength for enhanced energy efficiency in building applications.

The investigation into the effect of hemp fibre length on the thermal properties of hemp-lime
composites revealed a decrease in thermal conductivity, ranging from 0.5% to 3.9% for F20
samples and from 0.9% to 3.6% for F40 samples relative to the samples containing 1.15 mm
fibres. However, these variations fall within the experimental coefficient of variation,
suggesting that the differences were not statistically significant. In summary, fibre length does
not have a measurable impact on the thermal performance of the composite. Future work could
explore the influence of fibre surface treatments or orientation, as well as the use of different
hemp shiv sizes, given that previous studies have reported a potential effect of hemp shiv size
on the material's overall performance.

Specific heat capacity ranged between 931 to 976 J/kg K while thermal diffusivity ranged
between 0.277 (m%s) x10° and 0.361 (m?/s) x10°. The results show no significant effect of the

hemp fibre ratio or the fibre length on the specific heat capacity and thermal diffusivity. Future
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work should consider different density ranges and H:B ratios, as the current findings are limited
to a 1:1 H:B ratio and a dry density of 200 kg/m?.

The study reports an excellent moisture buffering capacity in hemp-lime composites, with
average values ranging from 2.12 to 2.73 g/m? RH. A positive correlation was observed, with
MBY increasing by about 24% for fibre ratios of 40%. This behavior can be attributed to the
increased permeability of the hemp-lime composite caused by the incorporation of fibre
particles, which enhances both moisture transfer and storage within the material. Future
research should investigate the long-term environmental performance and durability of these
composites.

The study indicates that incorporating hemp fibre into hemp-lime composites markedly
influences their mechanical properties, specifically their compressive strength. The average
compressive strength values, which range from 0.055 to 0.079 MPa, exhibit coefficients of
variation from 7.91% to 19.45%. Despite their low densities, the hemp-lime samples exhibit
mechanical performance comparable to that of other insulation materials, such as rigid thermal
insulation boards. Importantly, the addition of hemp fibre reduces compressive strength by
about 13%, 15%, and 25% for fibre ratios of 10%, 20%, and 40%, respectively. Future research
should focus on optimizing the fibre-to-matrix interface and exploring alternative mix designs
or fibre treatments to counteract the reduction in compressive strength while preserving the
material's beneficial thermal and moisture buffering properties.

The findings suggest notable potential for lowering direct CO: emissions by approximately
17% and 40% when using medium- and low-purity hemp shivs, respectively, compared to

high-purity ones with emissions of 0.1146 kg CO-e/kg. Nonetheless, although the initial results
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are promising, further comprehensive and systematic LCA research is needed before this

approach can be widely adopted or standardized.
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Chapter 6 : Assessing The Technical Suitability of Precipitated Materials
from the Electrochemical Decarbonation of Limestones for Hydrated Lime
Production®

6.1. Introduction

Lime production is a major contributor to industrial CO2 emissions, primarily due to the calcination
of limestone at high temperatures. Electrochemical decarbonation offers a low-carbon alternative
by releasing COs: in a capturable stream and generating calcium-based precipitates under milder,
potentially renewable-powered conditions. These precipitates could serve as hydrated lime, but

their technical suitability must be verified.

The effectiveness of ED-derived lime depends on properties such as purity, crystallinity, particle
size, which may differ from conventional lime and influence binder performance in construction
applications. This chapter evaluates the physical and chemical characteristics of ED precipitates
and compares them with conventional hydrated lime, providing insight into their potential as a

sustainable alternative for carbon-conscious building materials.

To guarantee an extensive generalization of the research results, several limestones’ sources were
studied under a similar ED process (i.e., identical electrochemical cell and working parameters).
Consequently, for the first time, this study presents a technical suitability analysis of the deposited
materials (DMs) obtained by the ED of limestones from different sources, which provides evidence
of the reproducibility of this technology and supports its further deployment in worldwide chains

of hydrated lime production.

3 An abridged version of this chapter has been published as: Ramirez-Amaya, D., Mahmood, O., Noél, M., Kavgic,
M., Martinez, N. P., Troncoso P., F., Gazzano, V., Dreyse, P., Canales, R., & Gonzalez, M. (2025). Assessing the
Technical Suitability of Precipitated Materials from the Electrochemical Decarbonation of Limestones for Cement and
Hydrated Lime Production: A Reproducibility Study Performed in Canada and Chile. Journal of Materials in Civil
Engineering, 37(9), 05025007 . https://doi.org/10.1061/IMCEE7.MTENG-19673
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6.2. Materials and Methods

In this chapter, four sources of CaCO3 were used as precursor materials for the ED process. Fisher
Chemical (CAS-No: 471-34-1, Ref-No: 64-500) calcium carbonate reagents were utilized as
control sample (C). In addition, powdered limestone samples supplied by a local lime industry
were used: L1, L2, and L3. The precursor materials (i.e. feedstcoks) were oven-dried to 105°C for
24 hours and then subjected to physical and chemical analysis [Ramirez-Amaya et al., 2023]. The
precursor materials and the DMs samples underwent tests to assess their physical and chemical
properties, including measurements of PSD, SSAger, FE-SEM, TGA/DTGA, XRD, XRF. These

tests adhered to the methodologies described in Chapter 3, specifically Section 3.3.2.

For each ED performed, 10.0g of precursor material was introduced into the anode chamber and
stirring (< 200rpm) was applied to enhance the sample diffusion. ED was performed by applying
a 12V direct current for 16 hours (non-interrupted). The voltage operation and ED duration were
chosen to guarantee the whole dissolution of the precursor materials based on previous trials. After
ED, precipitated material was extracted from the cell's interface and isolated by filtration through
a paper filter placed on a Biichner funnel. Then, the DM samples were oven-dried to 105°C for 24

hours and stored in a chamber desiccant at room temperature for further analysis.

6.3. Results and Discussion

6.3.1. Precursor Materials Characterization

e Chemical Characteristics

Table 6.1 presents the chemical characterization of the precursor materials, including the oxide
composition and chemical modules obtained by XRF, as well as the purity of CaCO3 computed
using Equation 3.10 and the TG/DTG results shown in Figure 6.2. The control sample C is high-

purity CaCOs sources (>99% by mass) and consequently have very low or negligible content of
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other primary and secondary oxides (i.e., other than CaO).L1, L2, and L3 are classified as high-
grade limestone (i.e., CaO > 45%, carbonates >80%, SiO2 < 12%, and Fe;03< 5% by mass) with
a CaCOs; content exceeding 95% by mass and low levels of other primary oxides, making them

chemically suitable for hydrated lime production [ILIC & Shaw, 1995].

Table 6-1 Chemical characteristics of the precursors.

Test C L1 L2 L3
XRF [wt. %]

Ca0 56.24 51.61 53.01 52.64
SiO, 0.16 1.37 2.33 2.66
Al, 04 - 0.22 0.09 0.12
Fe,0, 0.01 0.11 0.08 0.09
MgO - 0.79 1.05 1.06
Na,O 0.05 0.08 0.06 0.06
K,0 0.01 0.07 0.07 0.08
P,05 0.01 0.01 0.03 0.03

MnO - - - -
TiO, 0.01 0.02 0.01 0.01

SO; - - - -
LOI 43.48 45.68 43.28 43.21
Total 99.97 99.96 99.93 99.96

TG/DTG [wt.%]

L(s50-900) 43.77 43.27 42.87 42.53
CaCO, 99.53 98.41 97.49 96.71
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Figure 6.1 Thermogravimetric analysis of the precursors.

XRD analysis of precursors is shown in Figure 6.2. Samples were mainly comprised of calcite as
the primary source of CaO. Quartz and dolomite were also identified, which explains the minor
contents of S10, and MgO, respectively. Regarding the content of secondary constituents, all the
precursor samples met the chemical requirements for hydrated lime production [Abdel Moneim et

al., 2013], with the MgO being the main secondary constituent in all the limestone samples.
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Figure 6.2 XRD analysis of the precursors. C: Calcite (CaCOs3), Q: Quartz (SiO,), D: Dolomite (CaMg(COs),).
e Physical Characteristics

The main physical characteristics of the precursor materials are listed in Table 6.2. There was a
high variability in the PSD (see Figure 6.3) and SSAggr among precursor samples. These
differences, together with the initial masses of the samples, explain the lower temperature and rate
of decomposition of CaCOs3 observed in the DTG analysis of Figure 6.1. A similar observation was

also reported in this kind of raw material by [Suleiman et al., 2013].

Table 6-2 Physical characteristics of the precursors.

Sample C L1 L2 L3
PSD
dgo[pm] 236.40 162.71 292.46 188.73
dso[pHm] 19.43 26.71 18 36.22
dqo[pum] 3.03 3.08 1.78 2.59
BET
SSAggr [m?/g] 0.64 1.11 1.32 0.74
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Figure 6.3 Particle size distribution of the precursors.

Figure 6.4 shows SEM images of all the precursor materials. At low magnification, the images
corroborate the differences observed in the particle size and fineness among the studied samples,
also showing a greater frequency of larger particles with a regular and smooth surface in the sample

C, which is consistent with its low SSABET.
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Figure 6.4 SEM images of precursors C (A), L1 (B), L2 (C), L3 (D).

6.3.2. Deposited Materials Characterization

e Chemical Characteristics

Table 6.3 summarizes the chemical composition of the DMs. The majority primary oxide in all
samples was CaO, whose percentage by mass was between 65.39% to 69.46% representing a
significant increase in comparison to the CaO content of the precursors. Likewise, the other
primary oxides (SiO2, Al>O3, Fe;03) were below 1%, while the loss on ignition also decreased for
all the samples. In this sense, ED acted as a lime concentrator where the initial content of the other
primary oxides and secondary constituents were significantly reduced. The results indicate that the
ED of calcite was possible despite impurities from the natural rock, which can be separated through
the ED and successfully isolated in the anode chamber. This residual material, or anodic sludge,

primarily consists of the other primary and secondary oxides found in the precursor material. For
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example, subsequent electrolysis conducted on approximately 20g of limestone sample for a
duration of 23 hours resulted in anodic sludge composed of: CaO 2.14%, SiO2 62.6%, Al2O3
15.1%, Fe203 5.7%, NaxO 3.36%, K20 2.76%, MgO 1.83%, TiO2 0.81%, and LOI 5.6%, by mass.
In contrast, control samples did not produce anodic sludge which is expected due to its high purity

of CaCO:s.

Table 6-3 Chemical characteristics of the deposited materials.
Test C L1 L2 L3
XRF [wt. %]

Ca0 69.46 68.50 6539 65.62
Si0, 018 022 051 0.79
AL, 0, - 004 041 003
Fe,0, 002 007 007 0.07
MgO 001 003 164 128
Na,0 053 180 105 335
K,0 001 001 003 0.2
P,0; 001 001 003 0.03
MnO - - 001 -
TiO, 002 002 - 001
LOI 29.74 283 30.82 28.76
Total 99.98  99.99 99.95 99.97
TG/DTG [wt.%]
Lzo-310) 076 101 165 1.56
H,0 076 101 165 1.56
L(s10-500) 19.16 20.85 20  20.33
Ca(OH), 78.80 85.73 8227 83.63
L(ss0-900) 942 431 567 441
CaCo, 2142 979 12.89 10.03

Regarding the secondary constituent's content (MgO, K>0O, Na2O, and P>Os) in DMs from
limestones, there were different behaviors according to the kind of impurity and sample. In general,
K>0 and P,Os were reduced, while MgO suftered a slight increase. However, for all the samples,
the MgO content still meets the limits of this secondary constituent (MgO < 2.5%). DMs' MgO
content variability can be attributed to the movement of impurities toward the cell's interface
motivated by the stirring and the reduction of the particle sizes during the calcite dissolution, as

well as the presence of aqueous magnesium ions (Mg?") because of the dolomite dissolution, which
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could facilitate the movement of the magnesium to the cell's interface. Dolomite dissolution under

acid conditions can be represented by the following reaction [Saldi et al., 2021]:
CaMg(COs)2 + 4H" — Ca*" + Mg?" + 2H,CO; (6.1)

The NaxO content is augmented in all samples, being the main impurity of the DMs. This increase
is attributed to the remaining electrolytic solution that was not completely isolated during the
filtering protocol. In this sense, a washing protocol needs to be applied to DMs to reduce their
sodium content. Although the high solubility of NaNOs is beneficial in terms of reducing the
amount of water that is necessary to isolate DMs completely, the water consumption of this
ancillary process, together with water and electrolyte reutilization, should be considered in a deep

sustainability analysis of ED for further industrial applications.
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Figure 6.5 Thermogravimetric analysis of the deposited materials.
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Figure 6.5 shows the TG/DTG analysis of the DMs from which mass loss for each temperature
range are also detailed in Table 6.3. Most of the total weight loss occurred in the dehydration zone,
where a new DTG peak associated with the precipitated Ca(OH)> can be observed. Likewise, the
total weight loss and DTG peak in the decarbonation zone decreased because of the CaCOs3
reduction. This shows that the main phases present in the DMs are the deposited Ca(OH); and the
remaining CaCOs (i.e., unreacted or recombined), which also can be corroborated by the XRD

results in Figure 6.6.
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Figure 6.6 XRD analysis of the deposited materials. H: Calcium hydroxide (Ca(OH),), C: Calcite (CaCO3).

Figure 6.7 compares the content of Ca(OH), and CaCOs by mass among DMs and their respective
precursors computed from the TG/DTG results. Furthermore, the percentage of Others phases
includes the rest of the primary oxides, the secondary constituents, and occluded water. The

Ca(OH)> content was between 78.8% to 85.73%. The content of Ca(OH), in DMs from the

129



limestones having different sources showed a high similarity, demonstrating that ED enables
precipitation of materials with similar chemical composition, even using natural limestones from
diverse sources and chemical characteristics as precursors. This is evidence of the reproducibility

of the process, which benefits its future scalability.
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Figure 6.7 Comparison of the chemical composition of precursor materials (A), and deposited materials (B).

Variability was observed on the remaining CaCOs content among all the studied DMs. As
previously mentioned, the physical characteristics of the precursors could explain the differences

in the DMs chemical composition [Ramirez-Amaya et al., 2023].

Regarding the quality of DMs as hydrated lime products, ASTM-C207 [ASTM-C207, 2018] and
ASTM-C206 [ASTM-C206, 2014] define a suitable chemical composition of hydrated lime for

masonry and finishing products for construction. The requirements for typical hydrated lime (Type
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N) are a minimum content of CaO of 95% (no LOI basis) and a maximum content of CO of 5%

if the sample is taken from the production chain.

Table 6-4 Main chemical characteristics of DM regarding requirements for normal hydrated lime for construction

applications.
%Ca0? %CaO
DM LOlI basis %LOI* 1o LOI basis %COIZ)
C 69.46 29.74 98.86 9.42
L1* 68.50 28.30 95.54 431
L2 65.39 30.82 94.52 5.67
L3 65.62 28.76 92.11 4.41

a. According to the oxides content by XRF analysis.
b. According to TG/DTG analysis, and is considered equal to %L s50-900).
* Complies with requirements about chemical composition for Type N hydrated lime for construction applications.

Table 6.4 compares the properties of the various DMs from this study with the chemical
requirements for Type N hydrated lime. DMs obtained from the ED of L1 could be considered
chemically suitable as a hydrated lime product. In this sense, the main issue regarding the chemical
composition of the rest of the DMs was the remaining content of CaCOs, the variability of which

was previously explained by the physical properties of the precursor materials.

e Physical Characteristics

The main physical characteristics of DMs are listed in Table 6.5. The differences in the PSD
percentiles were reduced compared to the precursors, and the PSD curves show a slight
homogenization and increase of the particle gradation (see Figure 6.8), meaning that DM includes
a broader range of particle sizes than its precursor. The SSAger increased significantly for all the
samples linked to better gradation, and mainly due to the presence of more porous structures

produced by the fast precipitation of Ca(OH): along the electrolysis process.
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Table 6-5 Physical characteristics of the deposited materials.

Test C L1 L2 L3
PSD
dgo[um] 167.38 267.01 152.17 184.18
dso[um] 1390 32.86 27.72 20.35
d;o[pm] 1.51 3.06 3.01 3.24
Retained on the 0.26 0.20 0 0
600um sieve [vt %]
Retained on the 1576  32.43 19.33 25.08
90um sieve [vt %]
Retained on the 17.96 3593 2346 2843
75um sieve [vt %]
BET
SSAger [m?/g ] 1.14 2.42 441 5.13

Regarding the fineness requirements for lime production, ASTM-C206 [ASTM-C206, 2018]

mandates that no more than 0.5% of the material should remain on a 600 um sieve and no more

than 15% remain on a 75 um sieve. These values are presented in Table 6.5 according to the PSD

results. This means that DM may need an additional ancillary grinding process.
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Figure 6.8 Particle size distribution of the deposited materials.
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Figure 6.9 shows the different particle structures observed in DMs by FE-SEM. For all samples,
low-carbon rich-calcium structures associated with Ca(OH), formations were observed whose
chemical composition was identified by EDX (see Figure C1). Particle clusters and large crystals
with hexagonal cross-sections and smooth surfaces can be observed at low magnification. The
latter is consistent with the morphologies of Ca(OH), crystals with hexagonal plate and hexagonal
column shape [Ma et al., 2022], and portlandite [Aitcin, 2016], formed at a high pH. At high
magnification, it can be observed that there are two standard classes of particle clusters. The first
mainly comprises the agglomeration of prismatic structures with irregular shapes and smooth
surfaces, including some smaller hexagonal crystals. The second type of cluster observed is mainly
comprised of the agglomeration of smaller grains with irregular shapes (<1pum) whose chemical
composition is similar to the hexagonal crystals (see Figure C2). Carbonate structures were also
detected, which have an irregular shape and surface and are associated with the remanent CaCOs3

(see Figure C3).
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Figure 6.9 SEM images of DM from C (A), L1 (B), L2 (C), L3 (D).

The formation mechanism of the different structure morphologies and particle sizes depends on
several factors that are also time variant during the ED, such as the ions concentration and the
electrolyzed solution pH. In this sense, the pH along the interface has a wide variation, coming
from acid levels in the anode chamber to alkaline levels in the cathode chamber, which creates a
pH gradient in the interface that can precipitate different Ca(OH), morphologies and structures
that are consistent with the SEM observations. Although there was not a clear association between
the physical or chemical characteristics of precursors and the physical characteristics of DMs, the

better gradation and specific surface area of all samples mean an upgrade of the physical
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characteristics of DMs compared with their precursors. For hydrated lime applications, a high
specific surface benefits paste workability and hardening process, including carbonation

[Romagnoli et al., 2013].

6.4. Conclusion

Electrochemical decarbonation is a disruptive technology with the potential to introduce several
synergistic strategies to deep-decarbonize lime production. However, its early cost-effective
incorporation in the current production chains needs evidence of its reproducibility and technical
suitability under the wide range of operation conditions (e.g., feedstock materials availability and
characteristics) that the lime industry offer around the world. This reproducibility study performed
successfully applied the ED on different limestone feedstock used for lime production. The
obtained precipitated materials were chemically and physically characterized, and their technical
suitability to be considered an intermediary for hydrated lime production was assessed according
to requirements established by the state of practice in the industry. The following conclusions can

be drawn from the presented results:

e Several samples of high-grade limestone from lime industry were successfully
decarbonated using two electrolysis cells operated at 12V. Regardless of the chemical
composition, and physical characteristics of samples, from the -electrochemical
decarbonation of each precursor, the resultant material was a precipitate mainly comprised
of Ca(OH)2 (78.80% to 85.73% by mass), which also had a higher CaO content, reduced
content of other primary oxides (SiO2, AlbOs, Fe203), and lower loss on ignition (LOI)

than their respective precursors.
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The MgO from dolomite mineral, the majority secondary constituent in the precursors
studied, was slightly increased in DMs. However, the MgO content for all samples
remained under limits established by industry (<2.5%).

Evidence was found that suggests that the physical characteristics of the precursor
materials are associated with the variability in the remaining content of CaCO3 in DMs. In
this sense, as in the conventional thermal calcination, the electrochemical decarbonation is
favored by a smaller average maximum particle size. This association can be employed to
optimize the grinding process of limestones before ED. However, generalizing the
variables' dependence and effects requires further investigation.

DMs are mainly comprised of portlandite crystals and particle clusters of Ca(OH), with a
wide spectrum of sizes and morphologies. Likewise, DMs achieved a better gradation and
SSAger than their respective precursors thus representing an upgrade of the physical
characteristics for hydrated lime production.

DMs from the ED of limestones L1 met requirements for chemical composition and
particle size established by the standards ASTM-C206-14 and ASTM-C207-18 for Type N
hydrated lime, which shows the potentiality of ED to produce a final product for
construction applications. However, it is essential to highlight that other performance
parameters from the presented standard, which were beyond the scope of this study, must

be evaluated before DMs are considered a final product to be commercialized.
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Chapter 7 : Electrochemical production of hydrated lime from organic waste:
A feasibility study*

7.1. Introduction

Pursuing sustainable hydrated lime production addresses environmental concerns and aligns with
broader goals of resource efficiency and economic viability. By adopting innovative technologies
and practices, the lime industry can contribute to a more sustainable future while meeting the
growing demand for this essential material. This research makes a significant contribution by
demonstrating that the ED process can produce quality hydrated lime equivalent to that obtained
through conventional methods. This study explores an innovative approach of utilizing bio-based
feedstock (eggshells and mussel shells) with ED to reduce waste diverted to landfills, as well as
the extraction of raw materials. This novel combination not only proves the feasibility and
versatility of ED in lime production but also leverages bio-based materials, which effectively
reduce the carbon footprint associated with hydrated lime production, offering a more
environmentally friendly alternative to conventional techniques. This advancement holds promise
for making hydrated lime—a fundamental component in building materials—more sustainable,
thereby contributing to the broader goal of reducing the environmental impact of the construction

industry.

7.2. Materials and Methods
7.2.1. Materials
Three sources of CaCOs were used as feedstocks in the ED process as shown in Figure 7.1. Fisher

Chemical's calcium carbonate reagent (CAS-No: 471-34-1, Ref-No: 64-500), similar to that used

4 This chapter is an abridged version of the paper that has been published as: Mahmood, O.; Kavgic, M.; Noél, M.
(2025). Electrochemical production of hydrated lime from organic waste: A feasibility study. Journal of Materials in
Civil Engineering. https://doi.org/10.1061/IMCEE7.MTENG-21939
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by Ellis et al. [Ellis et al., 2020], served as the control sample as it has a high purity level of CaCO3
(>99%) to minimize the effect of any impurities on the chemical reaction. Additionally, powdered
organic CaCOs sources from mussel shells (MS) and eggshells (ES) were employed as feedstocks.
These materials were washed multiple times with distilled water to eliminate impurities, dust, and
organic residues, then oven-dried at 200°C for 6 hours to remove excess moisture and remaining
organic matter (e.g., membranes) [Ballester et al., 2007; Barros et al., 2009]. The dried materials
were manually crushed with a hammer to break them into smaller pieces, followed by further
grinding with a ceramic mortar to achieve a fine powder. The finely ground powder was then

sieved through 90 um [Strother, 2019]. The feedstock was oven-dried at 105°C for 24 hours and

then physically and chemically analyzed.

Figure 7.1 Feedstocks used in the study (C) High purity CaCOs, (ES) Eggshells,(MS) Mussel shells.

7.2.2. Electrochemical Decarbonation Process and Experimental Design
The H-type electrolysis reactor used in this study was similar to that used in chapter 3 (see section

3.3.3). For each ED procedure, 10.0 grams of the feedstock were introduced into the anode

140



chamber, and stirring was maintained at 200 rpm to enhance diffusion. A 9V direct current was
applied continuously for 15 hours to ensure complete dissolution of the feedstock, based on prior
experimentation. The electrical current was continuously monitored every 60 seconds during the
ED process with an ACS712 current sensor and Arduino Leonardo microcontroller board. Once
the ED was completed, the DMs were removed from the cell and isolated by filtration. The samples
underwent additional washing with distilled water to remove any residual sodium nitrates in the
deposited material. This step was essential because, as demonstrated in the previous chapter,
unwashed samples exhibited a noticeably higher sodium nitrate content. This indicates that
residual sodium nitrates from the deposition process remain adhered to the material surface unless
actively removed. Washing with distilled water ensures the elimination of these residues, thereby
improving the purity of the samples and ensuring consistency and accuracy in subsequent
characterization or application. Subsequently, samples were filtered through a paper filter using a
Biichner funnel, oven-dried at 105°C for 24 hours, and stored in a desiccant chamber at room

temperature for future analysis [Ramirez-Amaya et al., 2023; Martinez et al., 2024].

A completely randomized design was used to determine statistically significant variations in the
chemical composition and physical properties of the DMs, the performance of the ED process, and
the energy consumption for each CaCOj; source. The design involved three replicates for the
feedstocks, which served as the explanatory variable. Each replicate encompassed a distinct ED
process using a sample of powdered raw material, leading to 9 ED trials conducted in a randomized
sequence. Although the number of trials was limited (n = 9), the order in which they were
conducted was randomized to reduce systematic bias. Randomization was implemented using the
RAND function in Microsoft Excel to assign each trial a random value, and the trials were then

ordered accordingly. Throughout the experiments, the same electrodialysis cell and operational
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parameters, including voltage, electrolyte concentration, initial sample mass, and process duration,

were consistently applied to maintain uniformity across the trials.

7.2.3. Characterisation of Feedstock and Deposited Materials
The feedstocks and DMs samples underwent tests to assess their physical and chemical properties,
including measurements of PSD, SSAget, FE-SEM, TGA/DTGA, XRD, XRF. These tests adhered

to the methodologies described in Chapter 3, specifically Section 3.3.2.

7.2.4. Electrochemical Decarbonation Performance

This investigation employed three principal performance metrics previously proposed by Ramirez-
Amaya et al. [[Ramirez-Amaya et al., 2023]: 1) Efficiency, indicating the extent to which the actual
quantity of Ca(OH) in the DMs aligns with the theoretically anticipated amount; 2) Energy, which
measures the total electrical energy consumed throughout the electrolysis process; and 3) Ca(OH)

Purity, denoting the fraction of Ca(OH), moles retrieved in the DMs.

TG/DTG was employed to measure the amounts of CaCO3 and Ca(OH): purity in the feedstocks

and DMs, following Equations 7.1 and 7.2 [Ramirez-Amaya et al., 2023]:

%CaC03 = %WL(s50-900) (MWcaco,/MwWco,) (7.1)
%Ca(0H); = %WL(310-500) (MWea(on),/MWh,0) (7.2)

where %WL(550-900) and = %WL(319-500) represent weight loss in the decarbonation and
dehydration zones, respectively. Molecular weights were as follows: CaCOs (100.087 g/mol),
Ca(OH): (74.093 g/mol), CO: (44.01 g/mol), and H-O (18.015 g/mol). ED efficiency was
calculated using Equation 7.3, and the energy consumption was determined by integrating the

power curve.
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Wpm MW caco; DMy,ca(on),

%Efficiency = x100 (7.3)

WcCycacozMWea(on),

Where W), is the dry weight of DMSs, DMy,ca(om), 1S the percentage of Ca(OH): in the DMs, W,

is the initial weight feedstock, and Cy,caco, 1s the percentage of CaCO:s in the feedstock.

7.2.5. Statistical Analysis

A comprehensive statistical approach was implemented to analyze ED performance. The
investigation commenced with a one-way ANOVA to evaluate whether significant differences in
performance metrics existed [Ramirez-Amaya et al., 2023]. This test allowed for the comparison
of mean values across different feedstock groups. Before this, the Shapiro-Wilk test was utilized
to verify the normality of the data, thereby ensuring that the ANOVA's assumptions were valid
[Jena et al., 2013]. Following the ANOVA, a post-hoc analysis using the Tukey test, adjusted for
multiple comparisons through the Bonferroni correction, was performed to identify specific group
differences [Haynes, 2013]. This meticulous approach ensured a rigorous and detailed examination
of performance variations, providing a robust basis for interpreting the effects of different

conditions on ED performance.

7.2.6. Evaluating Potential CO2 Reduction

Although a comprehensive life cycle analysis (LCA) of the electrochemical decarbonation process
is outside of the scope of this study, a preliminary assessment of the potential reduction in CO2
emissions was conducted. It is important to note that the potential CO> reduction calculations were
confined to the calcination reaction in the production process (i.e., chemical emissions) and do not
include the energy demand to heat the kiln nor the embodied energy to transport raw materials or
final products. Consequently, the reduction in CO> emissions can be determined based on the

theoretical CO2 emissions values for the conventional approach (CA) and the ED method. For the

143



conventional approach, the CO, emitted can be determined based on Equations 7.1 and 7.3

[Martinez et al., 2024]:

_ W¢x%CaCOs3

€020, = Sves. (7.3)

Conversely, the role of the ED process in lowering the carbon footprint of hydrated lime can be
broken down into two components: the first component accounts for the CO; sequestered by the
DMs in the form of remaining (unreacted or recombined) CaCOs. This accounts for a small
proportion of unreleased CO; when the ED efficiency is maximized. This portion can be calculated

using Equation 7.4 [Martinez et al., 2024]:

co _ Wpu X[1-%Ca(OH),]
2ED-Seq. — MWcacos

(7.4)

The second component refers to the CO> gas that is captured during the ED process; this constitutes
one of the key benefits of the process, namely to facilitate more efficient carbon capture by
achieving a higher CO; concentration (approximately 67%). This enhances the process and reduces
the energy needed for CO: capture [Ellis et al., 2020]. Therefore, it is assumed in this study that
all CO; produced by the ED process will be captured, such that the amount of CO> captured can

be calculated using Equation 7.5:

co _ {(Wex%CaC03g}—{Wpp X[1-%Ca(OH), ]}
2ED-Capt. MWcacos

(7.5)

7.3. Results and Discussion
7.3.1. Feedstock Characterization
Table 7.1 shows the chemical composition of the feedstocks used in this study. The main oxide

was CaO content with 56.24%, 52.01%, and 53.89 % for C, ES, and MS, respectively, which are
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chemically suitable for hydrated lime production [Abdel Moneim et al., 2013]. When comparing
the CaO content of the ES and MS with that of mineral-based limestone reported in previous
studies employing the ED process, which was 40.85-48.09% for [Ramirez-Amaya et al., 2023]
and 48.55% for [Martinez et al., 2024], it can be seen that organic-based feedstocks show a higher
CaCOs purity level, which is expected to lead to a higher yield of DMs. The loss on ignition (LOI)
indicates the content of CaCOs3 as the mass loss occurs due to the release of CO: gas from the
feedstocks. The LOI values for the feedstocks were higher than 40%, confirming a high content of

CaCO:s in the feedstocks.

Table 7-1 Chemical characteristics of the feedstock.

Test Control (C)  Eggshells (ES) Mussel shells (MS)
XRF [wt. %]
CaO 56.24 52.01 53.89
Sio, 0.16 0.20 0.19
Al,04 0.00 0.00 0.00
Fe,04 0.01 0.01 0.02
MgO 0.00 0.49 0.09
Na,0 0.05 0.20 0.41
K,0 0.01 0.09 0.01
LOI 43.48 46.74 45.22
Total 99.95 99.72 99.85
TGA[wt. %]
WL(s50-900) 43.77 43.85 43.52
%CaC0, 99.53 99.72 98.97
XRD Rietveld (wt%)
Calcite (CaCOs3) 100.00 100.00 58.10
Aragonite (CaCO3) - - 41.9

TG analysis was employed to determine the decomposition temperatures of the feedstocks (Figure
7.2), and this information was utilized to evaluate the electrolysis performance. The
thermogravimetric data reveal that weight losses between 550-900 °C were 43.77%, 43.85%, and
43.52%, translating to CaCOs contents of 99.53%, 99.72%, and 98.87% for the C, ES, and MS
samples, respectively. It can also be seen that the MS exhibits lower decomposition temperatures

than the other feedstocks. This difference is because the primary mineral in MS is aragonite,
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whereas calcite is the predominant mineral in C and ES. While calcite and aragonite share the same
chemical composition, their different crystal structures lead to their physical properties and
stability variations. Calcite decomposes at a higher temperature compared to aragonite. It typically
decomposes into CaO and CO: at around 700°C to 800°C, while aragonite decomposes at a lower
temperature around 650°C [Ballester et al., 2007]. Figure 7.3 presents the XRD analysis of the
feedstock samples, confirming that the C and ES samples primarily consist of calcite, the primary

CaO source. Meanwhile, MS contains a significant amount of aragonite (41.9%).

I I I 1 | | I |
100 200 300 400 500 600 700 800 900

1 (I)O 2(I)O 3(I)O 4(I)O 5(I)0 6(I)O T(I)O 800 200
Temperature [°C]

Figure 7.2 TG (A), DTG (B) analysis of the feedstocks.
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Figure 7.3 XRD analysis of feedstock. C: Calcite (CaCO3), A: Aragonite (CaCO3).

The main physical characteristics of the feedstocks are listed in Table 7.2, and the PSD is shown
in Figure 7.4. There was high variability in the PSD and SSAger among feedstock samples; ES
and MS samples showed a smaller average maximum particle size and higher specific surface area
than the C sample. A more uniform particle size distribution was observed in C compared to ES
and MS, as depicted in Figure 7.4. This finding is expected because the C sample is a commercial
material with high purity. In contrast, ES and MS are natural materials composed of various
minerals and were powdered manually. Table 7.2 also indicates a high surface area with an SSAger
value of 4.54 m?*gm, attributed to the numerous tiny pores in the eggshells that facilitate gas
exchange for the embryo's respiration [Mortola, 2009]. This porous structure is visible in the FE-
SEM images shown in Figure 7.5. Finer CaCOs particles, along with a higher surface area to
volume ratio, can enhance the efficiency of the calcination in the conventional method. A finer

particle size can lead to a more effective reaction, resulting in complete calcination and greater
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CO:2 generation due to the increased surface area and reaction kinetics [Suleiman et al., 2013]. The
volume percentage of particles larger than 90 um did not surpass 15% for any of the sources,
maintaining an acceptable level in line with the fineness recommendations to ensure optimum

calcination [Stan”ek, 2019].

Table 7-2 Physical properties of the feedstocks

Test Control (C) Eggshells Mussel shells (MS)
(ES)
PSD
Retained on 90um [vt. %] 10.97 0.00 0.00
doo [um] 239.88 13.36 13.18
SSAger [m?/g] 0.64 4.54 1.93

In this feasibility study, the organic sources of CaCO3 were powderized by hand. Consequently,
there are differences in PSD among the used material sources. While particle size may influence
surface area and reaction kinetics, this effect has not been investigated in this study. As a result, it
is acknowledged that the findings may not comprehensively reflect the nuanced interactions
between particle size and process efficiency. Nevertheless, the differences in particle size are not
believed to influence the overall feasibility of this approach. It is recommended that future
investigations should incorporate a more detailed examination of particle size eftects to provide a

holistic understanding of their role in optimizing decarbonation performance.
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Figure 7.4 Particle size distribution of the feedstock.

FE-SEM was performed to evaluate the morphology of the feedstocks, and the results are shown
in Figure 7.5. At low magnification, agglomeration of particles in cubic shapes is observed for
sample C; these agglomerations do not exceed 90 um, and the particle size is relatively
homogeneous. In contrast, in ES and MS, a heterogeneous particle size distribution can be
observed in irregular and undefined agglomerates, which could result from the crushing process.
High FE-SEM magnification shows the pores in ES particles as fine, well-defined openings. These
pores are distributed throughout the shell and vary in size, with some appearing as small, round
holes while others may be elongated or irregular. The porous matrix of ES is consistent with its
high SSAger. High magnification also shows that MS is primarily composed of CaCOj3 in the form

of aragonite crystals appearing as needle-like or elongated prisms.
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Figure 7.5 FE-SEM of the feedstock.

7.3.2. Deposited Materials Characterization

Table 7.3 presents the chemical composition of the DMs, which defines the end products upon the
conclusion of the ED process. The dominant oxide in all samples was CaO, with its mass
percentage ranging from 70.84% to 73.72%, reflecting a significant increase compared to the CaO
content in the feedstocks. In contrast, the other primary oxides (SiO2, Fe:Os, MgO) were below
1%, and the loss on ignition was reduced across all samples. This outcome is attributed to the
electrolysis process in the anode chamber, where calcite dissolution occurs. Calcium ions (Ca**)
migrate toward the cell interface and react with hydroxyl ions (OH") generated from water
reduction in the cathode chamber, resulting in the deposition of Ca(OH). at the cell interface

[Martinez et al., 2024]. These results indicate that calcite electrolysis was effective despite
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impurities separated and isolated in the anode chamber. This result is consistent with previous

studies [Ramirez-Amaya et al., 2023].

Table 7-3 The chemical composition of the deposited materials.

Test Control (C) Eggshells Mussel shells (MS)
(ES)
XRF [wt. %]
Ca0 73.72 70.84 73.12
Sio, 0.22 0.19 0.18
Al,04 0.00 0.00 0.00
Fe,04 0.02 0.01 0.01
MgO 0.00 0.88 0.17
Na,0 0.04 0.11 0.15
K,0 0.00 0.01 0.00
LOI 25.86 27.48 26.23
Total 99.85 99.53 99.86
TGA [wt. %]
WL (s50-900) 3.80 4.56 3.75
%CaCO4 8.64 10.37 8.53
XRD Rietveld
(Wt%)
Calcite (CaCO:s) 7.96 4.24 3.25
Portlandite 92.04 95.76 96.75
(Ca(OH),)

The content of secondary constituents (K-O, MgO, and Na:0O) in the DMs showed varying
behaviors depending on the type of impurity and the sample. K-O was reduced across all samples,
whereas MgO experienced a slight increase. Nevertheless, the MgO content in all samples remains
within the acceptable limits for hydrated lime production [Strother, 2019]. Notably, the Na.O
content was also decreased despite the use of NaNOs as the electrolytic solution due to the isolation

process during the filtering procedure.

Figure 7.6 shows the TG/DTG analysis of the DMs. The weight loss at 310-500 °C was 21.21%,
20.15%, and 21.52% for the C, ES, and MS, respectively. This weight loss occurred in the
dehydration zone, where a new DTG peak associated with Ca(OH)2 can be observed. Likewise,
the weight loss and DTG peak in the decarbonation zone at 550-900 °C decreased significantly to

3.80%, 4.56%, and 3.75% for C, ES, and MS because of the CaCOs3 reduction in the DMs. The
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significant decrease in CaCOj3 content indicates the efficiency of the ED process in producing high-
purity Ca(OH), regardless of the impurity level, crystalline phase, and type of feedstocks. The
TGA also confirms that the main phases present in the DMs are Ca(OH); and the remaining CaCO3

(i.e., unreacted or recombined), as corroborated by the XRD results in Figure 7.7.
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Figure 7.6 TG (A), DTG (B) analysis of the deposited materials.
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Figure 7.7 XRD analysis of the deposited materials.

ASTM-C207 [ASTM-C207, 2018] outlines the chemical composition criteria for hydrated lime
used in masonry and finishing products. Specifically, Type N hydrated lime must have at least 95%
CaO (on a no-LOI basis) and no more than 5% CO: if sampled from the production line. Table 7.4
compares the different DMs examined in this study with these standards for typical hydrated lime.
All the DMs sourced from the ED satisfy these chemical requirements and are thus deemed suitable

as a final hydrated lime product.

Table 7-4 The main chemical characteristics of the deposited materials regarding the requirements of hydrated lime
for construction applications.

V)
DMs no Sglagasis %02
Control (C)** 99.50 3.80
Eggshells (ES)** 98.31 4.56
Mussel shells (MS)** 99.27 3.75

* according to TG/DTG analysis, and is considered equal to L(ss0-900)-
** complies with requirements about chemical composition for Type N hydrated lime for construction applications.
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The Specific Surface Area (SSAger) and PSD of DMs are presented in Figure 7.8 and Table 7.5.
The PSD curves reveal a modest degree of homogenization and an enhanced particle gradation,
indicating that DMs encompass a broader spectrum of particle sizes than their raw materials. The
specific surface area exhibited a significant increase across all samples, primarily due to improved
gradation and the development of more porous structures resulting from the rapid precipitation of
Ca(OH): during the electrolysis process [Ramirez-Amaya et al., 2023]. ASTM-C206 [ASTM-
C206, 2014] mandates that no more than 0.5% of the material should remain on a 600 um sieve
and no more than 15% should remain on a 75 pm sieve. ES and MS DMs comply with this
standard, meeting the physical criteria for hydrated lime, while DMs from C slightly exceed the
latter requirement. It is worth mentioning that when the feedstocks meet the fineness requirement
before the ED process, their corresponding DMs also meet this physical standard, consistent with
findings reported by [Ramirez-Amaya et al., 2023]. This finding indicates the importance of

optimizing the milling process of feedstocks in the chain of hydrated lime production, which

includes ED.
Table 7-5 Physical properties of the deposited materials.
Test Control (C) Eggshells Mussel shells (MS)
(ES)
PSD

Retained on 600um [vt. %] 0.00 0.00 0.00

Retained on 90um [vt. %] 14.76 0.5 1.14

Retained on 75um [vt. %] 18.77 2.85 3.66

doo [um] 158.59 13.31 13.36

SSAggr [m?/g] 1.14 5.01 3.26
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Figure 7.8 Particle size distribution of the deposited materials.

Figure 7.9 showcases the various particle structures within DMs as revealed by FE-SEM. The
images display low-carbon calcium-rich structures associated with Ca(OH).. At lower
magnifications, particle clusters and sizable crystals with hexagonal cross-sections and smooth
surfaces are evident. These observations correspond to the morphologies of Ca(OH): crystals,
including both hexagonal plate and columnar shapes, as well as portlandite [Ma et al., 2022], which
typically emerge under high pH conditions. At increased magnification, two primary classes of
particle clusters are discerned. The first class consists mainly of agglomerated prismatic structures
with irregular shapes and smooth surfaces interspersed with smaller hexagonal crystals. The
second class features predominantly smaller grains with irregular shapes (<1 pm), whose chemical

composition is comparable to hexagonal crystals.
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Figure 7.9 FE-SEM images of the deposited materials.

The diverse structural morphologies and particle sizes are influenced by several factors that evolve
during the electrolysis process, including ion concentration and the pH of the electrolytic solution
[Ellis et al., 2020]. The pH gradient across the interface, ranging from acidic in the anode chamber
to alkaline in the cathode chamber, induces varying precipitation patterns of Ca(OH).
morphologies and structures, corroborated by the FE-SEM observations. It can be seen that the
electrolysis process significantly enhances the particle gradation and specific surface area of all

samples, thereby improving the physical attributes of the DMs compared to their raw materials.

7.3.3. Electrochemical decarbonation performance

Figure 7.10 displays the average efficiency values for the ED along with their standard error bars.
The current ED design achieved efficiencies of 85.96%, 82.65%, and 83.18% for C, ES, and MS,
respectively, representing a significant improvement over previous studies, which reported

efficiencies ranging from 19-25% [Ramirez-Amaya et al., 2023] and 27%-80% [Martinez et al.,
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2024]. The improvement might be due to more ideal experimental conditions. Previous studies
have highlighted that longer operation times enable the system to approach steady-state conditions,
enhancing ion transport across membranes while reducing losses caused by factors such as
membrane fouling. In contrast, shorter durations may only reflect the initial, unsteady phase of
operation, which can result in lower efficiency outcomes. Therefore, extended run times allow for
more thorough extraction of target ions, leading to improved recovery rates and energy

performance [Martinez et al., 2024].

Nevertheless, it is essential to carefully optimize the duration of operation to balance energy
consumption and avoid placing excessive strain on the system. Another contributing factor to the
observed performance improvement may be the feedstock-to-electrolytic solution ratio. Previous
studies have shown that this ratio plays a critical role in determining the ion concentration gradient,
which serves as the main driving force for ion transport in electrodialysis [Martinez et al., 2024].
Excessively high feedstock concentrations can lead to membrane clogging and lower ion
selectivity, whereas overly diluted solutions may weaken the concentration gradient, reducing
extraction efficiency [Martinez et al., 2024]. In this study, the chosen feedstock-to-electrolyte ratio

appears to strike a suitable balance, supporting improved throughput and product purity.

This increased efficiency reflects a notable improvement in the mass recovery of Ca(OH), which
ranges from 86.86% to 90.26%. The ED's efficiency and mass recovery highlight the potential and
sustainability of this new technology for hydrated lime production. Figure 7.10 also shows the ED
process's energy consumption, which was in the range of 24.25-25.52 kJ/gm. The energy data
reveals a 20% rise in consumption compared to earlier studies [Ramirez-Amaya et al., 2023]. This
increase can be attributed to the fact that the previous experiments were limited to a 5-hour

duration. The energy indicator demonstrated consistent performance across all CaCOs3 sources.
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These findings indicate that using the same amount of energy in the electrolysis process results in

comparable efficiency and mass conservation regardless of the specific CaCO3 source used.
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Figure 7.10 ED performance indicators: Efficiency (a), Energy consumption during electrolysis (b), and Ca(OH),
recovery (c).

Table 7.6 summarizes the statistical analysis used to assess the significance of differences among
the properties of the studied feedstocks. The analysis reveals that only the efficiency of C was
significantly different from that of the organic feedstocks. At the same time, no significant
differences were found between ES and MS. This lack of difference is likely due to the high purity
of C, producing only two solid phases in the DMs: deposited Ca(OH); and unreacted CaCOs3 [Ellis
et al., 2020]. In contrast, using ES and MS as CaCOs sources introduces additional mineralogical
phases (e.g., Si02, MgO) into the electrolysis cell. These additional phases may remain in the
anode chamber or move toward the cell's interface chamber, thereby reducing the purity of the

DMs. Agitation also plays a role by keeping the particles in suspension, especially if the grain size
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of the precursor is reduced during CaCO3 decomposition [Ramirez-Amaya et al., 2023]. Table 7.6
shows no statistically significant differences in the %Ca(OH). recovery or energy consumption
across the various feedstock sources. This consistency in ED efficiency implies that there is no
significant correlation with the different CaCOs sources, emphasizing the ED's compelling
performance in decomposing CaCOs3; from various sources and crystalline forms (calcite and

aragonite) and precipitating Ca(OH). regardless of impurities.

Table 7-6 Statistical analysis results of the electrochemical decarbonation (ED) performance.
Shapiro-Wilk test, P.

ANOVA Post-hoc analysis
Parameter Value
C ES MS F. P. Group1l  Group P value
value value 2

C ES *0.016

Efficiency [%] 0.593 0918 0.401 8.342  *0.019 C MS *0.089

ES MS 0.391

consumption 0.488 0.737 0.264 1.911 0.228 C MS 0.551
[kJ/gm] ES MS 0.677

C ES 0.337

Ca(OH); [%] 0.534 0.487 0.801 3.094 0.119 C MS 0.645
ES MS 0.106

* These differences can be considered as significant.

7.3.4. CO: mitigation from the ED process

Table 7.7 illustrates the theoretical CO> emissions from the conventional method and the ED
process. Theoretical CO> emissions from the conventional method were computed based on the
assumption that all feedstocks underwent a complete calcination reaction in the rotary kiln, leading
to chemical CO; emissions of 221.90, 223.19, and 215.75 mL/gm from C, ES, and MS,
respectively. Meanwhile, the potential CO2 reduction achieved through the ED process is presented
in two parts. The sequestered portion reflects the amount of CO2 in the DMs in the form of
impurities calculated using Equation 9. This part ranged between 24.38 and 29.17 mL/gm. The

second portion, corresponding to the CO; that is emitted during the ED process at high
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concentrations suitable for direct carbon capture, ranged from 191.37 to 197.36 mL/gm. Hence,
based on the results of these experiments, 86.93% to 88.94% of CO; emissions would be directly

captured, while the balance remained sequestered within the final product.

Table 7-7 Theoretical CO, mitigation in the conventional approach vs the electrochemical decarbonation (ED)

process.
CO; [mL/gm]
Conventional ED process/  ED process/
Feedstock approach / Carf))tured Squestered
Emitted
C 221.90 197.36 24.54
ES 223.19 194.02 29.17
MS 215.75 191.37 24.38

7.4. Conclusions

This study pioneers the use of eggshells and mussel shells, abundant yet underutilized waste
materials, as feedstocks for producing hydrated lime via electrochemical decarbonation. The
results demonstrate that both materials can be efficiently converted into high-quality Ca(OH):
suitable for direct use. This approach not only valorizes organic waste but also advances
sustainable, circular practices aligned with global climate and waste reduction goals. The main

conclusions are as follows:

e The electrochemical decarbonation process effectively utilizes organic waste feedstocks like
eggshells and mussel shells, despite differences in CaCOs content, crystal structure, and purity.

e All feedstocks showed significant CaCOs reduction and high Ca(OH): yields, with mussel
shells achieving the highest Ca(OH), concentration at 90.26%, followed by control (89.03%)
and eggshells (86.86%).

e The electrochemical decarbonation design achieved 82.65-85.96% efficiency, improving mass
recovery over previous studies and outperforming the limestone flotation technique in
efficiency and mass recovery, highlighting its feasibility and sustainability.
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e The deposited materials from eggshells and mussel shells met ASTM-C206-14 and ASTM-
C207-18 standards for Type N hydrated lime, suggesting suitability for construction. However,
further performance assessments are needed to confirm commercial viability.

e The study shows that combining direct carbon capture with the ED process can capture up to

89% of CO-, making the process emission-free with residual CO: stored as impurities.

Despite promising results, this study has several limitations. First, the effect of feedstock particle
size on the electrochemical process was not considered, which may influence surface area and
reaction kinetics. Second, a comprehensive life cycle analysis was not conducted to evaluate the
broader environmental impacts, including upstream and downstream emissions. Additionally, the
experiments were carried out under laboratory conditions, which may not fully reflect real-world
challenges. Future research should address these limitations by examining the impact of feedstock
particle size, conducting a life cycle analysis, and scaling up to pilot and industrial levels.
Moreover, the long-term availability of eggshells and mussel shells as feedstocks should be
assessed, and other calcium-rich waste materials, such as chicken bones or shellfish by-products,
should be explored to increase sustainability. Finally, although the use of low-cost organic waste
and room-temperature operation suggests economic advantages over conventional high-
temperature lime production, this study did not include a techno-economic analysis. Future
research should assess the financial feasibility of scaling this process, including cost comparisons
with traditional production methods and potential savings from waste diversion and energy
reduction. Such analysis will be critical to determine the commercial viability and broader

adoption of this sustainable approach.
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Chapter 8 : The Sustainability of Hemp-Lime Composites in Construction: A
Comparative Life Cycle Analysis of External Walls

8.1. Introduction

The construction sector is one of the largest contributors to global carbon emissions, with building
materials such as cement, lime, and glass fibre insulation driving a substantial portion of embodied
energy and environmental impact. In parallel, increasing demand for thermally efficient building
envelopes underscores the need for building materials that are not only effective but also

environmentally sustainable.

In recent years, the construction industry has faced growing pressure to adopt sustainable practices
and reduce its environmental footprint. One of the most impactful strategies for achieving this
involves evaluating and optimizing building materials, particularly those used in exterior wall
systems, which significantly influence a structure’s overall energy performance and environmental

impact.

Hemp-lime composites represent a promising solution to this challenge. Derived from renewable
hemp shives bound with lime-based matrices, HLC combines thermal insulation, moisture
buffering, and carbon sequestration potential. Previous research has demonstrated the
hygrothermal benefits of HLC; however, their environmental performance is strongly influenced
by the binder system. Conventional lime binders require high-temperature calcination, leading to

high carbon dioxide emissions during both processing and decarbonation of limestone.

To address this limitation, recent studies have investigated electrochemical decarbonation
processes, which produce hydrated lime from calcium carbonate feedstocks such as natural

limestone or waste eggshells, while capturing and potentially valorizing the released CO..
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Integrating such binder systems into HLC offers a pathway to further reduce the carbon footprint

of construction materials.

This study evaluates the sustainability of hemp-lime composites incorporating ED-produced
hydrated lime. The composites are benchmarked against (i) traditional HLC made with industrially
hydrated lime and (ii) glass fibre insulation, a conventional external wall material. The objective
is to assess both technical feasibility and sustainability performance, using a cradle-to-gate life
cycle assessment (LCA) normalized to thermal functionality. The findings provide insights into
the viability of bio-based composites with alternative binders as scalable insulation solutions for

low-carbon construction.

8.2. Materials

Hemp shivs were sourced from a Canadian supplier (Terrafibre) and milled to an average particle
size of 0.73 mm using an industrial grinder (JTANGL Electric Grain Grinder Mill, 3000 W) to
improve the consistency and performance of the produced HLC (the effect of hurd size is reported
in Chapter 4 [Mahmood et al., 2024]). Physical properties including density, water absorption,
particle size distribution, and moisture content were measured according to procedures detailed in

Chapter 3 (Section 3.2.2). Table 8.1 shows the physical properties of hemp shivs used in this study.

Table 8-1 Physical properties of hemp shivs.

Hemp

Property Shivs
Bulk density (kg/m?) 114
Initial moisture content (%) 6.94

Water absorption

IRA % 137.26

K; 51.88
D90 (mm) 0.73
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The binder used in this study was hydrated lime produced via the electrochemical decarbonation
process. Figure 8.1 illustrates the schematic of the large-scale electrochemical decarbonation
reactor developed in this study. The system was constructed using hardwood plywood panels (11.5
mm thick, 2 ft x 4 ft) coated with an epoxy layer to ensure full chemical resistance and watertight
sealing. The assembled reactor measured 120 x 60 x 60 cm and consisted of separate anode and
cathode chambers interconnected by a bridge section (10 x 60 % 60 cm). This configuration
maintained effective ion exchange while preventing cross-contamination between the chambers.
Stainless steel sheets were employed as electrodes, with dimensions of 15 x 20 x 0.1 cm for the
anode and 10 x 15 x 0.1 cm for the cathode. Continuous stirring was provided by a brushless,
cordless 2-inch mud mixer to enhance diffusion and maintain a uniform suspension throughout
the electrolysis process. Each experimental run used 5 kg of raw precursor material, yielding about

2.5 kg of DMs.

A constant direct current of 9 V was applied for 48 hours to achieve complete electrochemical
decarbonation and ensure high product purity. The operating voltage and duration were determined

through preliminary optimization to maximize process efficiency and material quality.

The design and configuration of this reactor are illustrated in Figure 8.1. The binder mix used in

this study is the same as the one described in Chapter 3 (Section 3.2.3).
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Figure 8.1 Scale-up electrochemical decarbonation (ED) reactor setup showing (a) the constructed large-scale
reactor and (b) the corresponding schematic illustrating the main components and configuration.

Table 8-2 The chemical composition and physical properties of hydrated lime and slag.

Chemical composition

. Mass % Physical properties
Material Specific Surface
CaO Na, O MgO ALOs; SiO; P05 K,O TiO, Fe03 pect u .
gravity area g/m’
ED E};S;ated 65.13  1.01 1.13 0.02 0.81 0.01 0.01 0.01 0.04 2.43 5.18
Slag 37.82 037 11.82 10.20 36.80 0.00 049 143 043 2.74 1.63

A binder-to-hemp ratio of 1:2.4 was selected to produce lightweight composites with a target dry
density of 140 kg/m* [Mahmood et al., 2024]. The ratio was optimized to balance binder content
and hemp shiv volume, ensuring adequate thermal performance and structural integrity. A
mechanical mixing and casting process was employed to ensure uniformity and reproducibility
across all samples [Mahmood et al., 2024]. The sample preparation followed the procedure
described in Chapter3 (Section 3.2.4). Table 8.3 summarizes the mass quantities of each

constituent used in the mix design to produce 1 m* of HLC.

Table 8-3 Composition of the hemp-lime samples.

Component Wright (kg)/1 m?
ED Hydrated 336
Lime
Slag 8.4
Hemp shivs 98.0
Water 336.0
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8.3. Methods

8.3.1. Technical Evaluation

HLC samples were tested for thermal conductivity (W/m-K), thermal diffusivity (m?s),
compressive strength (MPa), and moisture buffering value (g/m?-RH). All tests followed protocols

detailed in Chapter 3 (Section 3.2.5).

8.3.2. Sustainability Evaluation (LCA Framework)

After completing the key hygrothermal and mechanical tests to assess technical feasibility, the next
step in the evaluation process focuses on the sustainability performance of the HLC. While
mechanical properties such as strength and durability are crucial for determining the material’s
applicability in construction, it is equally important to assess its environmental impact, resource

efficiency, and long-term sustainability.

The objective of this study is to evaluate and compare the environmental sustainability of two HLC
formulations—each utilizing different lime binder production methods—through a cradle-to-gate
LCA. By benchmarking these bio-based materials against conventional glass fibre insulation, the
study aims to assess the potential of alternative binder sources, including ED-produced lime from
limestone, to reduce the environmental impact of insulation materials used in external wall

construction.

A performance-based functional unit (FU) was employed to enable a fair comparison across
materials with differing physical properties. The FU was defined as 1 m? of material delivering a
thermal transmittance of (RSI=2.88 m?-K/W). For this definition, the thermal insulation values of
0.0347 and 0.052 W/m K were adopted for low-density glass fibre and HLC, respectively. This
ensures that each material is assessed based on equivalent thermal functionality rather than mass

or volume alone. Canadian building and energy codes regulate above-grade exterior walls
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according to minimum effective thermal resistance requirements that vary by climate zone, with
typical RSI values ranging approximately from 2.78 to 3.85 m?-K/W depending on heating degree
days (HDD), construction type, and allowance for thermal bridging [Canadian Commission on
Building and Fire Codes, 2020]. The selected RSI value of 2.88 m?-K/W falls within this range
and represents a realistic, code-compliant level of thermal performance for above-grade wall
assemblies in several Canadian climate zones when assembly effects are considered. By adopting
an area- and performance-based functional unit aligned with building code practice, this study
enables a fair and decision-relevant comparison between hemp—lime composites and conventional
wall systems under realistic regulatory conditions. The defined FU for evaluating the wall systems
is shown in Figure 8.2, which shows that the HLC wall is 50% thicker than the glass wool wall to

achieve the same RSI-value.

—_—————————— 100 cn —-—_L -—-1nncn—-| l
= - - 3_ 10 cm —’
15 cnm

(A) RSI=2.88 m* K/W (B)

Figure 8.2 Performance-based functional unit for wall system comparison. (A) HLC wall, (B) low-density glass
wool wall.

This study adopts a cradle-to-gate system boundary, which encompasses all life cycle stages from
raw material extraction to the point at which the composite materials are ready for use at the factory
gate as shown in Figure 8.3. Specifically, the boundary includes: (1) production and transportation
of agricultural inputs such as hemp seeds, fertilizers, herbicides, farming machinery, and irrigation

equipment; (2) hemp cultivation, harvesting, and transportation to processing facilities; (3)
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decortication and processing of hemp stalks to obtain shives; (4) production of lime binders—
either through conventional calcination and hydration processes or via electrochemical methods
using limestone or eggshells as calcium feedstocks; and (5) the mixing, blending, and casting of
the hemp-lime composites. For the glass wool insulation, the cradle-to-gate boundary
encompasses: (1) extraction and processing of silica sand and other raw minerals (e.g., soda ash
and limestone); (2) melting to form glass fibres; (3) addition of binders and processing additives;
and (4) packaging and transportation of the finished insulation material to the factory gate.
Downstream processes such as on-site construction, use phase, maintenance, and end-of-life
treatment are excluded from the scope of this analysis as downstream processes can vary
significantly depending on building design, usage patterns, and regional practices, introducing
variability that is beyond the scope of this comparative study. The system boundary is cradle-to-

grave as shown in Figure 8.3.
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Figure 8.3 System boundary of the wall system.

|

The life cycle inventory (LCI) was developed using a combination of primary and secondary data

sources to ensure accuracy and representativeness across all material systems. Primary data were

collected specifically for the novel binder systems and focused on the production of hydrated lime

via electrochemical processes. This included direct measurements of energy consumption and

water inputs based on experimental trials and pilot-scale production data. As shown in Table 8-4.

Table 8-4 Inventory data for ED hydrated lime production.

Input Quantity per 1 kg
Water 30 kg
Electricity 7.1 kWh
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In the present research, the results of these published LCA studies were used as secondary data
inputs to support the analysis and interpretation of the environmental performance of HLC. These
secondary data were obtained from a wide range of reputable sources, including peer-reviewed
LCA studies, industry publications, and established life cycle databases. The LCA data adopted in
this research were originally generated in previous studies through a combination of primary data
collection methods, including semi-structured interviews and questionnaires with hemp growers
and manufacturers, as well as secondary data from industry figures and life cycle inventory

databases.

In the referenced studies, literature reviews, site visits, interviews, and data analysis were used to
develop process maps describing the life cycle inputs, outputs, and key processes involved in the
production and construction of hemp—lime walls. The life cycle assessments in those studies were
conducted in accordance with ISO 14040 and ISO 14044 standards using the LCA software
SimaPr. Background inventory data in the original assessments were primarily sourced from the
Ecolnvent database (Ecolnvent, 2010), supplemented where necessary with literature values and

industry-specific information.

These data informed background processes such as hemp cultivation, agricultural input production,
transport, conventional lime production, composite manufacturing, and the benchmark glass fibre
insulation resulting greenhouse gas (GHG) emissions associated with each material are presented

in Table 8-6.
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Table 8-5 Inventory data for the FU.

Input Item Quantity
Hemp seed 0.21 kg
Ammonium nitrate 0.71 kg
Fertilizers Triple superphosphate 0.76 kg
Potassium chloride 0.96 kg
. Hemp shivs 14.70 kg
Materials Hydralsed lime 5.03 kg
Slag 1.26 kg
Water 50.43 kg
Low-density 5.0 ke
glass wool
Electricity Mixing 1.5 kWh
Transportation- Lime binder 5000 kg km
factory to site Hemp shivs 3000 kg km

Table 8-6 Carbon footprint per FU.

Tnput GHG emissions  Sequestration
(kg COze) (kg COze)

Hemp shivs [Ip & Miller, 2012] 2.23 — 2245

Hydrated lime [Ip & Miller, 2012] 3.85 —3.83

ED Hydrated lime 0.72 —3.83
Slag [Zhang et al., 2025] 0.03 -
Water [Mohammadifardi et al., 2019] 0.0459 -
Electricity [G.0.C, 2025] 0.15 -
Low-density glass wool [Grazieschi et al., 2021] 4.32-8.64 -

8.4. Results and discussion

8.4.1. Technical Evaluation

The HLC prepared with hydrated lime produced through ED (ED-HLC) demonstrated competitive

thermo-hygro-mechanical properties

manufactured hydrated lime [Mahmood et al., 2024]. The average thermal conductivity of the ED-
HLC was 0.0521 W/m-K, closely matching the 0.0535 W/m-K obtained for the conventional
counterpart. This negligible difference highlights that the binder production route had little
influence on thermal insulation performance, which is primarily governed by the porous structure

of the hemp shiv phase. The similarity confirms that adopting the ED process does not compromise

the insulating capacity of HLC.
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Moisture buffering performance was also well preserved. The ED-HLC achieved an average
moisture buffering value (MBV) of 2.61 g/m?-RH, slightly higher than the 2.47 g/m?-RH reported
for conventional lime systems. Both values fall within the “excellent” category, underscoring the
capacity of HLC to moderate indoor humidity. The marginal enhancement observed with the ED
binder may be attributed to subtle differences in pore network connectivity arising from the
alternative hydration and carbonation pathways. These findings suggest that the electrochemical
process can deliver binders that maintain, or even improve, the hygric regulation benefits that make

hemp-lime composites attractive for building applications.

Mechanical strength showed the most noticeable difference between the two systems. While both
mixtures reflect the low load-bearing capacity characteristic of hemp—lime composites, the ED-
HLC attained an average compressive strength of 0.061 MPa compared to 0.042 MPa for the
conventional lime reference. This improvement suggests a denser or more reactive lime matrix in
the ED binder, which could enhance structural stability without altering hygrothermal
performance. Such gains are relevant for broadening the application potential of HLC in

construction where minimal mechanical requirements must be met.

Overall, the results demonstrate that replacing conventionally manufactured hydrated lime with
ED hydrated lime yields hemp—lime composites with nearly identical thermal conductivity,
slightly higher moisture buffering capacity, and improved compressive strength. These outcomes
highlight the feasibility of integrating an electrochemically decarbonized binder into bio-based
composites, combining functional performance with the reduced carbon footprint inherent to the

ED process.
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8.4.2. Environmental Impact of HLC Wall

A component-level analysis of the ED-HLC wall provides insights into the sources of carbon
savings and embodied emissions. Three carbon accounting approaches are determined: full
sequestration including all components (WS — includes all carbon uptake and storage associated
with both hemp shivs and lime binder over the material’s lifetime, reflecting the full carbon-
negative potential of the composite), ignoring all CO: uptake (NS — ignores all carbon uptake,
accounting only for emissions from material production, processing, and energy use, without
considering any CO: storage), and accounting only for the biogenic carbon in hemp shivs (HS —
accounts only for the biogenic carbon stored in hemp shivs during plant growth, while no
sequestration is considered for the lime binder or other components). The latter can be considered

the embodied carbon at the time of a building’s commissioning.

When full sequestration is considered (i.e. WS), the results show that the hemp shivs (-20.22 kg
CO: eq.) and the ED hydrated lime (-3.11 kg CO- eq.) dominate the negative balance, together
accounting for 86.6% and 13.4%, respectively. Water, slag, and electricity contribute marginally
positive emissions, with shares of 0.6%, 0.1%, and 0.2%, respectively. The combined effect yields
a net global warming potential (GWP) of —23.10 kg CO: eq., confirming the carbon-negative

profile of the ED-HLC wall.

Table 8-7 Contribution of HLC—ED constituents to CO: eq.

Full sequestration No sequestration Hemp sequestration
Component (WS) (NS) (HS)
(kg CO: eq.) (kg CO: eq.) (kg CO: eq.)

ED Hydrated lime -3.11 +0.72 +0.72
Hemp shivs -20.22 +2.23 -20.22
Water +0.15 +0.15 +0.15

Slag +0.03 +0.03 +0.03
Electricity +0.05 +0.05 +0.05
Total -23.10 +3.19 —19.26
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When sequestration is not considered (i.e. NS), the hemp shivs (2.23 kg CO: eq.) and the ED
hydrated lime (0.72 kg CO: eq.) are the main contributors to the overall emissions, accounting for
approximately 70% and 22% of the total, respectively. Water, slag, and electricity contribute
marginally with 0.16, 0.03, and 0.05 kg CO: eq., respectively, resulting in a total GWP of 3.19 kg
CO: eq. per functional unit. When the biogenic carbon sequestration of hemp shivs is included i.e.
HS), the system transitions to a carbon-negative balance of —19.26 kg CO: eq. This more realistic
representation accounts for the CO: absorbed naturally by hemp during its growth phase prior to
material processing. From this point onward, only WS and HS will be considered in the analysis.
The result highlights that the carbon-negative nature of the ED-HLC wall primarily stems from
the renewable and bio-based characteristics of the hemp component, which effectively stores

atmospheric carbon within the composite over its lifespan.

Comparative results further highlight the environmental benefit of ED-HLC. When considering
WS scenario, the ED-HLC wall performance surpassed that of the conventional lime-based HLC
(-19.97 kg CO: eq.) by approximately 15.7%, reflecting the enhanced sequestration and lower

emissions associated with the ED process.
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Figure 8.4 GHG impact per wall material (kg CO: eq) (WS).
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With carbon sequestration included, the ED-HLC wall achieved a 457% lower carbon footprint
compared to low-density glass wool insulation, transitioning to a strongly carbon-negative balance,
a performance far beyond the reach of standard HLC or mineral-based insulation products, as
shown in Figure 8.4. Under the HS scenario, the standard HLC wall already reached a carbon-
negative balance of —16.12 kg CO: eq., while the ED-HLC wall further improved this to —19.26
kg CO: eq., highlighting the additional benefit of the electrochemical process. Compared to
conventional low-density fibreglass insulation, the standard HLC wall achieves a 348% lower
carbon footprint, and the ED-HLC wall achieves a 397% lower footprint, clearly illustrating the

superior greenhouse-gas mitigation potential of hemp-lime composites (Figure 8.5).
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Figure 8.5 GHG impact per wall material (kg CO: eq) (HS).

Overall, these findings demonstrate that HLC made with ED hydrated lime combines the dual
benefits of carbon sequestration and low embodied emissions, offering reductions of 15.7% (with

sequestration) relative to conventional lime-based HLC, and up to 457% compared with glass
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wool. This positions ED-HLC as an environmentally superior alternative for sustainable wall

systems, achieving both high functional performance and significant carbon mitigation potential.

A one-way sensitivity analysis was performed to examine the effect of varying the B:H mass ratio
(1:1, 1:1.5, and 1:2.4), corresponding to densities of 200, 170, and 140 kg/m?, on the GWP of ED-
HLC walls (Figure 8.6 and Figure 8.7). When WS was considered, the net GHG balance improved
from —23.10 kg CO:z eq. at 1:2.4 to —27.73 kg CO: eq. at 1:1, representing a 20% reduction in GWP
with increasing binder content. In contrast, the HS scenario exhibited an opposite trend, with
values of —18.59, —19.59, and —19.24 kg CO: eq. for 1:1, 1:1.5, and 1:2.4, respectively — showing
a modest 5% variation. This reversed pattern reflects the dominant role of hemp content in the HS
case, where increasing the proportion of shivs enhances biogenic sequestration, while the

contribution from the binder is negligible.

The previous findings indicate that the influence of the B:H ratio is much more pronounced when
lime carbonation is included, emphasizing the binder’s critical role in enhancing the composite’s
carbon-negative potential. The trend also suggests that the binder, produced through the ED
process, contributes significantly to the overall carbon negativity through its carbonation potential.
When hemp content is increased disproportionately, the relative contribution of binder carbonation

decreases, leading to a less negative balance.
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The results highlight that binder design and reactivity may play a stronger role in carbon
performance than the simple addition of more bio-aggregate. Nevertheless, given typical LCA
uncertainties (£10-30%), the relative ranking between the ratios should be interpreted cautiously.
Further work should couple the carbon balance with mechanical and hygrothermal performance,
as higher hemp fractions may still provide other functional advantages even if the climate impact

is slightly less favourable.
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8.5. Limitations of the Study
While this study provides a comparative environmental assessment of hemp-lime composites and

conventional insulation materials, several limitations should be acknowledged.

Firstly, the analysis adopts a cradle-to-gate system boundary, which excludes downstream life
cycle stages such as construction, operational use, maintenance, and end-of-life treatment.
Although the use of a performance-based FU helps standardize thermal performance across
materials, omitting the use and disposal phases limits the ability to fully assess long-term
environmental impacts, including durability, recyclability, and carbon sequestration over the

building’s lifespan.

Secondly, the primary data for the electrochemical lime binders were based on pilot-scale or
laboratory-scale production, which may not reflect the efficiencies or challenges of full industrial-
scale implementation. Scaling assumptions were applied where needed, but actual energy demands

and process emissions could vary in commercial settings.

Third, the secondary data used for conventional lime, agricultural inputs, and benchmark materials
were drawn from existing databases and literature, some of which are not specific to the
geographical context of the study. Regional differences in energy grids, farming practices, and

transportation infrastructure may affect the transferability of results.

Lastly, the study does not assess other impact categories such as human toxicity, water depletion,
or land occupation, which may be relevant in comprehensive sustainability evaluations. Future
research should expand the scope to include these categories and integrate dynamic modeling to

assess long-term environmental trade-offs.
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8.6. Conclusions
This chapter evaluated the technical performance and environmental impacts of hemp-lime
composites prepared with hydrated lime derived from electrochemical decarbonation. The results

can be summarized as follows:

e Hemp-lime composites prepared with electrochemical decarbonation hydrated lime
showed comparable thermal and hygric behaviour to those with conventional lime binders.
Thermal conductivity was nearly identical (0.0521 W/m-K for ED-HLC vs. 0.0535 W/m-K
for conventional HLC), confirming that the change in binder production route does not
compromise insulation performance.

e Moisture buffering remained excellent, with ED-HLC (2.61 g/m*-RH) performing slightly
better than conventional HLC (2.47 g/m?-RH). This suggests that ED-derived lime supports
the intrinsic humidity-regulating properties of HLC.

e Compressive strength improved significantly (0.061 MPa vs. 0.042 MPa), indicating that
ED lime may form a denser and more reactive matrix. While HLC remains a non-structural
material, this gain broadens its robustness and potential use cases.

e ED-HLC confirmed its role as a carbon-conscious insulation solution with strong
sequestration capacity.

e With carbon sequestration included (WS), the ED-HLC wall achieved a net GWP of —23.10
kg COs: eq., outperforming conventional lime-based HLC (—19.97 kg CO: eq.) by 15.7%.

e When benchmarked against glass wool, ED-HLC delivered a 457% lower embodied
footprint without sequestration, and a carbon-negative profile when sequestration was

accounted for — an outcome unattainable by mineral-based insulation.
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e Under the Hemp Sequestration only (HS) scenario, where only the biogenic carbon in hemp
shivs is considered, the ED-HLC wall still achieved a carbon-negative balance of —19.26
kg CO: eq., demonstrating that even without accounting for binder carbonation, the system
remains strongly climate-positive. From this point onward, only WS and HS were
considered in the analysis.

e The sensitivity analysis confirmed that all mixes remained carbon-negative, but higher
hemp fractions reduced sequestration by up to 20%. Conversely, under HS, the trend was
reversed, with a modest 5% variation, confirming that hemp content controls the carbon
balance when binder sequestration is excluded. This dual trend illustrates that binder
reactivity governs carbon performance under WS, whereas biogenic uptake dominates
under HS. This underscores the dominant role of the ED binder in the carbon balance and

the need to balance environmental gains with material performance.
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Chapter 9 : Conclusions, limitations, and future recommendations

9.1. General conclusions

The research presented in this thesis addressed two complementary strategies for developing
sustainable, carbon-conscious construction materials: (1) optimizing hemp—lime composites
(HLCs) for improved technical performance, and (2) assessing the technical suitability and
environmental benefits of hydrated lime produced via electrochemical decarbonation (ED) of

limestone and waste feedstocks. The results can be summarized as follows:

e Reducing and standardizing hemp shiv particle size significantly improved material
consistency, reducing variability in mechanical and hygrothermal properties and enabling a
bio-based content of up to 70% by weight.

e Employing vibration as a compaction method enhanced density uniformity (<3.5% variation),
which is critical given the influence of density on HLC properties.

e While HLCs remain non-structural, compressive strength (0.055-0.079 MPa) is comparable to
rigid thermal insulation boards. Strength was influenced by hemp-to-binder ratio and shiv size;
fine shivs increased uniformity and reduced thermal conductivity (~13%).

e Thermal performance improved with higher hemp content: fibre ratios of 10%, 20%, and 40%
led to thermal conductivity reductions of 6%, 15%, and 20%, respectively. Fibre length had
minimal influence on thermal properties. Specific heat capacity (931-976 J/kg-K) and thermal
diffusivity (0.277-0.361x107¢ m?/s) were largely unaffected by hemp ratio or fibre length.

e Moisture buffering was excellent (2.12-2.73 g/m?-RH), increasing with higher fibre content
(up to 24% for 40% fibre ratio). The combination of fine hemp and higher hemp-to-binder

ratios enhanced hygric performance.
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Environmental assessment showed reductions in direct CO: emissions of 17-40% when using
medium- and low-purity hemp shivs compared to high-purity ones.

ED effectively decarbonated limestone feedstocks, producing precipitates with high Ca(OH)-
content (78.8-85.7%), reduced impurities, and improved particle size distribution. Some
products met ASTM standards for Type N hydrated lime.

ED was successfully applied to waste feedstocks such as eggshells and mussel shells, yielding
Ca(OH): concentrations of up to 90.3% and demonstrating feasibility for circular economy
applications.

Combining ED with direct carbon capture captured up to 89% of CO-, indicating near-zero
emission potential.

ED processes achieved efficiencies of 82.7-86.0%, outperforming previous mass recovery
techniques and demonstrating potential for sustainable, low-carbon lime production.

HLCs prepared with ED-derived lime maintained similar thermal conductivity (0.0521
W/m-K) and moisture buffering (2.61 g/m?-RH) compared to conventional lime composites.
Compressive strength increased by ~45% (0.061 MPa vs. 0.042 MPa), indicating a denser and
more reactive binder matrix.

Environmental performance was enhanced when using ED-derived lime; including
sequestration, net GWP =-23.10 kg CO: eq., which is 15.7% lower than conventional HLC.
With sequestration, the ED-HLC wall achieved a 457% lower carbon footprint than a glass
wool insulation, transitioning to a strongly carbon-negative balance — a performance beyond
the reach of conventional mineral insulation products.

The sensitivity analysis confirmed that all mixes remained carbon-negative, but higher hemp

fractions reduced sequestration by up to 16%. This underscores the dominant role of the ED
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binder in the carbon balance and the need to balance environmental gains with material

performance.

e These results highlight the dual benefit of ED-HLC: maintaining technical performance while

delivering significant carbon reductions, including carbon-negative potential.

9.2. Research contributions

This thesis provides several key contributions to sustainable construction materials:

Demonstrated that particle size, compaction method, and binder composition critically

influence the thermal, mechanical, and hygric performance of hemp-lime composites.

Validated the technical suitability of ED-derived lime for construction applications,

showing compliance with ASTM standards and improved compressive strength in HLCs.

Established the environmental benefits of ED lime, including reductions in embodied CO-

emissions and the potential for carbon-negative building materials.

Showed the feasibility of using organic waste feedstocks (eggshells, mussel shells) for

sustainable lime production, advancing circular economy practices.

9.3. Limitations and future work

Despite these contributions, several limitations should be acknowledged:

Long-term durability, fire resistance, freeze-thaw behaviour, and biological degradation of
HLC were not experimentally evaluated, leaving open questions regarding material

performance under extreme or prolonged environmental conditions.

Effects of fibre orientation, surface treatments, and complex particle size distributions on

mechanical and thermal performance were not fully investigated.
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e The ED experiments were performed at laboratory and pilot scale, which may not fully

reflect industrial-scale process efficiencies, energy consumption, or mass recovery.

o The impact of feedstock particle size on reaction kinetics, morphology, and Ca(OH): yield

was not assessed, limiting optimization potential for scaling up.

e While the chemical composition and particle characteristics of the precipitated materials
were characterized, other performance parameters required by standards (e.g., workability,

setting behaviour) were not evaluated.

e The long-term performance, carbonation behaviour, and recyclability of ED-HLC in real-

world building applications remain untested.

o Life cycle assessment was limited to a cradle-to-gate boundary, excluding operational,

maintenance, and end-of-life phases.

e Secondary data for conventional lime, hemp, and benchmark insulation materials may not

fully reflect regional conditions.

o The environmental assessment focused primarily on global warming potential (GWP),

without including other categories such as water depletion, toxicity, or land occupation.

Future research should build upon the findings of this thesis to further optimize hemp—lime
composites and the electrochemical decarbonation process for sustainable construction

applications. Key areas for future investigation include:

e Develop a standardized mix design procedure for HLC production, enabling systematic
optimization of hemp-to-binder ratios, particle sizes, and compaction methods for diverse

applications and ensuring reproducible technical and environmental performance.
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Explore the effects of particle size reduction and increased hemp shive content on fire
resistance, freeze-thaw behaviour, biological degradation, and overall durability.

Optimize mix designs for different building envelope applications, including walls, floors,
ceilings, as well as various component types such as blocks, panels, and sprayed-in or precast
systems.

Assess the optimal particle size distribution, combining coarse and fine hemp shivs to enhance
compressive strength while minimizing thermal conductivity.

Develop validated numerical models (finite element or finite volume) to simulate thermal and
hygrothermal behaviour, providing insight into directional conductivity and moisture
dynamics.

Study the long-term thermal stability, moisture buffering performance, and hygrothermal
cycling under realistic environmental conditions to ensure the material’s reliability in building
applications.

Investigate fibre surface treatments or orientation effects, in combination with different hemp
shiv sizes, to further enhance mechanical performance without compromising thermal or
moisture regulation properties.

Evaluate a broader range of densities and hemp-to-binder ratios beyond the current H:B ratios
and dry density to optimize performance for diverse building requirements.

Examine the effect of feedstock particle size on ED reaction kinetics and product
characteristics, including Ca(OH): content and particle morphology.

Conduct a comprehensive life cycle assessment of the ED process, including upstream and
downstream emissions, energy use, and environmental trade-offs beyond global warming

potential.
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Scale up the ED process to pilot and industrial levels to validate laboratory-scale findings,
assess process efficiencies, energy demands, and by-product handling.

Investigate long-term availability and sustainability of alternative calcium-rich waste
materials, such as chicken bones or other shellfish by-products, to expand feedstock options.
Conduct a techno-economic analysis comparing ED lime production with conventional high-
temperature lime manufacturing, including cost savings, energy reductions, and potential
commercial feasibility.

Investigate recyclability, maintenance requirements, and end-of-life performance of ED-HLC
walls to ensure sustainable lifecycle management.

Compare ED-HLC with other emerging bio-based and mineral insulation materials to assess
relative advantages in terms of technical performance, environmental impact, and carbon
sequestration potential.

Integrate dynamic environmental modeling to understand the interaction of moisture,
temperature, and structural changes over time, providing guidance for optimized building

envelope designs.
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Appendix

A. Development of a Low-Cost Method to Assess the Purity of Hemp Hurds and

Hemp Bast Fibres

The main objective of this project is to identify a simple and low-cost purity test method for hemp
hurds and fibres for practical adaptation by decorticators and processors. This method will assist
companies and producers in sourcing hemp materials and delivering consistent products across the
different manufacturing use cases. A low-cost user-friendly purity test method was developed for
both hemp fibres and hurds through a flotation technique that is widely used in industries where
materials can be separated through density differences and water acts as a separating layer between
light and dense materials. The results were crosschecked with a handpicking method, which is a
more precise method as there are no standard methods for assessing the purity of hemp hurd and

bast fibre in Canada.

Figure A 1. Hemp hurd specimens used in the study.

Six samples for each test were selected from the received bast fibre and hurd specimens to have

adequate representation. Four different hemp producers provided a total of 21 hemp specimens
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(12 bast fibre and 9 hurd). These specimens had different sizes, purity ratios, and retting stages

as shown in Figures B.1 and B.2.

Figure A 2. Hemp fibre specimens used in the study.

Instruments used in this method were chosen to be affordable and widely available to fulfill the
low-cost and user-friendly criteria. They consisted of a 4-liter plastic pail, fine mesh kitchen
strainer, No. 200 sieve size, magnetic stirrer, digital balance scale (0.001 g precision), coffee

grinder, and drying oven as shown in Figure B.3.

Figure A 3. Instruments and tools used in the study.
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The results of the tests are summarized in Figures B.5 and B.6. A total of 126 samples were tested
using both the handpicking method and the floatation method, then an average value was used to
compare the results. The handpicking method was done through manual separation of bast fibre
from hurd and any other impurities if existed. Then, each part is oven dried until reached a constant
weight and the purity is calculated. The results show a high accuracy of the test method used to
measure the purity levels in comparison with the reference method (handpicking). The results
showed that this method is overestimating the purity results by less than 3% with an average of
1.83% for the hurd samples. However, the same method seems to underestimate the purity levels
by less than 2% and with an average of 0.73% for the bast fibre samples. This can be explained by

some fibres being trapped with the floating particles causing an increase in their mass.

100

9

9

8

8

M Floating

7

. W Hand picking
6

60

1 2 3 4 5 6 7 8 9

Group No.

Purity %
(= Y N = I

9]

Figure A 4. Purity levels of hemp hurds floating vs handpicked method.
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Figure A 5. Purity levels of hemp fibres floating vs handpicked method.

B. Electrochemical decarbonation of limestone
As shown in Figures C.1-C.3, the FE-SEM and EDX analyses confirmed the presence of Ca(OH):
clusters within the DMs of all samples. Distinct morphologies were observed, with compact
clusters composed of fine Ca(OH): grains identified across samples C, L1, L2, and L3. In addition,
localized carbonate structures (CaCOs) were detected, particularly in sample C, indicating partial
carbonation of the hydroxide phase. Overall, these microstructural observations verify the
coexistence of hydroxide and carbonate phases in the ED-derived materials, supporting the

chemical characterization discussed in the main text.
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L2 (D). The highlighted zones were the EDX analysis spots.
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