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ABSTRACT

This research explores developing, characterizing, and analyzing a new low-carbon composite
material combining hemp-lime (hempcrete) and phase change materials (PCMs) for enhanced
thermal performance in buildings. The study is divided into four main phases. In the first phase,
novel hemp-lime composites were created using recycled, locally sourced, low-embodied energy
binders and pozzolans. These composites were experimentally characterized for mechanical,
thermal, and moisture buffering properties. Results showed that density affects hempcrete's
properties and locally sourced pozzolans like metakaolin and recycled brick performed better than
traditional hydraulic lime.

The second phase included developing new hemp-lime composites with metakaolin and
microencapsulated PCMs (MPCM). Numerical simulations compared the energy performance of
timber-frame walls with hempcrete and HPCMSs. The inclusion of MPCMs enhanced the heat
storage potential of the composites.

Consequently, in the third phase, a novel hysteresis modelling approach was proposed to improve
the accuracy of phase change simulations. The new model was validated experimentally and
compared with existing hysteresis methods. The study highlighted the importance of selecting
appropriate hysteresis models and PCM integration techniques. Finally, numerical simulations
investigated the effect of different heating schedules on hempcrete-PCM wall assemblies. The
scenarios tested included heating setback temperature and temperature ramp-up. Results indicated
that changing setpoints significantly influences PCM behaviour and wall thermal performance.
Overall, this research demonstrates the potential of PCM-enhanced hemp-lime composites as
sustainable building materials with improved thermal mass capacity suitable for cold climates like

Canada.
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1. Introduction

1.1. Context

The building sector is one of the significant contributors to energy consumption and its greenhouse
gas emissions [1, 2]. Therefore, new technologies are emerging to improve energy efficiency in
buildings while maintaining the occupants’ thermal comfort criteria [3, 4]. Furthermore, according
to the International Energy Agency (IEA), energy-related greenhouse gas emissions are expected
to double by 2050 if the building sector does not undergo drastic energy efficiency improvements
[5]. The building envelope is a crucial component of the building structure that separates the
external environment and internal space and, as such, plays a crucial role in determining the
building's energy consumption [6]. Hence, utilizing efficient passive technologies in envelopes is

a must to improve the energy efficiency of buildings [7].

Building
materials &
construction,

11%

Other, 6%

Industry, 32%

Transportation,
23%

Building
operations, 28%

Figure 1.1. Global CO2 emission by sectors [8].
Thermal energy storage is one of the most efficient techniques in sustainable buildings, and it can

reduce energy consumption and its associated greenhouse gas emissions [9]. Phase change material

(PCM) is a latent heat storage technique through a change of the material phase with low or no



temperature variation, which has a high energy storage density compared to sensible heat storage
technologies [10]. Hence, the integration of PCMs in building envelopes can reduce the influence
of the outdoor weather on indoor conditions and decrease cooling and heating energy demands
while maintaining thermal comfort by absorbing part of a building’s heat load during the daytime
while melting and discharging this stored heat back during the cooler night-time through freezing
[11].

According to their phase change processes, there are three main types of PCMs: solid-liquid PCMs,
solid-solid PCMs, and solid-gas (or liquid-gas) PCMs [12]. Although the phase change by
evaporation has a high latent heat, it adds some applicability difficulties, such as high volume and
pressure changes during the phase transition process [12]. The solid-liquid transition is preferred
for thermal energy storage in building applications since it does not experience significant volume
change during the phase transition and has high latent heat in the temperature ranges related to
building comfort requirements [13]. Moreover, solid-solid PCMs are similar to solid-liquid PCMs,
without any risk of leakage problems, but with significantly lower energy storage capacity in the

temperature ranges required for building applications [12].

Temperature

Melting /
Crystallization
1 (_
Z L4
LHS i
Energy Content

SHS

Figure 1.2. PCM working principle [14].



However, several challenges must be overcome to efficiently apply PCMs in building envelopes.
One of the significant barriers reported for expanding the use of PCMs is their relatively high cost
[15]. Moreover, the heat transfer with phase change process in PCMs is accompanied by complex
phenomena such as hysteresis and partial phase change processes [16, 17], which require careful
assessment, appropriate modelling, and control strategy to make their integration fully effective
and maximize energy savings. [18]. Neglecting such complex properties of PCMs can
overestimate/underestimate the energy savings and thermal behaviour of adding PCMs to walls.
Therefore, the efficient and cost-effective application of PCMs requires optimal integration into
the building envelope harmonized with the heating, ventilation, and air-conditioning (HVAC)
system operation to consider their accurate thermal properties and complex phase change
behaviour.

Numerical analysis is a widely used method to investigate and test the integration of PCMs into
building envelopes under different design strategies, HVAC operations, and weather conditions to
find optimal solutions cost-effectively [19-21]. In particular, numerical simulation can help define
the control strategies that facilitate optimal charge and discharge of PCMs embedded into the
building envelope to ensure their effective operation [22]. Although a realistic simulation of the
PCM is essential, the widely available hysteresis models (Track, Switch, Scale) utilize simplified
techniques in interrupted phase change situations, such as remaining on the same phase change
curve and neglecting hysteresis (i.e., Track model), or following a sensible storage approach in
transition between phase change curves (i.e., Switch and Scale models). Therefore, the simulation
predictions of these models do not correspond to the actual behaviour and show significant
discrepancies compared to the experimental observations, which can underestimate/overestimate

the potential energy savings of the passive application of the PCMs.
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Figure 1.3. Principle of operation for the hysteresis models (Path 1-2a: Track model; Path 1-n-2c:
Switch model; Path 1-m-2b: Scale model) [23].

Using lightweight bio-based building materials in envelopes can decrease the high embodied
energy problem associated with conventional building materials usually integrated with PCMs
(e.g., gypsum, concrete) [24]. For example, lightweight bio-based composites, typically made of
mineral binder and bio-aggregate particles, can reduce embodied energy through cost-effective
manufacturing and recycling processes and offer a low-carbon or carbon-negative potential [25].
In this respect, lignocellulosic materials, such as hemp, flax, and wood particles, are abundant
waste materials in the Canadian agriculture and forestry industries with the potential to decarbonise
the construction industry due to their carbon sink properties. In particular, biobased building
materials, such as cementitious lignocellulosic composites (e.g., hempcrete, woodcrete), provide
an excellent balance between thermal insulation and thermal mass while having a high moisture-
buffering capacity, improving energy performance and indoor hygrothermal comfort [26-28]. For
example, hempcrete, made of the hemp plant’s core mixed with a lime-based binder, is a promising
lightweight bio-composite material that can solve the high embodied energy problem and improve

the energy sustainability of buildings [25, 29]. A hempcrete-based envelope can have many distinct



advantages, including excellent thermal properties [30, 31], high acoustic performance [27], high
moisture buffering [32], good fire resistance [33, 34], high carbon sequestration [25], and
simplification and reduction in the number of layers and processes involved in timber-frame
construction [33, 35]. Considering that hemp hurd contributes to hempcrete's thermal insulating
and low-carbon properties, an increase of hemp hurd in the mix design is desirable. However, a
higher hemp amount also leads to a lower specific heat capacity of the hempcrete mixture, lowering
its ability to absorb and store thermal energy and ultimately reducing thermal inertia against
outdoor weather fluctuations, leading to increased heating and cooling energy demand of the
building envelope [36].

Lightweight building materials often have lower thermal mass than conventional heavyweight
materials, resulting in lower thermal inertia against outdoor weather fluctuations, higher heating
and cooling energy consumption, and higher operational carbon [36]. Thus, the passive integration
of PCMs in the envelopes of lightweight structures can increase the building's storage capacity and
thermal inertia [37]. Nevertheless, there is a lack of research on integrating PCMs with lightweight,
low-embodied energy materials, while the existing studies mainly focused on heavyweight or high-
embodied energy composites [12]. Considering all the advantages, hempcrete represents an
excellent alternative to conventional building materials for mixing with PCMs as, on the one hand,
such mix design could reduce the embodied carbon of the PCM-enhanced composite and, on the
other hand, could exhibit better thermal storage potential than traditional hempcrete. Yet, this
potential has to be explored, as the only research study focused on PCM hemp-lime composite
material only investigated its flammability [38]. At the same time, other vital physical properties
and performance aspects of such composites (hempcrete-PCM) remained unexamined, such as

thermal properties, moisture buffering performance, accurate numerical representation, potential



integration into the envelope assemblies, and the impact of HVAC control strategies on hempcrete-

PCM efficiency.
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Figure 1.4. Articles number for PCM integration with different construction materials [12].

1.2. Research objectives

The research study aims to develop, experimentally characterise, and numerically analyse a new
low-carbon latent heat storage, PCM-enhanced hemp-lime composites with excellent
hygrothermal properties suitable for cold Canadian climates and maximised content of locally
sourced ingredients. The following objectives that contribute to the overall goal have been

undertaken:

= Develop and characterise hygrothermal and mechanical properties (i.e., compressive and

tensile strength) of various hempcrete mix designs made of locally sourced ingredients,



including hemp hurd, non-hydraulic binders such as hydrated lime, and natural pozzolans
such as metakaolin and crushed brick.

Develop and characterise hygrothermal properties of PCM-enhanced hemp-lime
composites with excellent insulating and thermal storage properties using two
microencapsulated PCM types and previously developed hempcrete from locally sourced
ingredients. The PCM-enhanced hemp-lime composites are created by carefully
considering the hemp-to-binder ratio and percent share of microencapsulated PCMs to
minimize the negative impact on the mechanical properties and fire resistance while
improving the new latent composite's thermal insulating and storage potential.

Extend material-level experimental analysis to envelope assembly applications for cold
climates through comprehensive numerical investigation and comparison between the
thermal performance of hempcrete and PCM-enhanced hempcrete as infills in buildings’
timber-frame walls.

Develop a new model for realistic simulation of complex hysteresis phenomenon and
partial (incomplete) phase change processes, occurring when the melting process is
interrupted and followed by the freezing process (and vice versa) within ANSY'S Fluent.
Validate the new hysteresis model against experimental results and compare its
performance with three widely used simulation methods: Track, Switch, and Scale using
two different PCM integration methods in walls, microencapsulation (PCM enclosed in
microcapsules), and macroencapsulation (PCM encased in pouches or panels of various
sizes, making independent layers).

Investigate the impact of heating setpoints and PCM percentage on the performance of

PCM-enhanced hempcrete walls and develop control strategies that facilitate their charge



and discharge while reducing undesirable increases in energy consumption of wall

assembly with PCM.

1.3. Contribution to the field

This thesis's contributions to the field of low-carbon thermal storage building materials for passive

envelope applications are several, including:

A limited number of studies conducted in Canada used only locally sourced materials to create
hempcrete mixes. This study closes this gap by developing hempcrete mixes using ingredients
widely available in Canada to, on the one hand, enable the reduction of hempcrete’s price and
embodied energy as ingredients wouldn’t be shipped from abroad and, on the other hand,
contribute to an increase in hempcrete’s availability and affordability.

Most previous studies in their hempcrete mix designs used pozzolans such as hydrated lime,
which is not locally produced in Canada and must be imported. This study's contribution is
introducing the possibility of using recycled crushed brick as a pozzolan for the first time to
reduce the hempcrete’s embodied energy and showing comparative hygrothermal and
mechanical behaviours against hempcrete mixes made with traditionally used pozzolans such
as hydraulic lime.

In contrast to the existing studies that applied higher binder than hurd share for wall formulas
to increase mechanical strength, this research focused on maximizing the hemp hurd amount
with a hemp-to-binder ratio of 1:1 by weight for a targeted density of 300 kg/m? to 400 kg/m3
to improve hempcrete’s thermal properties while reducing carbon footprint and price.

For the first time, this study uses microencapsulated PCMs integrated with hempcrete
composites to develop low-carbon thermal storage materials with enhanced storage density

and characterize their thermal and moisture behaviour.



This study advanced the field of numerical representation of PCMs by developing a new model
for realistic modelling of the hysteresis process, including incomplete phase change, necessary
for accurate energy-saving predictions. Furthermore, this is the first study to introduce such an
advanced hysteresis model in the widely used software ANSY'S Fluent, which until now used
an oversimplified representation of PCMs. Additional contributions include a comparison
against three popular hysteresis simulation methods using two widely used PCM integration
methods into envelope components, microencapsulation, and macroencapsulation.

Although PCMs must change their phase daily to be fully effective, a limited number of studies
have investigated the impact of HVAC setpoints on the performance of PCMs installed in
building envelopes. Therefore, different heating setpoint strategies designed to improve the
energy-saving potential of PCM-enhanced hempcrete wall assemblies have been investigated
to address this research gap.

Real-world application of building materials requires detailed characterisation of all vital
physical parameters, and in cold climates such as Canada, hygrothermal behaviour is
paramount. Hence, unlike previous studies that examined the mechanical performance of
hempcrete mix designs, this research focuses on measuring hygrothermal properties that
describe the insulating, storing, and moisture-buffering potential of hempcrete and PCM-

enhanced hempcrete.



1.4. Scientific publications

The publications resulting from this thesis, categorized as peer-reviewed journal and conference

papers, include:

Journal papers:

1-

Abdellatef, Y., Khan, M.A., Khan, A., Alam, M.l. and Kavgic, M. (2020) “Mechanical,
Thermal, and Moisture Buffering Properties of Novel Insulating Hemp-Lime Composite

Building Materials.” Materials (MDPI).

Abdellatef, Y. and Kavgic, M. (2020) “Thermal, microstructural and numerical analysis of
hempcrete-microencapsulated phase change material composites.” Applied Thermal
Engineering.

Abdellatef, Y. and Kavgic, M. Ormiston, S., Evola, G. (2024) “Hysteresis model
predictions of thermal performance of hempcrete-based walls with phase change materials”
Journal of Building Engineering.

Kavgic, M. and Abdellatef, Y. (2021) “Temperature Control to Improve Performance of

Hempcrete-Phase Change Material Wall Assemblies ina Cold Climate.” Energies (MDPI).

Conference papers:

1-

Abdellatef, Y. and Kavgic, M. Foruzanmehr, R. (2021) “Thermal and moisture buffering
properties of novel hemp-lime composites integrated with microencapsulated phase change
materials” Proceedings of the 4th International Conference on Bio-based Building

Materials, Barcelona, Spain.
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2- Abdellatef, Y. and Kavgic, M. (2022) “Improvement of the hempcrete-phase change

material wall performance during the heating season using temperature control strategies”

Proceedings of eSim 2022:12™ Conference of IBPSA-Canada.

1.5. Outline of the thesis
The thesis is divided into seven chapters. Chapter 1 presents a general context, objectives, and

contributions to the field.

Chapter 2 provides a literature review of this research's different aspects, including energy
consumption in buildings, phase change materials, hemp-lime composites, and defining the

research gap and objectives.

Chapter 3 briefly describes the methodology overview of this research, with more details provided

in the following chapters.

Chapter 4 describes hempcrete composites' mechanical, thermal, and moisture buffering
properties. The chapter describes the composition of hempcrete, the experimental setup, and the
results of the experiments. This chapter is published in the journal article “Mechanical, Thermal,
and Moisture Buffering Properties of Novel Insulating Hemp-Lime Composite Building

Materials.” Materials (MDPI).

Chapter 5 presents the hempcrete-PCM (HPCM) samples that were produced and the
experimental analysis performed on them, including thermal conductivity and specific heat
capacity measurements. Then, the hempcrete and HPCM wall sections were numerically analyzed
to compare the wall’s thermal performance throughout the year. The material presented in this
chapter is from the journal and conference articles; “Thermal, microstructural and numerical

analysis of hempcrete-microencapsulated phase change material composites.” Applied Thermal
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Engineering, and “Thermal and moisture buffering properties of novel hemp-lime composites
integrated with microencapsulated phase change materials,” Proceedings of the 4th International

Conference on Bio-based Building Materials, Barcelona, Spain.

Chapter 6 analyses the hysteresis modeling of PCMs and their effect on the wall performance. A
comparison and validation were performed between the developed MScale model and the widely
available models (Track, Switch, and Scale). Then, it compares the models on the performance of
walls with two PCM integration approaches, microencapsulation and macroencapsulation. Further
analyses were performed regarding the impact of microencapsulated PCM percentage on variation
in hysteresis models’ predictions. The material presented in this chapter is from the journal article;
“Hysteresis model predictions of thermal performance of hempcrete-based walls with phase

change materials” Journal of Building Engineering.

Chapter 7 presents the performance of the hysteresis models under different heating setpoints and
compares their predictions in two hempcrete-PCM walls. The material presented in this chapter is
from the journal and conference articles; “Temperature Control to Improve Performance of
Hempcrete-Phase Change Material Wall Assemblies in a Cold Climate.” Energies (MDPI), and
“Improvement of the hempcrete-phase change material wall performance during the heating
season using temperature control strategies,” Proceedings of eSim 2022:12" Conference of

IBPSA-Canada.

Finally, Chapter 8 presents conclusions from different chapters, limitations, and

recommendations for further research.
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2. Literature review

2.1. Energy consumption in buildings

2.1.1. General background

Buildings consume approximately 32-40% of the global energy demand and produce nearly 30%
of energy-related carbon dioxide (CO2) emissions worldwide [39-43]. Hence, the sustainable
design of existing and future buildings is essential to increase energy efficiency and carbon
neutrality of buildings in the efforts to encounter climate change and global warming [44]. As a
result, building energy codes and regulations are becoming more stringent worldwide, and higher
requirements for the energy performance of buildings in return have prompted the emergence of
new technologies that can decrease the energy consumption of buildings and achieve the

decarbonization process while maintaining the required thermal comfort [12, 45].
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Figure 2.1. Global energy consumption sectors [43].
In Canada, buildings were responsible for around 28.8% of the energy used in 2018 (16.7%

residential, 12.1% commercial/institutional), with space heating accounting for the most

significant portion of the energy consumed in both types: 53%-64% [46]. In this respect, Canada
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has pledged in the Paris Agreement to cut its greenhouse emissions by 30% from 2005 levels by
2030 [47]. As such, energy in buildings is one of the critical components to meet this goal, as it is

responsible for about 22.2% of energy-related greenhouse gas emissions in Canada [46].
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Figure 2.2. Energy use by sector 2018 [46].

2.1.2. Buildings envelopes

Active and passive strategies are two main techniques for improving building energy efficiency
[48]. In active optimization strategies, the energy consumption in buildings is controlled by using
mechanical or electrical devices in which fossil or renewable energy is used, such as HVAC
systems and electrical lighting [49]. On the other hand, passive optimization strategies influence

energy consumption in buildings by exploiting the potential of the building’s envelope and
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environment cost-effectively without using mechanical or electrical devices [7]. Incorporating
efficient passive technologies into building envelopes can improve energy efficiency and thermal
comfort and reduce the active systems' energy (downsize HVAC systems) while tackling
environmental issues [50, 51]. In this framework, the energy performance of the building envelope
plays a key role: indeed, the envelope is a physical barrier that separates the transient external
weather and the internally conditioned space, keeping the residents comfortable, and as such, it

highly impacts building energy consumption [52].

The efficiency of the building envelope depends mainly on its geometrical, physical, optical, and
thermal properties, which affect indoor thermal comfort and energy consumption [53]. The thermal
properties are mainly characterized by thermal insulation and thermal mass. In this research, the
main focus was on thermal properties and thermal energy storage. The primary heat loss from
building envelopes comes from heat transfer through the external walls, roofs, and windows.
Hence, a proper design for the envelope's thermal resistance and thermal mass can improve the

envelope’s energy efficiency [54].

Suitable insulation material should have low thermal conductivity to reduce the rate of heat flow
into the building by conduction. At the same time, thermal mass reduces energy consumption
because of the material's ability to store energy and release it later. However, the analysis,
modelling, and research on the thermal mass effect on building envelopes are far more complex
than the thermal resistance [55]. The likely reason is the nature of transient behaviour related to
the thermal mass compared to the steady-state behaviour related to the thermal resistance [55]. In
addition, the thermal resistance of an envelope is well-defined and understood with either a length-
independent measure (thermal conductivity) or length-dependent measure (U-value), while the

dynamic behaviour in thermal mass lacks such unified parameters [55]. Furthermore, the high
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thermal mass can be a hindrance if misused, increasing energy consumption rather than decreasing
it [55, 56]. As such, thoroughly considering a wide range of factors is necessary when designing
the thermal mass of envelopes, such as inner and outer temperature profiles and envelope wall

construction [55].
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Figure 2.3. Building envelope design variables [53].

2.2. Phase change materials integration in building envelopes

2.2.1. General classifications

Thermal energy storage (TES) is considered one of the essential and effective strategies in energy-
saving technologies for sustainable buildings, which can improve building energy efficiency and
decrease the buildings' environmental footprint [57, 58]. For example, using TES to increase the
thermal inertia of the building envelope walls can decrease energy consumption and indoor
temperature fluctuations while maintaining thermal comfort [54]. Thermal energy storage systems

can be classified into sensible systems (by changing the temperature of a material with high
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specific heat capacity) [59], latent systems (by changing the phase of a material in a narrow

temperature range) [60], and thermochemical reactions [61].

The sensible storage systems have the lowest energy density compared to the latent and
thermochemical systems. Consequently, the conventional materials for sensible storage systems
(i.e., brick, stone, masonry, concrete) may imply having a large size to increase the thermal mass
of the building envelope efficiently enough to compensate for the limited allowable temperature
ranges in the buildings [62].
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Figure 2.4. Storage capacity of materials used in building applications [63].

The latent heat storage systems with phase change materials (PCM) are capable of storing and
releasing significant quantities of thermal energy per unit volume (i.e., ~5-14 times more than
sensible storage materials [10]) through a change of phase from liquid to solid and back in a narrow
temperature range [64-66], which makes it more suitable and practical for passive building
envelope optimization techniques [61, 67]. Furthermore, the latent heat storage systems can cover

various temperatures and applications by different PCM types according to the proper selection of
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the phase change temperature over which the latent heat is charged/discharged. For instance, PCMs
in building applications with suitable temperature ranges enable better control of indoor
temperatures and significantly reduce energy demand by absorbing part of a building’s heat load
during the daytime while melting and discharging this stored heat during the nighttime by
solidification [22, 65, 68]. Although the energy storage of most thermochemical reaction systems
is denser than that of the latent heat of PCMs, the technical complexity and high cost make this

storage technique not applicable or suitable for passive applications in buildings [15].
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Figure 2.5. Storage capabilities of thermal energy storage systems [69].

2.2.2. PCM classifications and applicability for buildings

Phase change materials have three main categories: organic, inorganic, and eutectic compounds
[70]. The selection of PCM categories related to their application in buildings should follow
desirable criteria such as thermodynamic properties (high latent heat and specific heat capacity,
proper phase change temperature, appropriate thermal conductivity), kinetic properties (little or no
supercooling (high nucleation rate)), chemical properties (chemical stability after repeated cycles,
no corrosion, no toxicity, no flammability), and economic properties (availability, cost-

effectiveness, recyclability) [15, 71].

18



The organic PCMs have more suitable properties for PCM application in buildings, such as no or
little supercooling, no phase segregation, non-corrosive, non-reactivity, no toxicity, small volume
changes, good chemical stability, good reliability, no phase separation after numerous thermal
cycling, recyclability, high compatibility with building materials and encapsulation materials,
wide availability and cost-effectiveness [15, 70, 72-74]. However, non-paraffin PCMs show higher

corrosion, flammability properties, and cost than Paraffin PCMs [75].

On the other hand, the inorganic PCMs have some limitations that hinder their broad applicability
in buildings, such as problematic supercooling, phase segregation, corrosion, low thermal stability,
higher toxicity, low reliability after thermal cycling, less compatibility with encapsulation
materials compared to organic PCMs, and the higher cost (especially metallics) [70, 72, 73]. The
properties of the eutectic PCMs are mainly derived from their constituents [76]. Although the
eutectic mixture can be controlled to increase and mix the advantages and reduce the disadvantages
of the final product, supercooling still exists, strong odor exists, insufficient combinations have

been studied (fewer data available), and higher cost [70, 74].
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Figure 2.6. Classification of PCM [15].
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However, some disadvantages of the organic PCMs need to be solved for optimum application in
buildings, such as low thermal conductivity [77], high flammability (especially non-paraffins) [ 70,
78], and higher possibility of leakage than inorganic PCMs due to their lower density [63]. The
leakage possibility and the thermal conductivity problem of PCM in passive systems can be
overcome by microencapsulation, in which a very high surface area is obtained by encapsulating
the PCM in a small shell, which improves the heat transfer properties (and fins or adding high
conductive particles in active PCM storage systems) [77]. Flammability can be overcome mainly
by adding flame retardants and microencapsulation with suitable shell materials [79, 80].
Microencapsulating the PCM, on the one hand, isolates the bulk PCM from the matrix material,
which prevents or delays any possible reaction. On the other hand, a shell material with low
flammability properties adds another layer of protection [78, 79]. However, this method allows
direct mixing and spreading of PCM particles throughout the construction materials’ thickness,
which can affect the mechanical performance of the mixture by increasing the number of PCM
microcapsules [81-83]. For example, a reduction is observed in compressive strength of 7% for
each 5% increase in microencapsulated PCM (by weight of cement) in a self-compacting concrete
mix [84]. Thus, there must be a limit to the percentage of microcapsules that can be added to the

construction materials.

2.2.3. PCM integration in buildings

PCMs can be incorporated in buildings in either active or passive energy storage systems. In active
storage systems, PCM can be integrated with HVAC systems or contained in heat storage
containers [85]. Active PCM systems require some auxiliary equipment (mechanical or electrical)
for their operation (PCM charging/discharging), which is why they are preferred when precise

control of the system is needed [15]. For example, the active PCM applications allow the PCM to
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charge and discharge energy on demand, which results in a more efficient control to lower energy
consumption in a building, but with the penalty of extra technical complexity and higher cost [15].
In passive applications, PCMs are typically embedded into the building envelope fabrics of walls,
floors, and roofs without relying on auxiliary equipment, which increases the envelope’s thermal
inertia and can help in a significant reduction of the size of the active system needed for indoor
comfort [15, 64]. However, in passive systems, the charging/discharging process in the PCM is
initially affected by temperature fluctuations in the environment (weather conditions and comfort

schedules) [86].

In this respect, the performance of the PCM in passive applications is highly affected by
uncontrollable external weather conditions, which is a critical factor in deciding the suitable PCM
temperature required for the optimum melting/freezing process. In addition, the PCM performance
varies drastically between seasons. For example, although the PCM selected for winter can operate
in the phase change temperature range, which improves the thermal performance of the wall, the
PCM may no longer experience phase changes in the summer season (PCMs remain in liquid state
all the time), resulting in lower performance for the PCM wall compared to the traditional wall
(and vice versa) [87]. Hence, using multiple PCMs with different temperatures is proposed due to

the seasonality feature [88].

On the other hand, PCMs can’t provide significant benefits in severe weather conditions or
climates having minimum daily temperature variation [15]. The likely reason is that the PCM
remains longer in the fully solid or fully liquid states and not in the partially liquid state (transition
state), where the PCMs show their best performance [12, 89]. Thus, some researchers suggest that
the variation in diurnal ambient temperature should exceed 10 K for effective storage in passive

systems [90]. In addition, it is suggested that the PCM thermal conductivity should be high enough
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to promote the heat transfer throughout the PCM to exploit the storage capacity and avoid phase
segregation of the PCM (a non-uniform phase change within the PCM volume leading to the
formation of coexisting solid and liquid regions) [91]. However, increasing the effective thermal
conductivity of the wall reduces the thermal resistance and increases the heat flow through the
wall, increasing energy consumption. Thus, careful optimization is needed in the design stage of
PCM wall systems. For instance, the proper integration method of PCM can help mitigate such
problems, including microencapsulation, in which the thermal resistance of a building wall can be

increased without decreasing the benefit of using high thermal mass materials.

Moreover, the design of passive PCM systems needs special consideration in cold climates.
Although insulation with low thermal conductivities (high thermal resistance) is the most common
passive way of improving envelopes' energy performance as it can drastically decrease the energy
load in buildings, the risk of moisture condensation in these walls may arise, especially in cold
climates, which contributes to microbial growth inside walls and reduces the wall life [90]. The
condensation phenomenon occurs in envelopes with high thermal insulation when the moist air
temperature decreases to or below the dew point temperature by the walls' cold surface
temperatures, resulting in moisture condensation [92]. Increasing the envelope wall's thermal mass
may help mitigate the effect of condensation due to low thermal conductivities. Therefore, the
thermal mass and resistance must be carefully designed when selecting building envelope

materials.

Moreover, the research about the high thermal mass envelopes in hot climates likely agrees with
the high thermal mass's effectiveness and benefits in reducing cooling energy consumption.
However, high thermal mass in cold climates can increase heating energy consumption if the PCM

is not designed and appropriately selected [55]. For example, a high thermal mass wall could mean
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extra heat is needed to heat and raise the wall’s temperature, which may increase the net heating
energy consumption [55]. Hence, a careful design for the PCM temperature and amount is essential

to eliminate or minimize any adverse effects in cold climates.

2.2.4. PCM passive integration methods

One significant barrier to expanding the use of PCMs is their relatively high initial cost [15].
Therefore, the efficient and cost-effective application of PCMs requires optimal integration into
the building envelope, considering their thermal properties and the complex phase change
behaviour. Many research studies investigated different techniques for the passive integration of
the PCMs into building materials, such as direct methods (direct wet mixing, immersion) and

indirect methods (shape stabilisation, and encapsulation) [12, 93, 94].

The direct incorporation method involves adding the PCM to the building materials, such as
wallboard or concrete, during production [93]. The immersion method includes dipping a porous
building material into PCM while letting the PCM permeate the pores in the material with the
capillary property [64]. Although direct incorporation and immersion provide the advantages of
low cost and simplicity, they have considerable drawbacks, such as easy leakage problems during
the melting phase, incompatibility and chemical reactions with the base materials (affecting the
hydration process), low thermal and chemical stability, and negatively affecting the mechanical

properties and durability of the building material [74, 95].

The shape stabilization method includes mixing PCMs with high-density support material (porous
materials or polymers) at high temperatures followed by cooling until forming the solid mixture,
which has the advantage of shape stability and appropriate thermal conductivity [93]. This
technique has the advantages of no need for containers, high thermal and chemical stability, and

good interaction between PCM and supporting materials [61]. However, this method has some
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limitations, such as the PCM absorption rate (where the nature of the support material dominates),
the limit in the amount of PCM that can be contained (i.e., reduction in latent heat), leakage
problem affecting the mechanical properties, more contact between the PCM and its surroundings
leading sometimes to corrosion or not desirable reactions, and still needs more research to study

their properties in-depth [61, 63, 96].

The encapsulation of the PCM before integrating it into the composite walls was proposed to
address these limitations. For instance, containing the core PCM in compatible shell materials
(with the PCM and the building material) prevents the leakage problem in the PCM liquid state,
prevents any reactions between the core PCM and the matrix material, provides better thermal and
chemical stability, and enhances heat transfer by increasing the surface area [74]. Consequently,
encapsulation techniques (i.e., microencapsulation, macroencapsulation) are the most common
methods for integrating PCMs into building envelopes [12, 65, 94], which allows efficient and

cost-effective integration with construction materials [70].

The macroencapsulation technique hermetically encapsulates the PCM into a container such as
tubes, panels, and spheres [12, 45, 97]. This approach provides application flexibility (the
encapsulation materials, shapes, and sizes can be adjusted to meet different specific requirements
[98]) and can prevent the direct mixing of PCM with the base building materials to avoid
decreasing the mechanical performance [12, 97]. However, the low thermal conductivity of PCMs
and the solidification at corners and edges (especially in large thicknesses) can reduce the heat
transfer efficiency of the PCM [61]. The microencapsulation technology involves hermetically
enclosing the PCM into small shell containers (1 um-1 mm), further increasing the heat transfer
area [12, 71]. However, the higher cost and the negative effect on mechanical properties pose a

control on the amount that should be used [61].
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Figure 2.7. PCM incorporation techniques [12].
2.2.5. PCM modelling and hysteresis

Furthermore, PCMs are complex materials that require accurate modelling for optimal, fully
effective integration [18]. In addition, previous studies concluded that a realistic numerical
representation of the hysteresis phenomenon is crucial for performance analysis of PCM-enhanced
envelope systems [99, 100]. For instance, the hysteresis phenomenon, which involves a delay in
the start of the solidification process of the PCM, resulting in two different phase change curves
for melting and freezing with different temperature ranges, is one of the most critical factors in
affecting the heat transfer behavior and energy accumulation of the PCMs [16, 101]. Consequently,
the hysteresis phenomenon creates additional difficulty in the modelling process since the thermal
performance of the PCM is significantly affected by the history of heat loading. In addition, the
incomplete (partial) phase change, which occurs when the melting process is interrupted during

the phase change and followed by the freezing process (or vice versa), adds more complexity to
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the hysteresis modelling process [16, 17]. Therefore, neglecting to model the hysteresis effect
accurately accompanied by the partial phase change processes can give wrong predictions about

the energy savings from the passive application of PCMs into the building envelopes [102].

Even though a realistic simulation of the hysteresis phenomenon is essential, only a few software
tools can simulate it with different limitations and degrees of accuracy. For example, the widely
used numerical simulation tools, such as ANSYS Fluent and COMSOL, by default utilise a
simplified PCM model that neglects the hysteresis effect in the interrupted phase change processes,
and the transition between the curves only occurs for the complete phase change cycles (the so-
called Track model) [17]. Thus, the Track model behaves like a no-hysteresis case in interrupted
phase change processes and accounts for the change in liquid fraction but on the same phase change
curve (i.e., there is no transition between phase change curves) [103, 104]. Consequently,
compared to the experimental observations, the Track model shows significant differences in PCM
behaviour during hysteresis with partial phase change processes [105]. The example below shows
that the Track model predicts wide fluctuations in PCM liquid fractions occurring only on the

melting curve with no transition or accounting for the hysteresis.
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Figure 2.8. Predicted PCM performance with the Track model [17].
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Furthermore, one of the widely used whole-building simulation tools, EnergyPlus, can model the
hysteresis in partial phase change processes using a sensible enthalpy-temperature line approach
(the so-called Switch model) to account for the transition between phase change curves [19]. The
transition process in the Switch model follows a constant liquid fraction path, assuming that the
PCM thermal storage remains only sensible during the transition between the phase change curves.
As a result, the simulation predictions of PCM charge and discharge do not correspond to real-life
behaviour. As shown in the example below, the Switch model predicts lower liquid fraction
fluctuations compared to the Track model, with transitions between the melting and freezing curve
to account for hysteresis but with constant liquid fractions (i.e., assuming sensible storage

characteristics).
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Figure 2.9. Predicted PCM performance with the Switch model [17].
A slight improvement was introduced to the Switch model by creating the transition paths using

mathematical scaling of the melting and freezing curves (the so-called Scale model). However, the
generated transition paths still partially follow a constant liquid fraction line, with a similar
drawback as the Switch model [17, 106]. As shown in the example below, the Scale model predicts

slightly wider liquid fraction fluctuations than the Switch model and is lower than that of the Track
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model, as large portions of the transition paths follow a constant liquid fraction path like the Switch
model. Overall, it can be concluded that those mentioned above widely used models confidence is
insufficient to predict the real-life performance of PCMs in buildings since they introduce too
simplified assumptions to realistically describe the PCM complex behaviour needed for accurate

predictions [107].
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Figure 2.10. Predicted PCM performance with the Scale model [17].

2.3. Bio-composites as building materials

2.3.1. General background about hempcrete

Sustainable materials in energy-efficient constructions should provide and maintain indoor
comfort with the lowest possible energy consumption (operational) and environmental footprint
(embodied). Hence, the sustainability of a material can be assessed by different parameters such
as embodied energy, embodied carbon emissions, circularity potential (reusability and
recyclability), durability, and the ability to create comfortable indoor conditions with minimum
energy consumption. Meanwhile, conventional building materials utilised for integration with

PCMs (e.g., gypsum, concrete) often contain high embodied energy [24, 83]. Bio-composite
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materials, typically made of mineral binder and bio-aggregate particles such as hemp or flax, can
reduce the embodied energy of the built environment through cost-effective manufacturing and

recycling processes [25].

In this respect, hempcrete is a promising lightweight carbon-negative bio-composite material
manufactured from the inner woody core of the hemp plant mixed with a lime-based binder and
water that holds the potential to considerably improve energy and indoor environmental
performance and sustainability of buildings [29, 108, 109]. Typically, hempcrete composites are
non-structural materials incorporated into load-bearing frames for low and medium-rise buildings
to offer beneficial hygrothermal properties and enable passive indoor environment control [110-
112]. Hempcrete walls can also meet building code requirements and allow simplifications of
timber-frame constructions [113], especially knowing that using ordinary Portland cement mortars
in these types of constructions results in the retention of moisture, hence, the deterioration of
timber frames and has a more considerable ecological impact compared to hempcrete [33, 114]. In
addition, applying hempcrete with timber frame walls can reduce thermal bridges due to their close

values of thermal conductivities [33].

Overall, it can be stated that hempcrete has excellent potential in the suggested decarbonization
strategies for buildings [44]. For example, in the embodied strategies, hempcrete is recyclable,
reusable, biodegradable, and can be produced in prefabricated blocks, which is advantageous in
large-scale projects. On the other hand, in operational strategies, due to its favorable thermal
properties (thermal conductivity combined with specific heat capacity), hempcrete can help in
efficient passive design for building envelopes and downsizing the active system needed for indoor
comfort. Moreover, hempcrete is a carbon-negative material due to its carbon sequestration

processes (i.e., more CO- is absorbed than emitted during production and use) [115]. For example,
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hempcrete has a high CO2 sequestration rate during two phases: the hemp’s growing phase through

photosynthesis (~1.5-2.1 kgCO>/kg) and the lime binder carbonization phase over the building’s

life cycle, which solidifies the lime back into limestone by absorbing CO; [115]. Hence, it is

estimated that the sequestered CO> by hempcrete can compensate for the embodied carbon in the

production of lime and even result in negative levels of embodied carbon [116]. For example,

numerous studies investigated the embodied carbon of hemp-lime composites, and all are common

in reporting negative values in the range between (-0.3 and -1.0 kgCO./kg) [115-120].
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Figure 2.11. Decarbonization strategies for embodied and operational carbon are suggested for

net-zero carbon buildings [44].

Nevertheless, the utilization of hempcrete in the construction industry remains low, mainly due to

the high variability of hemp-lime composites and the lack of formulas that use widely available
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and locally sourced ingredients. For example, hempcrete’s production cost and embodied energy
could be considerably higher in Canada than in Europe due to imported materials [113]. The use
of innovative binders and a better understanding of the material’s performance are indispensable

steps for addressing hempcrete underutilization.

2.3.2. The main properties of hempcrete

2.3.2.1. Density

Hempcrete is a lightweight material with a wide density range (~200-1000) kg/m?, which is lower
compared to standard concrete (~2400 kg/m?®) because the density of hemp shives (asan aggregate)
is lower than the corresponding density of the concrete aggregates [26]. Many factors affect
hempcrete's density, resulting in significant density variations, such as the hemp/binder ratio,
binder composition, the compaction level of the mixture, and water content [26]. Moreover, the
hempcrete density directly affects the thermal conductivity [121] and the mechanical properties of
the final mixture [26, 122]. Understanding the effect of these factors is essential to deciding the

final density required for specific building applications (roof, wall, floor).

For example, a hemp/binder ratio of 1:1 can result in a low dry density of ~220 kg/m?, which is
suitable for loose-fill insulation applications due to its low thermal conductivity [121, 123]. In
addition, a hemp/binder ratio of 1:2 can achieve a high dry density range of (531-627) kg/m?,
which can be helpful where slightly higher mechanical properties are needed [124]. In addition,
the higher degree of compaction has also been proven to increase the dry density and the
corresponding mechanical properties [25, 125]. Moreover, the humidity content trapped in the
hempcrete samples affects the density of the samples, though to a minor degree [25]. The following

sections provide further details on the effect of density on thermal and mechanical properties.
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2.3.2.2. Thermal properties

Previous studies have shown that hempcrete thermal conductivity depends on factors such as
sample density, binder/hemp ratio, mix, compaction level, and moisture content [25, 31, 126, 127].
In this regard, a positive linear correlation exists between hempcrete's density and thermal
conductivity (i.e., increasing the density increases the thermal conductivity) [121, 124]. For
example, Cerezo (2005) generated the linear correlation between the dry density and thermal
conductivity of hempcrete (k = 0.0002p +0.0194) [121]. Other researchers also reported similar
trends. The direction of the compaction, compared to the heat flux direction, also has a direct effect
on the measured thermal conductivity. For example, studies have shown that the perpendicular
compaction direction results in higher thermal conductivity than the parallel compaction layering

[128].
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Figure 2.12. Thermal conductivity relation with dry density [129].

On the other hand, an increase in the proportion of porous hemp hurd in the hempcrete mix is
desirable as it reduces the dry density and, hence, the thermal conductivity [126, 130]. However,
a higher hemp amount may also lead to a lower specific heat capacity of the hempcrete mixture,
lowering its ability to absorb and store thermal energy [36]. The binder amount also affects thermal
conductivity because it has the highest thermal conductivity component in the hempcrete mix
[121]. Thus, studies have reported thermal conductivity in the range of 0.06-0.11 W/m K for
hempcrete mixtures with low and medium dry densities ranging from 200 to 400 kg/m?®, and
hemp/binder ratios of 1:1, 1:1.5, and 1:2 [123, 131]. In comparison, hempcrete samples with higher
dry density in the 450-800 kg/m? range and higher hemp/binder ratio of 1:2-1:4 had higher thermal

conductivity ranging from 0.12 to 0.18 W/m K [123, 131]. Furthermore, an increase in humidity
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content tends to increase the thermal conductivity of the hempcrete mixes. For example, Rahim et
al. (2016) reported a rise in thermal conductivity of approximately 8% and 16% at 10°C and 40°C,
respectively, due to an increase in the water content of 0.08 kg/kg from the dry state [132]. Collet
& Pretot (2014) also proved that thermal conductivity can increase by around 15-20%, increasing

from the dry state to the 90% RH state [110].

Hempcrete is also characterized by high specific heat capacity values, even higher than concrete
and brick [133]. Thus, specific heat capacity in the 1000-1590 J/kg K range was reported for
hempcrete with dry densities ranging from 381 to 627 kg/m3 and hemp to binder ratio of 1:2 [31,
124]. It is also proven that humidity levels significantly affect specific heat values. For example,
it has been reported that a specific heat capacity of around 1500 J/kg K was obtained in a dry state,
while a specific heat capacity of around 2900 J/kg K was obtained at 99% relative humidity [25].
The variation in specific heat capacity under different humidity conditions has an opposite effect
compared to the variation in thermal conductivity [130]. For instance, high humidity conditions
increase hempcrete's effective density and specific heat capacity, which is a favourable feature to
increasing thermal inertia. It also increases the thermal conductivity, which may result in higher
heat losses from the walls. However, studies show that the high specific heat capacity can provide
a better effective thermal performance than hempcrete’s thermal transmittance suggested based on

the static U-value calculations [25, 29].

However, the density of hempcrete composites is much lower than that of concrete and bricks,
resulting in lower volumetric heat capacity than concrete and brick [133, 134]. Thus, an
improvement in the thermal mass of hempcrete composites is needed without a significant increase
in thermal conductivity. As such, hempcrete integration with other innovative materials, such as

PCMs, can modify its thermal energy storage properties [135].
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Figure 2.13. Volumetric heat capacity for hemp and other common building materials [134].

2.3.2.3. Mechanical properties

Hempcrete has lower compressive strength than concrete and can’t be used as a load-bearing
material. However, hempcrete still plays an essential structural role in conventional timber wall or
double-stud framing as it can prevent the bending or buckling of the studs under loaded conditions
[25, 136]. For example, Mukherjee and MacDougall (2013) reported that 313 kg/m® hempcrete

infill supported 3-4 times the compressive loading of a standard timber stud wall [136].

Overall, the compressive strength of hempcrete depends on various factors such as the binder type,
the hemp/binder ratio, the water/binder ratio, and the sample density [25]. The typical value of the
compressive strength of hempcrete mixes is between 0.2-1.15 MPa [121, 137]. However, higher
values could be obtained with either conventional cementitious binders (18 MPa) [138] or non-
conventional binders such as MgO-cementitious binders (1.86-6.94 MPa) [139]. In addition, the

hemp/binder ratio has a detrimental effect on the compressive strength, as such a high content of
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hurd (i.e., low binder content) in the design mix reduces the compressive strength [30, 121]. For
example, when Murphy et al. (2010) studied the compressive strength of hempcrete made from
commercial binder (Tradical binder (TH)) and hydrated calcic lime (CL90s), it was observed that
increasing the hurd content reduced the final compressive strength, although with a different rate

according to the binder type [138].
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Figure 2.14. Compressive strength of hempcrete composites. (H10 = 10% hemp, H50 = 50%
hemp, H75 = 75% hemp) [138].

However, an increase in the density through compaction of the hempcrete can enhance its
mechanical characteristics while reducing the binder’s quantity, which is the major contributor to
embodied carbon [125, 137, 140]. In this respect, Dinh (2014) reported approximately 15% higher
compressive strength of a 556.0 kg/m® hempcrete sample than a 439.7 kg/m® sample with a
compressive strength of 0.65 £ 0.06 MPa [126]. However, the methods to increase the compressive
strength of hempcrete harm the thermal conductivity. For example, the compressive strength of
hempcrete can be increased by increasing the binder content (reducing hemp content) and
increasing the mixture density by compaction. However, the thermal conductivity also increased,

resulting in lower thermal resistance [125].
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compositions [125].
The typical flexural and splitting tensile strength values are in the range of 0.06-1.3 MPa and 0.02-

0.15 MPa, respectively [121, 137]. Likewise, the hempcrete mixes’ flexural and splitting tensile
strength increased with density [137]. For instance, Elfordy et al. (2008) reported flexural strength
in the range of 0.749-1.209 MPa, with a 2:1 binder-to-hemp ratio and a high-density range of 430-
607 kg/m?® [137]. A high content of hemp hurd in the design mix reduces the flexural strength of
hemp-lime composites [30, 121]. In addition, Murphy et al. (2010) studied the flexural strength of
hempcrete with different hemp/binder ratios and binder types and observed that the flexural
strength increased with increasing the binder content (reducing hemp content). However, a further
increase of binder content to 90% had no significant influence on flexural strength. In addition,
they also reported that the samples with commercial binders had higher flexural strength values

than those made with hydrated lime [138].
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Figure 2.16. flexural strength of hempcrete composites. (H10 = 10% hemp, H50 = 50% hemp,
H75 = 75% hemp) [138].

2.3.2.4. Moisture regulation

Hempcrete is characterized by its excellent ability to regulate moisture and humidity due to its
high moisture diffusion coefficient and water vapor permeability of approximately 2.3x10!
kg/(Pa.m.s) [25]. In this regard, the high levels of permeability and moisture buffering values of
hempcrete can result in high performance for indoor moisture regulation by absorbing the excess
water vapour during high relative humidity times, and releasing it back during the low relative
humidity of the surrounding, maintaining adequate comfort for occupants at all times [33].
Therefore, hempcrete’s excellent hygroscopic qualities help, in addition to humidity regulating the
internal environment, also to discourage condensation on interior surfaces, which contributes to
healthy indoor air quality, buffering humidity levels and restricting the growth of potentially

harmful moulds, other spores, and bacteria [33].

Hempcrete also has a high moisture buffering value (MBV) of around 2-3.47 g/(m?%RH) or
higher, which is better than concrete's MBV of 0.37+0.04 g/(m?%RH) [32]. Moisture buffering

values identify the material’s ability to absorb or release moisture when exposed to repeatedly
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varying levels of humidity [32], and the higher this value, the higher the material’s ability to
regulate the ambient relative humidity passively. Moreover, the MBV values reported for
hempcrete in literature are characterized as an excellent moisture regulation performance per
NORDTEST protocol, compared to conventional building materials [141]. For example, Latif et
al. (2015) reported a moisture buffer value (MBV) of 3.47 gm/m?%RH with a binder-to-hemp ratio
of 1.2:1 and density of 290 kg/m? [32], while Collet et al. (2013) reported an MBV of 2.14

gm/m?%RH, with a binder to hemp ratio of 2:1, and density of 430 kg/m?® [142].
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2.4. Conclusions, research gap, and study plan

Although hempcrete is one of the promising lightweight materials that can be used in building
envelopes for lower embodied and operational energy, no research has been done on its integration
with energy storage materials to improve its thermal properties further. Integrating PCMs and
hempcrete can result in the development of a bio-composite building material with improved
thermophysical properties for the construction of sustainable buildings. To our knowledge, the
only research study that focused on PCM integration with hemp-lime composites investigated its
flammability [144, 145]. Therefore, this is the first study that provides the essential physical
properties of hempcrete-PCM composites that govern their behaviour, including thermal
conductivity, specific heat capacity, and hysteresis phenomena. Moreover, this is the first research
focused on hempcrete-PCM enhanced wall assemblies’ thermal storage and energy-saving

capabilities.

This research also aims to develop innovative insulating hemp-lime composites made of recycled
and locally sourced materials. To the best of the authors’ knowledge, this is the first study that
introduced recycled crushed brick as a pozzolan to hemp-lime composites to reduce their
environmental impact further and improve thermal properties, which is also the same reason that

this research focused on maximizing the hemp hurd ratio in the hempcrete mixtures.

Moreover, there is a gap related to accurate hysteresis modelling in interrupted phase change
situations and comparing how different PCM integration methods perform under the different
hysteresis models